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Abstract

Six hydrographic basinwide sections, two in each of the three major ocean
basins, are employed in a set of inverse calculations to determine the extent of ex-
change between the Pacific and Indian Oceans through the Indonesian Archipelago
and the net global oceanic heat flux at 30*S.

Using a model which combines the data for the South Pacific and South
Indian Oceans, it is found that even the largest existing estimates of Indonesian
Passage through flow (20 Sv) are consistent with the data. However, the available
information cannot limit the extent of the exchange, i.e. both smaller and larger
through flows produce physically reasonable circulation patterns. The seasonal
and interannual variations which have been found by other investigators and which
we are incapable of resolving, lead us to conclude that in the long term mean an

estimate of ~10 Sv for the through flow is most reasonable.

Globally, at 30*S, we find a net oceanic heat flux of -1.1 i 1.7 PW, which is

not significantly different from zero. It is dominated by a large (>1 PW) southward

heat flux in the Indian Ocean. Large equatorward (-0.8 PW) heat flux values in the
South Atlantic Basin are not consistent with our data. We therefore conclude that
although our data are consistent with some water following the warm water return
path for NADW (Gordon 1986), the cold water path must play the dominant role
in the maintenance of the global thermohaline cell associated with the formation
process of NADW.
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Introduction

The field of physical oceanography has its foundation in the desire to un-

derstand how the waters of the world ocean move, interact and evolve to affect

the environment in which we live. Yet it seems that in many ways even the basic

understanding of the general circulation escapes us. The oceans we explore are

enormous in extent, variable in time and and do not exist in isolation, but rather

as part of an even more complex environment which drives the ocean system at all

its boundaries. The measurements with which we interpret this system are often

crude in comparison to its complexities; sparse, rarely synoptic and never complete

enough to isolate all the competing processes.

We can contemplate the dynamics of such a system by breaking it down into

smaller pieces ( e.g. into specific geographical regions, physical processes or scales

of motion ); looking at the individual parts. However, in recent years as questions

have been raised concerning changes in the world climate, it has become increasingly

evident that a knowledge of the ocean circulation on global scales is paramount to

our understanding of the role it plays in the evolution of the climate.

This thesis will address two different, but related aspects of how the waters

of the three major ocean basins (Pacific, Indian and Atlantic) work together as

part of the global system known as the world ocean. The first is the extent of

exchange beween the basins, with emphasis upon the exchange occurring between

the Pacific and Indian Oceans through the Indonesian Archipelago. The second is

their relative importance in balancing the global heat budget, particularly at 30*S.

This will be done in three steps, each involving the application of inverse techniques

to hydrographic and nutrient data.



In the first step we will concentrate on the exchange between the Pacific and

Indian Oceans. The Scorpio sections at 43*S and 28*S in the Pacific Ocean will be

used to determine a limit on the transport through the Indonesian Archipelago.

In the second step, sections across the Indian Ocean at 18*S and 31*S will

be included to focus on how the constraints provided by the connecting ocean affect

the problem and the results.

In the final step, sections across the Atlantic at approximately 15*S and 30*S

allow us to effectively cut off the entire southern ocean. To the north, the Atlantic's

sole connection to the other major ocean basins is the relatively narrow and shallow

Bering Straits. The advantage to including the Atlantic basin in this work is that it

allows the oceanic fluxes of mass, heat and nutrients to be calculated in a consistent

manner across a complete latitudinal circle.

In the annual global mean, there is a net gain of radiation at the equator

while at the poles, there is a net loss of radiation. How the ocean and atmosphere

act as a system to equilibrate this imbalance is an important outstanding question

which concerns both meteoroligists and physical oceanographers looking at climate

evolution. The large difference in the mass between air and water, implies a large

difference in heat capacity. Because the oceans have a comparatively large capacity

for storing heat the role the oceans play in balancing the global heat budget is

expected to be at least as important as that of the atmosphere. The second reason

for expecting the oceans to play a significant role in the equilibration process is that

the thermohaline circulation of the oceans is driven by the non-uniformity in the

heating of the waters over the globe. Especially in the Atlantic, the thermohaline

circulation appears to be dominated by a meridional vertically overturning cell in

which the warm surface waters heated in the tropical regions move poleward and

sink in the polar regions as they lose heat and undergo evaporation increasing

their salinity. The cold, dense water masses which result, make the return journey



towards the equator at depth. As heat is lost to the north in the evaporation

process, this type of thermohaline circulation suggests that it is a large poleward

heat flux which equilibrates the imbalance in surface heating. Recently, it has been

found that in the North Pacific, there is a horizontal circulation cell which may

be at least as important as the vertical cell (Talley 1984, Bryden et al. 1990) in

transporting heat.

Historically, the ocean heat transport was taken to be what was left over

once the atmospheric transport had been calculated. An early attempt to compute

ocean heat transport was made by Oort and Vander Haar (1976). Through the use

of satellite data for the incoming and outgoing radiation, radiosonde data for the

atmosphere and heat storage of the ocean they were able to indirectly compute the

ocean heat transport as a residual of the incoming radiation and the atmospheric

transport. Another indirect method of computing heat fluxes is the use of bulk

formulas. A number of studies have made direct calculations of the ocean heat

transport at a assortment of latitudes in the different oceans, using hydrographic

measurements.

The present research produces estimates of ocean heat flux, at approximately

30*S in all the ocean basins as computed from hydrographic measurements. The

inverse technique applied allows a variety of datasets and known constraints to be

used, with assumptions written explicitly into the problem. It also allows some

conclusions to be drawn about how the exhange between the oceans basins can

affect the results.

We begin in Chapter 1 with the inversion analysis of the South Pacific Ocean.

This first chapter contains more details than the other chapters as it not only

describes the South Pacific inversion results, but also discusses how the various

constraint assumptions and matrix weights affect the solutions. Chapters 3 and 4

present the results of the inverse models run for the Indian and Atlantic Oceans, as



well as, for the combined ocean Indian-Pacific model. The discussion in Chapter 5

will focus on the transports of mass, heat and nutrients within each of the ocean

basins and the exchanges which occur between them. Appendix A presents the

formulation of the inverse problem as it is used in this work. It is divided into two

sections. The first discusses the basic design of the problem and the singular value

decomposition solution. The second explains how the equations for this particular

problem are set up and how the best estimate solution is chosen. Appendix B

contains a discussion of the inversion error analysis. This analysis will allow us

to draw some conclusions concerning the ways in which the various types of data

from the different ocean basins constrain and/or drive the solution and the global

circulation.



Chapter 1

The South Pacific Ocean

1.1 Introduction

1.1.1 Water Masses and Circulation

The Pacific Ocean is easily the largest and deepest of the three major ocean

basins. It is bounded to the east by the west coasts of North and South America.

In the north it is virtually cutoff at approximately 60*N, with only the narrow

and relatively shallow exit allowed by the Bering Straits. The western boundary

in the north is furnished by the the coast of Asia, in the south by Australia, but

between these two the islands of the Indonesian Archipelago provide a complicated

set of passages through which the waters of the Pacific flow into the southern Indian

Ocean. To the south below Australia and Cape Horn, the Pacific is open to the rest

of the world ocean.

We begin our study in the South Pacific with a description of the major

water masses and circulation as they are currently understood, for later comparison

with our results. The surface circulation of the South Pacific is described by a

huge counter-clockwise subtropical gyre bounded by the South Equatorial Current



(SEC), the East Australia Current, the Antarctic Circumpolar Current (ACC) and

the Peru Current.

It is known that the SEC displays fairly large seasonal variations but retains

a consistent westward flow, with most of the seasonal variation due to the monsoons

limited to the region north of 100 S. The East Australia Current, on the other hand, is

part of an extremely variable region. It appears that not only is the current transient

and not continous along the coast, but that its southwesterly flow is associated with

an offshore northwesterly flow and large (200-300 km) anticyclonic eddies moving

to the south (Boland and Hamon 1970, Pickard and Emery 1982). Not surprisingly,

the mean transport of the East Australia Current is not well determined. Estimates

of its transport range from essentially zero (Thompson and Veronis 1980) to as high

as 57 Sv, relative to 3500 db at 32 0S (Boland and Hamon, 1970). On the eastern side

of the Pacific the Peru Current flows equatorward carrying with it the relatively

fresh, cool waters of the Southern Ocean. Below and shoreward of this eastern

boundary current is the somewhat more saline, poleward flow of the Peru-Chile

Current which appears to be of subequatorial origin (Fonesca 1989). Due to the

winds, this east coast is a region of upwelling and therefore, overall low salinity.

The South Pacific circulation is discussed at length in Reid (1986). A detailed

description of the characteristics of the South Pacific above about 2000 m. is given in

Reid (1973). The main features of the waters are briefly reviewed here. The color

plates of Stommel et al. (1973) are extremely useful in identifying the features

discussed here, as are the many sections which illustrate the Reid (1986) article.

Fig. 1.1 presents the zonally integrated plots of temperature, salinity and nutrient

concentrations along the 28*S and 430 S sections used later in this chapter.
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The waters on the two coasts of the South Pacific are quite different in char-

acter because the eastern equatorward flow of cold, fresh waters, high in nutrients

is warmed, made more saline and modified in oxygen content before returning pole-

ward, in the western regions. In the east there is a subsurface salinity miniumum,

associated with Intermediate Water which reaches from high southern latitudes

around the main gyre. This feature is seen between about 600 db and 950 db

in Fig. 1.1b. Near New Zealand, returning poleward, there is a weak subsurface

salinity maximum which is due the excessive amount of evaporation over the cen-

tral region of the South Pacific. Spanning the breadth of the ocean there is an

small oxygen maximum at about 100-150 m, suspected of being a left over from

the even higher concentrations of the winter mixed layer. Oxygen decreases below

this forming a minimum at about 150-400 m between the maximum above and the

underlying Intermediate Water. This minimum expresses itself to a greater degree

in the eastern poleward flow. Further below is a deep oxygen minimum. In the

pycnocline the oxygen minimum is also a a nutrient maximum, but the Intermedi-

ate water, although high in nutrients and a region of strong biological production,

appears as a minimum. The deeper oxygen minimum is also a nutrient maxmimum,

but the silica only has a deep maximum in the central region.

In the deep waters of the Pacific (described in detail by Warren 1973,1981a)

one of the most notable features of the cyclonic gyre circulation is the northward

flow of the deep western boundary current through the south western Pacific basin',

carrying about 20 Sv (Warren 1981a). According to Reid (1986), this flow is not

competely confined to the western boundary region but in fact spreads out across

the entire central basin. The East Pacific Rise separates the eastern and central

basins and weak poleward flow also exists east of the East Pacific Rise. Still further

east there is a northward flow which can been seen at 43*S, but is not nearly as

'The effective western boundary of the deep South Pacific is not Australia, but New Zealand and
the Tonga-Kermadec Ridge.



discernable at 280S. The deep Tasman Sea is not a region of through flow as it is

closed off to the north at depths greater than 2850 m.

Unlike the Atlantic, there is thought to be no deep water formation in the

North Pacific, which implies that any deep water in the Pacific must originate in

the Antarctic and North Atlantic. The coldest water is found in the west. There

is a weak salinity maximum between 3000-4000 m, last remnants of the deep water

from the North Atlantic which began its journey flowing into the South Atlantic

and then circumnavigated the globe flowing eastward around Antarctica in the

Antarctic Circumpolar Current before finally travelling northward into the Pacific.

This saline water is also associated with a slight silica minimum. The region between

3000-4000 m appears to separate the equatorward bottom flow from the overlying

poleward flow and represents a layer of high stability (Reid 1986). There is a mid-

depth (1000 m to 3000 m across most of the basin) region which is an oxygen

minimum, high in phosphates and silica. Near the western boundary this oxygen

minimum layer is stronger and deeper (2000-2500 m) than it is in the Central Pacific.

Reid (1973) saw this as an indication of southward flow at these depths from the

North Pacific.

1.1.2 Review of Previous Results

In the Atlantic warm, salty water spreads northward. It is cooled and be-

comes more saline through evaporation and as it becomes denser and sinks into

the deep oceans the water mass known as North Atlantic Deep Water (NADW) is

formed. The NADW spreads southward at depth, into the South Atlantic where

it becomes entrained in the ACC which carries into the Indian and Pacific Oceans

so that eventually it influences all the waters of the World Ocean. According to

Gordon (1986), whose theory is based upon the nutrient concentrations of NADW,



the feed water for this process of NADW water formation is derived from within

the main thermocline. His hypothesis is that the upper layer return flow is accom-

plished in the main thermocline of the oceans, i.e. that NADW upwells within

the World Ocean and is returned to the Atlantic in the upper layer. He proposes

two possible return paths for the feed water. The cold water path allows the wa-

ter to return through the Drake Passage into the South Atlantic at the relatively

cold temperatures of AAIW and Subantarctic Mode Water. Gordon estimated that

less than 25% of the water returned through this route. In the warm water path

the water is returned from the Pacific to the Indian Oceans through the Indonesian

Archipelago, across the the Indian Ocean in the South Equatorial Current, poleward

through the Mozambique Current and eventually around the southern tip of Africa

from the retroflection region of the Agulhas Current into the South Atlantic. This

return water is warmer, coming mainly from the Indian Ocean thermocline. In this

chapter we will explore the first connection in the warm water route, the exchange

between the Pacific and Indian Oceans through the Indonesian Archipelago.

The Indonesian Archipelago is made up of the chain of Suma Islands, which

is divided by numerous deep basins, a few deep passages and a variety of shallower

straits and sills (see Fig 1.2). In the last thirty years a number of estimates of the

flow through the Indonesian Archipelago, from the Pacific to the Indian Ocean have

been made (Table 1.1). The range in these values in broad. Much of the earlier

work in this region was performed by Wyrtki (1961). Under the assumption that

the narrower and shallower straits would restrict the overall through flow to a fairly

low value, Wyrtki estimated the average annual through flow value to be 1.7 Sv,

confined to the upper 200 m. Since that time, most transport estimates have been

much higher than this one, but all appear to have in common the stipulation or

expectation that the major portion of the through flow occurs in the relative fresh

upper layers.



Figure 1.2: Geography of the Indonesian
Oceans (from Tchernia 1980).

Archipelago between the Pacific and Indian

Date Reference 106 m3 /s Comment Method

1961 Wyrtki 1.7 in uppper 200 m Dynamic height

1981 Godfrey & Golding 10-20 in upper 400 m Geostrophically balanced
through flow

1983 Piola & Gordan 10-14 at 33-33.6*/,. Pacific, Indian salinity
budget in the upper layer

1983 Wunsch negligible Inverse in Pacific Ocean

1985 Godfrey & Ridgeway 5 Steric Height

1985 Fine 5+50% in upper 300 m Tritium data

1986 Fu 6.6 Inverse in Indian Ocean

1988 Murray & Arief 10-15 From estimate of 1.7 in
Lombok Stralt from current meters

Table 1.1: Estimates of westward transport through the Indonesian Archipelago.

10-s



In 1981, Godfrey and Golding, using the assumption that the Pacific-Indian

through flow was geostrophically balanced, produced an estimate on the order of

10 Sv, with an upper limit of 25 Sv. The error associated with the upper value

was fairly large, 21 Sv and they reasoned that it seemed unlikely that a transport

as great as 20 Sv would have been previously missed. It would produce upper

layer velocities as great as 1 m/sec in some of the Indonesian passages (Fine 1985).

Piola and Gordon's 1983 estimate of 14 Sv at less than 33.6*/. is based on a

requirement to balance their advective box model which produced a salinity in the

upper layer outflow too low compared to the Pacific and too high compared to

the Indian Ocean. As Table 1.1 shows, there have also been number of somewhat

lower estimates in recent years, ranging from negligible to 6.6 Sv. The Murray and

Arief (1988) estimate of 10-15 Sv for the total through flow transport is based upon

current meter measurements in the Lombok Strait where velocities reaching nearly

1 m/sec (as would be expected for such high estimates) were found in the upper

levels.

On the west coast of Australia the Leeuwin Current, unlike other eastern

boundary currents flows poleward. The poleward nature of the current and the

lack of upwelling which is common on the eastern shores of the other southern

oceans may be due to the existence of the Indonesian through flow. The theory at

present is that it is the sea-level slope between the Pacific and Indian Ocean basins

which drives a net flux westward into the Indian Ocean (Wyrtki 1987, Murray

and Arief 1988). This transport contains both annual and interannual variations,

and although it does not appear to be affected by El Nifio (Wyrtki 1987), it is

affected by the monsoonal cycle (Wyrtki 1987, Murray and Arief 1988). Murray

and Arief saw an annual cycle within the Lombok Strait with a range of 1-4 Sv.

They compared this with the annual cycle for the entire through flow found by J.

Kindle from the reduced-gravity Global Ocean Model of the Naval Ocean Research

and Development Activity which ranged from 4 to 12 Sv. Such an annual cycle



Lat. Date Type Reference 1015 W

200S 1989 i Hsiung et aL -2.1 to 0.5
28*S-32 0S 1980 i Hastenrath -1.92
280S 1983 d Wunsch -0.18 i 0.22
300S 1984 i Talley - -2.2 to ~ -0.3
300S 1985 i Hsuing - -0.24
32*S 1978 d Bennett -0.17 to -1.16
400S 1982 d,i Georgi & Toole +0.043 to -0.089
400S 1984 i Talley ~ -2.3 to - -0.2
40*S 1985 i Hsuing ~ 0.09
430S 1978 d Bennett +0.15 to -0.42
430S 1983 d Wunsch 0.03 i 0.35

Table 1.2: Estimates of northward heat transport in the Pacific Ocean. Type 'd'
implies a direct estimate. Type 'i' implies an indirect estimate.

may be partly responsible for the tremendous range in the through flow transports

estimated thus far. It could also, no doubt, affect our calculation of an upper limit

as we combine data sets from different seasons.

Let us now turn to role played by the South Pacific Ocean in balancing the

global heat budget. The circulation in the Pacific Ocean in which there is a strong

northward flow of deep and bottom water with a poleward return flow further up

in the water column implies that there should be a poleward flow of heat in this

basin, to balance the input of heat in the tropics. Estimates of the heat transports

in the South Pacific present a range of values (Table 1.2). As would be expected

from the need to balance the large heat gains in the region of the equator, most

estimates indicate a southward transport of heat2 in the South Pacific, but Hsuing

(1985), Hsiung et al. (1989), Georgi and Toole (1982) and Bennett (1978) include

the possibility of a northward heat transport. As pointed out by Talley (1984), the

indirect estimates, either made from surface heat budget calculations or atmospheric

measurement residuals tend to be larger that those which came from direct ocean

2Throughout this thesis positive values indicate northward motion, while negative values indicate
southward motion.



measurements. In the Talley estimates, the large poleward transport at southern

latitudes can be traced to apparent large heat gains in the eastern tropical Pacific

and along the coast of South America. The estimates, however, when possible

systematic errors are accounted for, have a range which includes most of the direct

estimates. The heat transport is also expected to express a fairly large annual cycle.

Hsiung et al. (1989) found extrema at 200S of 0.5 PW in November-December and

-2.1 PW in January. The error associated with these measurements was 1.5 PW

which is not unusual for heat transport estimates in the South Pacific.

In this ocean basin we will be reworking the estimates of Wunsch et al.

(1983) of Indonesian Passage through flow and heat transport in the South Pacific

using the same data and similar techniques. We wish not only to confirm the 1983

results but also to extend them to include an upper limit estimate of Pacific-Indian

through flow, which at the time of the initial study did not appear to be as great

an issue as it is today.

1.1.3 Description of the Data Used

We will be using the two Scorpio hydrographic sections obtained in the spring

and summer of 1967 for our study of the South Pacific Ocean. Table 1.3 shows the

exact dates and summarizes other pertinent information about all the cruises used

in this thesis. Fig. 1.3 illustrates the cruise tracks used. Rather than reproduc-

ing sections of potential temperature, salinity, oxygen, phosphate and silicate, the

reader is once again referred to the colour plates of Stommel et al. (1973).

These Pacific sections at 43*S and 28*S were originally performed in order to

obtain some good quality data in a region of the world ocean where data was, and

still is, relatively scarce. As such, the data set has reasonable resolution with station

spacings nominally 160 km in mid-ocean and 80 km over shallow topography. The



Data Ship Cruise Start Stop Ocean Approx. Start End Avg Sta. Minimum Maximum

Name Name # Date Date Lat. Long. Long. Spacing Spacing Spacing

Scorpio Eltanin 28 3/12/67 5/8/67 Pacific 43*S 148.2 -75.1 132 km 9 km 209 km

Scorpio Eltanin 29 6/4/67 7/31/67 Pacific 28"S 153.8 -71.2 134 km 6 km 203 km

AT93 Atlantis 93 7/7/76 8/9/76 Indian 18*S 51.0 117.3 126 km 14 km 208 km

CD29 RRS Darwin 29 11/12/87 12/17/87 Indian 31*S 30.4 114.8 81 km 2 km 188 km

SAVE Knorr leg 2 12/28/87 1/21/88 Atlantic -15"S 322.1 12.7 117 km 9 km 168 km

SAVE Knorr leg 3 1/29/88 2/16/88 Atlantic -30*S 356.2 318.7 110 km 12 km 188 km

SAVE Melville leg 4c 1/4/89 2/13/89 Atlantic -30"S 357.5 15.3 110 km 12 km 188 km

Table 1.3: Details on the six sections used in this thesis.
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Figure 1.3: The station positions in each of the 6 sections used in this
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duration of each of the individual cruises was about two months. Together, they

span two seasons. In this study, we will eventually be combining data from all the

major oceans, taken from different years and different seasons. There is a detailed

description of the cruises, the station procedure and raw data analysis in Stommel

et al. (1973).

The mass, heat, salt and nutrient fluxes in the South Pacific Ocean, deter-

mined using the Scorpio data set and inverse modelling, were calculated nearly ten

years ago by Wunsch, Hu and Grant (1983) (Henceforth WHG). Summarizing the

major results of what shall henceforth be referred to as the '1983' study:

* The zonally intergrated results were insensitive to variations in the model

assumptions (eg. initial reference level, variations in constraints)

9 The interior flow is characterized by:

- a large (12 x 109 kg/sec ) equatorward flux of bottom water,

- a poleward return flow at mid-depths,

- with an equatorward flow of Antarctic Intermediate Water above,

- and a convergence between the two latitudes of the surface waters.

* The zonally averaged transfer between isopycnals (referred to as w in WHG

and as w* here ) determined from the model residuals, was represented by a

downwelling at all depths, implying that the large equatorward flow of Bottom

Water is entraining the water from above.

* The net meridional fluxes of silica, phosphate, oxygen and fresh water were

all found to be small and indistinguishable from zero.

* The net meridional heat flux was also found to be indistinguishable from zero;

(-1.8 ± 2.2) x 10"4 W at 28 0S, (-0.3 ± 3.5) x 1014 W at 430*S.



9 The large Indonesian Passage transports (> 10 Sv) of Godfrey and Golding

(1981) were not necessary to the solution. Limits were not determined since

it was felt that it was not possible to distinguish the through flow transport

from the wind-driven flux due to the uncertainty in the latter.

As previously mentioned, the purpose behind using the Scorpio data set in

this research was first, to reproduce and so confirm the 1983 results. Second, we

wish to examine the effects of the weighting schemes which will be used throughout

the thesis and third, we will see if it it is possible to extend the results to include

an estimate of the flux through the Indonesian Passage into the Indian Ocean.

1.2 Comparison with 1983 Study

We began the current study with the Scorpio data before any interpolations

or extrapolations had been applied. Temperature, salinity, oxygen, phosphate and

silica data were taken at a variety of depths at each station, usually down to within

5 to 10 m of the bottom. These values were then interpolated (extrapolated where

necessary) onto a set of 37 standard depths. In performing this process, the decision

had to be made as to whether an extrapolation or interpolation should be done in the

vertical or the horizontal directions. Our choice was to perform such manipulations

in the following order (performing the next choice only if the previous choice did

not succeed in producing a reasonable solution):

* perform vertical 3 point Aitken-Lagrange interpolation to obtain the majority

of the values at the standard depths; use a vertical extrapolation below the

lowest good data point

* perform horizontal interpolations, then extrapolations to fill in the remaining

gaps,



* compare all results in the vertical and horizontal, checking for unreasonable

solutions,

e perform the most appropriate interpolation or extrapolation on the remaining

individual bad data points.

The Aitken-Lagrange interpolation was used in the 1983 study, however, the choice

of exactly what interpolation or extrapolation to use in the case that the Aitken-

Lagrange scheme did not work could not be reproduced since in many cases it was a

subjective decision. However, there was no intention to reproduce either the exact

data or the exact analysis procedure, so from the beginning it was expected that we

would be unable to perfectly reproduce the 1983 results. This was acceptable as we

were only looking for an agreement between the integrated solutions, not individual

station values.

All the models in WHG were re-created with extremely similar results. Only

those from S4, the model with the most constraints, are discussed here. We begin

with a comparison to familiarize the reader with the data set and the prior results

so as to lay a groundwork for the evaluation of the effects of the changes which will

made to the 1983 models. In the following discussion we will use the term S4-83

to indicate the model as it was defined in the 1983 study and S4-91 to indicate the

model as is re-created here.

Models S4-83 and S4-91

For the purpose of the comparison it was our intention to keep the 1991 model

as close to the 1983 model as possible; however, certain decisions were made about

how all the data in this research would be processed, so differences invariably arose.

The major differences between the 1983 calculation and ours are the following:



e All depths (m) used in S4-83, were converted to pressures (db) in the model

S4-91.

* In the 1983 calculation, all potential temperatures were referenced to the

surface, causing the amount of water in each of the layers to be somewhat

different. The extrapolation routines for determining values below the lowest

observed depth were different in the two studies. This difference also affected

the amount of water in the lower layers.

* As was found in the 1983 study, the 1991 model inversion results are fairly

insensitive to the chosen initial level of no motion. Our model S4-91 results

are based on an initial reference level of (o 2 = 37.04), which is essentially

equivalent to the 1983 use of depth of 3500 m. Both S4-83 and S4-91 are

consistent with a level of zero meridional velocity at about 3100 m at the

Tonga-Kermadec Trench, descending to about 3600 m in the west (Warren

1981a).

* In the S4-83 the conserved quantity PO was defined in the ratio P:O, 1:135.

The S4-91 model uses the classical ratio of 1:138 (Redfield 1963). According

to the analysis of Minster and Boulhadid (1987) this difference should not be

significant.

* The nutrients have been converted from pmoles/l to pmoles/kg. This change

represents only a 2% to 3% difference.

A set of 14 layers were chosen for the 1983 study, which allowed the major

water masses of South Pacific to be recognized. We use the same potential density

interfaces. Table 1.4 describes the layers as they appeared in 1983 (model S4-83) as

compared to those used in this research (model S4-91). The potential temperature

referencing inconsistency, mentioned above, is responsible for most of the differences

in the lower layers, including the complete lack of water in the lowest two layers at



Layer Upper Lower 43S 1983 43S 1991 Difference 28S 1983 28S 1991 Difference

# Boundary Boundary Lay. Dep. Lay. Dep. Lay. Dep. Lay Dep.
(km) (km) (km) (km) (km) (km)

1 surface ao = 26.80 0.19 0.21 +0.02 0.45 0.48 +0.03
2 a0 = 26.80 ao = 27.00 0.30 0.34 +0.04 0.16 0.18 +0.02
3 Uo = 27.00 ao = 27.20 0.40 0.35 -0.05 0.29 0.28 -0.01
4 ao = 27.20 U2 = 36.60 0.32 0.38 +0.06 0.32 0.36 +0.04
5 a 2 = 36.30 a 2 = 36.80 0.32 0.38 +0.06 0.32 0.40 +0.08
6 U2 = 36.80 a2 = 36.98 0.63 0.86 +0.23 0.76 1.28 +0.52
7 a2 = 36.98 a2 = 37.01 0.21 0.21 0.00 0.36 0.26 -0.10
8 a2 = 37.01 a2 = 37.04 0.26 0.27 +0.01 0.41 0.24 -0.17
9 a2 = 37.04 04 = 45.90 0.29 0.20 -0.09 0.30 0.12 -0.18

10 U4 = 45.90 04 = 45.93 0.16 0.18 +0.02 0.12 0.08 -0.04
11 a4 = 45.93 a 4 = 45.96 0.16 0.32 +0.16 0.08 0.08 0.00
12 a 4 = 45.96 a 4 = 46.00 0.33 0.23 -0.10 0.10 0.18 +0.08
13 a 4 = 46.00 a 4 = 46.02 0.23 0.01 -0.22 0.10 0.00 -0.10
14 a 4 = 46.02 bottom 0.08 0.0002 -0.08 0.09 0.00 -0.09

total 3.88 3.94 +0.06 3.86 3.94 +0.08

Table 1.4: Comparison of the Model S4-83 layers to the Model S4-91 layers.

28*S for our model S4-91. Some of the variations are due, in all likelihood to the

different methods employed for calculating the zonal averages. Most of the layers

match fairly well, except for layer 6. Since this layer is the thickest, we might

expect it to display larger differences than the others. As will be seen, these slight

differences in the layer definitions do not particularly affect the results. The major

water masses are still recognizable.

Fig. 1.1 shows the zonally averaged profiles of potential temperature, salinity,

oxygen, phosphate and silicate in the potential density layers. These profiles can be

compared with those shown in Fig 2. of WHG. A number of the features discussed

in section 1.1.1 are apparent in these profiles:

* the salinity minimum of the Antarctic Intermediate Water (AAIW) in the

third layer,

* the oxygen minimum centered on about 1500 db in layer 5, which may repre-

sent water coming from the North Pacific,



Mass

Salt

Oxygen

Silicate

Phosphate

P038

Reference level

Conservation in all layers
Zero geostrophic + Ekman Flux across 28 0S
Zero geostrophic + Ekman Flux across 430S

Zero Net Flux in layers 11-14 of Tasman Sea at 43*S

Conservation in all layers
Zero geostrophic + Ekman Flux across 280S
Zero geostrophic + Ekman Flux across 430S

Conservation in layers 3-14

Conservation in layers 3-8

No statements

Conservation in layers 3-14

a2 = 37.04

Table 1.5: Constraints which define the Scorpio Model S4-91

* the very slight secondary oxygen minimum, perhaps due to the underlying

AAIW in layer 2 at 280S,

* the lack of phosphate and silicate at the surface

e the slight decrease of phosphate in the lowest layers (11-14 at 43*S, 11-12 at

280S) which represent the Antarctic Bottom Waters (AABW)

* the residual of North Atlantic Deep Water (NADW), recognized by the small

salinity maxmimum and silica minimum which appears in layer 10.

e The decrease of silicate in the AABW is barely seen in the 1983 study and is

not visible here, except in the very lowest layers of 430S.

The constraints of model S4-91 are described in Table 1.5. We used the same

balance equations as those used in the 1983 study, that is, for conservation in layer i:

43S

E pija;;(viR + b,)Ci3 -
j=1

28S

E piai,(vi)R + b3 )Ci- 0.
j=1

(1.1)



where,

i,j are the layer and station pair indices, respectively

vR is the relative geostrophic velocity,

b is the reference level velocity,

a is the vertical interface area

C is the property concentration

The flux equations for the 43*S section were written for mass and salt as:

#layers 43S

Z Z aigpi)(vijR + b,)C,, ~ -Ek 43 s C'"'', (1.2)
i1j=1

where Ek is the a priori estimate of the Ekman flux and 'surf is the mean concen-

tration in the surface layer. A similar equation is written for the 280 S section.

The equations 1.1 and 1.2 are then written:

Ab + n = -r, (1.3)

where, the elements of the A matrix are f4 pijaijCijdp , n represents the noise

associated with each of the equations, b is the vector of unknown reference level

velocities. r is the vector of known relative velocity transports plus other optional

right hand side elements, such as Ekman flux or a known net transport through the

box.

In both S4-83 and S4-91 the terms which represent cross-isopycnal transfer,

w* are calculated from the residuals. The method is described by WHG. In all fur-

ther models the cross-isopycnal transfer terms will be calculated within the inverse

as is described in Appendix A.



Both S4 models use the Han and Lee (1981) annually averaged windstress

values which result in an Ekman convergence between the two sections. All Ekman

values used in this thesis are given in Table 1.6. For model S4-91, using the annual

averages we have 6.7 t 2.2 x 10' kg/sec equatorward at 43*S and 4.3 t 1.0 x 101

kg/sec poleward at 280S, giving an Ekman convergence of 11.0 + 2.4 x 10' kg/sec .

The rows of the A matrix (i.e. the individual equations) are weighted by the

mean value of the layer concentrations. The columns are weighted by the vertical

area associated with the station pair as in the 1983 model.

Using criteria which are specified in Appendix A, we have chosen a rank

of 17 for model S4-91. This means there are 17 independent equations so that

we are able to determine 17 weighted averages of the 175 unknowns. WHG used

rank 18. Nearby ranks do not give significantly different solutions. The rms value

of the reference level velocities is small, only 0.39 cm/sec, with an error due to

observational noise of < 0.07 cm/sec for all bi. However, none of the b3 are very

well resolved. The diagonal elements of the resolution matrix are for the most part

< 0.1 and the resolution is not compact. The definition of a compact resolution is

given in section Appendix A. The reference level velocities give the appearance of

following the topography, a feature which was pointed out by Luyten and Stommel

(1982), noted by WHG, and is discussed futher in the next section.

The great similarity in the size and character of the resulting reference

level velocities, compared to the 1983 solutions, gives rise to very similar abso-

lute geostrophic velocities and zonally integrated transports. The absolute velocity

field for our best estimate model (described later) is shown in Fig. 1.4. The most

obvious features of the circulation are the poleward flows of the East Australia

current in the west and the Peru-Chile Current off the coast of Chile, the equator-

ward Peru Current closer to the eastern boundary, and the deep western boundary

current seen flowing along the effective western boundary in the central basin.



Pacific Ocean

Pacific Ocean

Indian Ocean

Indian Ocean

Atlantic Ocean

Atlantic Ocean

43*S March
April
April-March avg.
Annual avg.

28"S June
July
June-July avg.
Annual avg.

31*S November
December
Nov.-Dec. avg.
Annual avg.
(Synoptic)

18*S July
August
July-Aug. avg.
Annual avg.

150S
January
Annual avg.

300S
Jan-Feb
Annual avg.

Table 1.6: Ekman flux values used in this study. A positive value implies a north-
ward flux. Unless otherwise indicated all fluxes are computed from the wind stress
tables of Han and Lee (1981). The Ekman flux value is derived from the mean
value of the wind stress across the section from 50 squares, for the months indi-
cated. The error is the standard deviation of the wind stress in the 50 squares
across the section, for the months indicated. The 310 S synoptic value was provided
by J. Toole.

109 kg/s

5.7 2.9
7.7 3.5
6.7 3.3
6.7 2.2

1.1 i 3.0
1.0 i 2.8
1.0 2.9
-4.3 ± 1.0

2.4 ± 2.3
0.5 ± 1.6
1.5 ± 2.2
2.8 i 2.6
1.0

-15.7 ± 2.3
-16.5 ± 10.3
-16.1 & 9.9
-10.8 i 7.6

-7.1i 3.8
-7.5 ± 3.4

-2.0 i 0.8
-1.4 ± 0.8



430S Mass Salt Oxygen Phosphate Silica P038
Model S4 91 83 91 83 91 83 91 83 91 83 91 83
Geostrophic -2.2 -2.0 -75 -67 21 35 -11 -17 -244 -500 -589 -712

Ekman 2.2 2.0 74 361 12 12 2 9 4 4 802 703

Net 0.0 0.0 -1 294 33 47 -9 -8 -240 -496 213 31

Std. Err. - - 378 260 55 110 28 16 1366 640 5530 3700

Null Sp. Err. 0.1 - 3 181 3 24 2 8 167 357 184 2419

28S Mass Salt Oxygen Phosphate Silica P038
Model S4 91 83 91 83 91 83 91 83 91 83 91 83
Geostrophic 0.07 -0.01 -5 -4 52 65 -10 -16 56 -84 898 755
Ekman -0.07 0.01 -3 1 0 0 0 0 0 0 -21 -4
Net 0.0 0.0 -8 -4 52 65 -10 -16 -56 -84 876 751
Std. Err. - - 376 76 65 10 35 6 1517 270 5743 1110
Null Sp. Err. 0.1 - 3 1 3 5 2 3 163 168 282 284

Table 1.7: Vertically integrated fluxes across the two Scorpio sections for Models

S4-83 and S4-91. The definitions of the standard error and nullspace error are given

in Appendix B.

The zonally integrated flux densities (per km of depth) are depicted in Fig.

1.5. They are basically the same as those shown by WHG in their figures 5-9. A

comparison of the 1983 fluxes and those we have produced are tabulated in Table

1.7. The Ekman flux estimates are obtained by assuming that the net geostrophic

divergence across a section is equal and opposite to the Ekman flux. As found

by WHG, the model does not find the Ekman values calculated from the annually

averaged winds, to be consistent with the other model constraints.

Model S4-91 Ekman flux estimates of 2.2 x 109 kg/sec equatorward at 43*S

and -0.1 x 109 kg/sec poleward at 28 0S are more consistent with the seasonal aver-

ages , which computed from Han and Lee (1981) for the months of the cruises are

6.7 ± 3.3 at 430S and 1.0 ± 2.9 at 28*S.
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PACIFIC 43S, model S4, rank 17
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Figure 1.5: The zonally integrated flux densities per kilometer depth for model

S4-91. These plots can be compared to figures 5-9 of WHG.
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PACIFIC 43S, model S4, rank 17
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PACIFIC 43S, model S4, rank 17
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At the surface, there is a poleward geostrophic flux at both latitudes. As-

signing the Ekman flow to the uppermost layer, the surface flux remains poleward

at 280S (-1.8eos + - 0 .1ekman = -1.9 x 109 kg/sec ), but becomes ever so slightly

equatorward at 43*S ( -2.1geo, + 2 .2
ekman = 0.1 x 10' kg/sec ). Below the sur-

face layer, is the equatorward flow of AAIW down to about 950 m, at which point

the flow reverses to becomes strongly poleward down to - 3250 db at 43*S and ~

3600 db at 280 S. This mid-depth flow is substantial, about 13 x 101 kg/sec . Both

sections display strong equatorward flows of bottom water (NADW and AABW)

in the lowest layers, ~ 12 x 109 kg/sec . At 430S there is a very small amount of

water flowing poleward in the lowest layers. The amount is so small ( 0.1 x 109

kg/sec ) as to be insignificant, but may be topographically induced as all the flux

is concentrated on either side of a large peak at ~ 98*W longitude which rises to

within 600 meters of the surface.

Calculating the cross-isopycnal transfer terms, w* from the residuals as de-

scribed by WHG, we obtain a similar overall downwelling (Fig. 1.6), which can

be interpreted as the bottom water flux entraining water from above as it flows

equatorward, thus explaining the slight increase in magnitude from south to north

(WHG). The 1983 paper gives a discussion of how such a downwelling can be ratio-

nalized in the face of the Stommel & Arons (1960) expected upwelling of warm water

through Ekman pumping. The subject will be brought up again in the discussion

of the inverse computed cross-isopycnal transfer.

As done by WHG3 , the secondary residuals from the salt balance were used

to obtain an estimate of the system noise. This method gave us an rms value of

- = 0.05 x 10' kg/sec . This value is somewhat larger than the value found by

3 This method determines the cross-isopycnal transfer terms from the mass residuals and subtracts
the resulting cross-isopycnal salt flux from the salt residuals to obtain a set of secondary salt residuals.
The rms value of the secondary salt residuals is then divided by the mean salinity to obtain an rms
error, a.
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Figure 1.6: Cross-isopycnal transfer terms calculated from the mass residuals for
model S4-91. Upward is indicated by positive values.

WHG (- = 0.01 x 109 kg/sec ), which accounts for the larger standard errors

associated with our flux estimates (Table 1.7).

The basic conclusion is the same as found by WHG, that none of the merid-

ional fluxes estimated by this model is significantly different from zero. Since our

flux estimates for the model so closely parallel those of WHG, a detailed discussion

of their character will be left until the end of the chapter, after certain changes

have been introduced to the model S4-91. The next section presents a discussion

of the effects on the S4-91 model resulting from the inclusion of the cross-isopycnal

transfer terms within the inverse calculation, changes to the weighting scheme and

extensions to include leakage through the Indonesian Passage.



1.3 Extension of Model S4-91

Model S4a - Scaling by Column Length

The first change made to the S4-91 model weighting is to remove the column

scaling which is based on the area of the vertical interface associated with the station

pair and to replace it with a scaling by the length of the column. Before discussing

the effect of this change the reasoning behind the use of the original scaling is

presented.

The argument for station spacing weight given by Roemmich (1980) went as

follows. For two station pairs whose associated distances differ by a factor of a, the

resulting A matrix columns will also differ by the same factor a.

A [ a1  aa1 1 (1.4)
a2, aa 2 J

The eigenvectors V resulting from the SVD of A and which span the rows of A will

also differ by the factor a.

VTavi (1.5)
Vj2 av3 2

As a result the columns of the resolution matrix VVT will also differ by this same

factor a.

k k

(VVT), 3 +1 = Z v;,vj+,1 ,; avi,o ,
1=1 1=1

VVT = [ (1.6)
r2; ar2j



Since the columns with the bigger values are better resolved, the solution will tend

to be large where the column norms are large. This tendency is further discussed

in Appendix A.

For the depth weighting, the argument as above may be applied to station

pairs with the same station spacing and the same ratios of layer thicknesses to the

total depth, but with total depths which differ by a factor of a. It is then argued

that without a depth normalization the result would be higher velocities at the

deeper stations, an effect which does not seem to have a physical origin. For this

reason Roemmich (1980) and WHG used the station pair's vertical interface area

as the column weighting.

However, this effect of higher velocities at the deeper stations due to differing

total depths, is not what appears to occur in our data. Roemmich (1980) notes, that

the more usual situation (which is true for our data) is for the shallower stations not

to contain all the density layers (i.e. different pairs do not contain the same ratios

of layer thickness to total depth). The result is that the imbalances in the problem

tend not to be resolved by placing larger values of bj at the deeper stations, but

rather by placing the larger b, in those regions where some layers can be adjusted

without adjusting others. Thus, the opposite effect occurs. The shallow regions tend

to be those over topographic features and the resulting reference level velocities tend

to be larger in shallow regions. This tendency is, at least partially, what gives rise

to the effect of the velocities appearing to follow the topography.

Later on we will include the requirement that the Ekman convergence be

balanced in the upper layer. It was found that this added constraint, with an area

weighting, increased the effect of the topography on reference level velocities to

the point where the solution in the interior remained very small while that near

the coasts rose to 4-5 cm/sec. The first question is whether or not one believes



such high reference level velocities when found near the boundaries. They might be

accepted in the western boundary regions, but we do not believe the general effect.

For this reason, instead of using the area weighting as done in the 1983 study, we

have used the column norm weighting. This weighting still acts to remove the effects

of differing station spacing and the less obvious effect of differing layer thicknesses.

A rank of 17 was again chosen for the best estimate. The size of the resid-

uals, (Ab + P)T(Ab + r), was very slightly reduced. The size of the solution,

bTb decreased dramatically. The resulting reference level velocities and flux esti-

mates did not change appreciably 4. The Ekman flux estimate changed by less than

0.1 x 10' kg/sec . The only noticeable affect was on the estimate of o- from the

secondary residuals, which was reduced to 0.03 from 0.05. This caused the stan-

dard error on the flux estimates to be somewhat less than before, but not enough

to change the conclusion that the fluxes are not signifcantly different from zero.

The fact that the solution changed so little is encouraging. It indicates that

the depth weighting was not removing any significant structure from the A matrix.

Therefore, we have not lost anything by not including this depth weighting.

Model S4b - Calculating the Cross-Isopycnal Transfer Terms, w*

The second change made to the 1983 S4 model was to explicitly compute

the values of the horizontally averaged cross-isopycnal transfer terms, w* using the

inverse machinary. From this point, on the A matrix contains rows of the form:

43S 28S

E pi)ai3 (vig, + b3 )C;3 - E pi a;;(vij, + b,)Ci, - (1.7)
j=1 j=1

a*topw*topCit*P + affbowbotCf*bot : 0, (1.8)

4The solution size, bTb is always computed from the normalized (i.e. weighted) version of the
vector b (see equation A.11). The reference level velocities, by are represented by the unnormalized
version of the b vector.



where, Htop and Hbot represent the horizontal interfaces above and below the layer.

Since the horizontal interface areas through which the cross-isopycnal trans-

fer occurs are so much greater than the vertical areas through which the reference

level velocities flow, it proved necessary to explicitly downweight these columns of

the matrix before computing the column lengths. Without such downweighting all

the information available in the system would go into calculating the w* values,

leaving the b,'s almost completely unresolved. The downweighting factor was cho-

sen such that the resolution ( the diagonal values of VVT ) were approximately the

same for the b3 and w* terms.

This model was determined to have rank 16-17. The resulting reference level

velocities are extremely similar to those found by the previous model, though a

perhaps a little smoother. This comes as no surprise since the b,'s are bound to be

less well resolved now that some of the available information must be used to resolve

the w*'s. This effect is obvious if the w* are downweighted less. Estimated Ekman

fluxes have not changed significantly (2.1 x 109 kg/sec poleward at 43*S, 0.02 x 109

kg/sec poleward at 28*S) since the maximum cross-isopycnal flux anywhere is only

about 0.2 x 109 kg/sec .

The most interesting feature of including the cross-isopycnal transfer com-

putation within the inverse is that the resulting solutions w* are quite unlike those

calculated from the residuals. Fig. 1.7 compares the w* values computed from the

residuals for model S4a to the w* values computed by the inverse in this model, S4b.

Although the inverse computed w*'s show decreasing magnitude with depth they

are much smaller and show none of the downwelling character of those calculated

from the residuals. They oscillate in sign from interface to interface giving the ap-

pearance of being quite random. This same random nature of the w*'s exists even

at the lowest ranks so it is not the result of having resolved these terms early on
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Figure 1.7: Cross-isopycnal transfer terms calculated from the mass residuals for
model S4a compared to those computed within the inverse for model S4b. Positive
values implie upward movement.

(at low ranks) and then creating the random character by including noise through

the higher ranks ( smaller eigenvalues ).

The effect that these cross-isopycnal transfer terms appear so random in

character leads us to conclude that either the information is not available in the

data to resolve them or that the true nature of such zonally averaged values is

different from what was expected. It is certainly true that if there is an upwelling

ocean interior with strong downwelling in limited regions outside the interior as

found by Warren (1976) in the western boundary, then it quite likely that the

zonally integrated values will appear random. There is no way within this model

to separate the two regions. It was also pointed out by WHG that w* is normal to

the isopycnals, whereas, tv in the linear vorticity balance,

#l = f- f < 0 (1.9)

is normal to the geopotential surfaces and therefore, does not represent the same

quantity.



The mass residuals ' for this model do not exhibit random behavior. They

show a divergence at all layers except layer 6 and a decrease in magnitude with

depth. The resulting value of o calculated from equation A.10 now since the sec-

ondary residuals can no longer be used, is larger, producing a proportionally larger

estimate of the standard error for the fluxes.

The solutions in which the residuals are assigned wholly to the cross-isopycnal

transfer is not the one found by the inverse. The structure which remains implies

that there is still some physics missing from the problem. It is possible that by

downweighting the w* terms so that they are no better resolved than the b, that we

have inadvertently lost the physics they represent. In the last section, a model will

be presented in which the the w* terms are not constrained (not downweighted)6

and so are allowed to grow by an order of magnitude. This allows large cross-

isopycnal transfer terms to represent nearly all the missing physics, reducing the

residuals and thereby reducing the standard error estimates.

Model S4c - Weighting the rows by the expected uncertainty

Having included the cross-isopycnal flow in the calculation, the next change

made to model S4-91 was to downweight the equations by their expected uncer-

tainty. The source of these uncertainties is explained in Appendix A. We take the

expected uncertainties in any individual layer to be 2 x 109 kg/sec , while the un-

certainty in top to bottom flow is taken to be 1 x 109 kg/sec . The uncertainty

given to the flux equations for the individual sections was taken to be the square

5There are two types of residuals discussed in the thesis. The problem residuals used to calculate

o in equation A.10, are the residuals computed from (Ab + r) where A, b and I' are the weighted

versions of the variables. The mass transport figures contain plots of mass residuals. These residuals

are computed from the unscaled (Ab + r) for the mass conservation equations. They represent

the difference between a solution in which the layer conservation constraints are met exactly and

actual solution.
6Here, 'not constrained' or 'not downweighted' means that w* terms are allowed to be as large

as the bj terms.



root of the sum of the squares of the uncertainties in the top to bottom flow and

the Ekman transport.

The rank remains at 16. There is little change in most of the solution.

The reference level velocities are slightly smaller, b,m., = 0.3 cm/sec. The cross-

isopycnal transfer terms are slightly larger. The main difference occurs in the esti-

mated values of the Ekman flux. At 43*S, all the layers above layer 11 (~ 3700 db)

are supporting a geostrophic transport which carries more water poleward than in

the previous model. At 28*S, all the layers except layer 6, are carrying more water

equatorward. This produces an estimate of the Ekman fluxes consistent with those

computed from the annual average wind stress: at 43*S, 4.7 x 109 kg/sec equator-

ward, at 28 0S, 3.9 x 109 kg/sec poleward.

Model S4d - Depth Weighting

The final weighting change which will be made to model S4-91 is an attempt

to remove the effect of the reference level velocities appearing to follow to the

topography. In this work it was decided not to allow the magnitude of the reference

level velocities to be dependent upon what we see as an artificial effect of the least

squares solution, rather than a direct result of the physics included in the problem.

The logic used here is that since the velocities tend to be larger in the shallower

regions where some layers can be manipulated without affecting others, the station

pairs (columns) in these regions should be downweighted. The weighting used on all

the columns is square root of the average depth of the station pair. This weighting

is the inverse of the depth weighting included in the original area weight.

The rank was reduced to 14 with this weighting, indicating that some struc-

ture had been removed from the matrix. In this case, there was actually very little

difference in the solutions between ranks 10 and 15. Rank 14 was chosen based on

the size of the residuals. The integrated transports are almost exactly the same as
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Figure 1.8: Comparison of the reference level velocities for the models S4-91 (original
depth weighting), S4a (no depth weighting), S4d (new depth weighting) and P2
(original depth weighting with the requirement that the Ekman convergence be
balanced in the top layer

in the previous model. The effect on the reflection of the topography in the refer-

ence level velocities is in the right direction but not as great as might be expected

(Fig 1.8). A much greater difference is seen in the section on model P2, where in an

extension of the current model, a geostrophic divergence in the top layer is required

to balance the Ekman convergence.

In summary, the original S4-91 model has been altered by removing the col-

umn weighting by station area and replacing it with a scaling by column length

and station depth. The row scaling now includes the expected equation uncertainty

which can be compared to the magnitude of the residuals when choosing the ma-

trix rank. The cross-isopycnal transfer terms are now computed within the inverse.

These changes result in somewhat larger mass residuals which retain a non-random

character (a divergence at nearly all depths), and in estimate of the Ekman trans-

ports at the two latitudes that are low, but consistent with those calculated from



the annual average wind stress. Some changes have occurred in the estimates of the

meridional property fluxes. They will be discussed later in the chapter.

These modifications are be kept in place for all further models. The discus-

sion will now turn to a set of models run on the southern basins of Pacific, Indian

and Atlantic Oceans in turn.

In the Pacific Ocean, the models are presented in what could be construed

as reverse order, since we have already begun with the complexities of model S4-

91 in order to confirm the 1983 results and to illustrate the effects of weighting

variations. In order not to perform an about face we shall continue along this line;

first defining the new potential density interfaces to be used in the rest of the thesis,

second introducing the constraint that the Ekman convergence be balanced in the

surface layer, third using a set of models which introduce each data variable in turn

to discuss the various transports and the importance of the individual constraints

and finally, attempting to force a net flux through the South Pacific box to find a

limit for the possible Indonesian Passage through flow.

Model P1 - 18 layers

To create models which include water masses from oceans other than the

South Pacific, it is necessary to refine the potential density interfaces to resolve

a broader range of water characteristics. The next step in the extension of the

model we have been working with is to allow for 18 layer interfaces + the top

and bottom as opposed to the original 14. The interfaces are defined in Table 1.8

for all the oceans. Fig. 1.9 shows the layers for the Pacific. Comparing these to

Fig. 1.1 one finds only two new details previously integrated out. Both appear in

layer 2 (o- = 26.6 - 26.8). These are the appearance of the salinity maximum

believed to be due to the excess evaporation over precipitation in the central Pacific



Upper Lower Pacacific Indi ndian Atlantic Atlantic
Boundary Boundary I43*S 28*S 31*S 18*S 30*S 15*S

Surface ao = 26.60 12.13 16.30 15.37 19.20 16.97 19.32
34.42 35.24 35.46 35.19 35.61 36.13

ae = 26.60 0q = 26.80 9.63 10.15 11.22 11.57 11.17 11.67
34.64 34.73 34.96 35.07 34.95 35.08

aq = 26.80 ue = 27.00 7.63 7.92 8.86 9.20 8.76 9.57
34.48 34.52 34.66 34.76 34.68 34.86

o = 27.00 ao = 27.02 5.62 5.76 6.42 6.93 5.79 6.78
34.33 34.36 34.48 34.58 34.42 34.60

ae = 27.02 a1 = 32.00 3.97 4.21 4.31 5.39 3.84 4.53
34.37 34.41 34.42 34.62 34.36 34.48

0i = 32.00 ai = 32.16 3.06 3.25 3.34 4.29 3.14 3.81
34.47 34.50 34.51 34.67 34.48 34.59

0i = 32.16 o2 = 36.73 2.72 2.80 2.95 3.61 2.97 3.77
34.54 34.55 34.57 34.69 34.60 34.72

02 = 36.73 02 = 36.80 2.52 2.54 2.73 3.21 2.95 3.74
34.58 34.58 34.62 34.70 34.68 34.81

a2 = 36.80 a2 = 36.92 2.15 2.07 2.40 2.60 2.90 3.52
34.64 34.63 34.69 34.72 34.78 34.90

a2 = 36.92 a2 = 36.97 1.80 1.70 2.07 2.08 2.77 3.14
34.68 34.67 34.73 34.73 34.83 34.92

r2 = 36.97 a2 = 37.00 1.61 1.54 1.90 1.80 2.59 2.82
34.70 34.68 34.74 34.73 34.87 34.91

O2 = 37.00 a 2 = 37.04 1.42 1.36 1.66 1.52 2.45 2.55
34.71 34.69 34.74 34.73 34.89 34.90

02 = 37.04 03 = 41.54 1.19 1.16 1.33 1.21 2.08 2.10
34.72 34.71 34.74 34.73 34.87 34.89

a3 = 41.54 0 4 = 45.93 1.01 1.00 1.06 1.02 1.51 1.55
34.72 34.72 34.73 34.72 34.82 34.82

U 4 = 45.93 04 = 45.96 0.84 0.85 0.86 0.84 1.17 1.20
1 34.72 34.72 34.72 34.72 34.79 34.75

a 4 = 45.96 a 4 = 46.00 0.68 0.66 0.62 0.72 0.83 0.86
34.71 34.71 34.71 34.72 34.76 34.76
0.60 * 0.40 * 0.57 0.58

34.73 * 34.70 * 34.72 34.74
0.56 * 0.20 * 0.31 0.29
34.74 * 34.69 * 34.67 34.71

Table 1.8: Layer boundaries and the asocciated layer average potential temperature

(upper value, *C) and salinity (lower value, psu) for each of the six sections. An

asterisk indicates that no water is contained in the layer for the particular section.



(Reid 1973) and stronger expression of the oxygen minumum perhaps due to the

underlying AAIW.

Model P1 is the 18 layer version of model S4d. The results are extremely

similar, as would be expected. The integrated mass transports for model P1 are

plotted in Fig. 1.10. The 14 layer (S4d) model produced a smoother version of

the same results found by the 18 layer model. The one noticeable difference is the

loss of geostrophic transport in the upper 500 db of the 280S section. The residuals

retain their divergent character and the cross-isopycnal flow still shows a reduction

of magnitude with depth as its only consistent feature.

Model P2 - Geostrophic-Ekman Balance Required in Surface Layer

The greatest effects of the windstress occur in the upper layers of the water

column. It therefore, seemed reasonable to perform a further experiment with our

model in which an explicit constraint was included which would determine if the

Ekman transport could be balanced in the surface layer. The balance we sought

to achieve was between the Ekman convergence/divergence and the geostrophic

convergence/divergence in layer 1.

This balance was first encouraged by removing the conservation constraints

in the upper two layers. The removal of these equations had little effect, however.

The SVD did not solve the problem by placing the Ekman flow in the upper layers,

but instead produced a solution very similar to that found previously in model P1.

The two noticeable differences were the appearance of the equatorward flow in the

warmest layer of 280S and the reinforcement of the residual structure, with greater

values near the surface and diminished values towards the bottom. So the model

was changed to require explicitly a balance between the Ekman convergence and

the geostrophic divergence in the top layer.
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Figure 1.9: Zonally averaged profiles of temperature (a), salinity (b), oxygen (c),
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In this model the choice of rank comes down to a choice between a solution

in which the surface mass residuals are large (-, 6 x 109 kg/sec ) (Fig 1.11) and the

next higher rank in which the residuals have been reduced by the stricter application

of the upper layer constraint (Fig. 1.12). The constraint which was added required

that the convergence due to the wind stress be balanced by a net divergence of the

geostrophic flow in the top layer. The solutions at the two ranks are quite different.

We shall look at the higher rank solution compared to the model P1 solution as it

represents an extreme (ie. the lower rank solution retains characteristics of both

the higher rank solution and the P1 solution).

The higher rank solution finds the new requirement to be consistent with

the other model constraints, but does not solve the problem by simply placing

flows in the upper layers of the two sections equal and opposite to the associated

Ekman flows at the two latitudes. At this rank the a priori estimate of the Ekman

convergence is equal in magnitude to net the geostrophic divergence as computed

from the mass residuals. The reference level velocities are larger brms = 0.8 cm/sec

compared to brms = 0.4 cm/sec, a maximum value of 2.8 cm/sec compared to 1.2

cm/sec. They retain their overall character. The cross-isopycnal fluxes are also

different. As seen in Fig. 1.12c there is now a downwelling feature in the upper

interface, with the oscillating character reappearing below this.

At 430S, the net (geostrophic + Ekman) transport in the surface layer has

increased by ~2 x 109 kg/sec . The geostrophic poleward flow is completely confined

to the surface layer. At 280S, instead of a weak geostrophic poleward movement

in the upper layer resulting in a net poleward transport, there is a strong 7 x 109

kg/sec equatorward flux, leading to a net transport which is also northward. Below

the surface layer, both sections display similar changes. The equatorward flow of

AAIW is stronger and goes deeper than in the other models. The reversed flow
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Figure 1.10: The zonally averaged mass transports from model P1 for the two

Scorpio sections: (a) at 43 0S, (b) at 28 0S. (c) Mass transport across isopycnals

due to the vertical transfer terms. (d) Mass residuals within each layer after the

transports due to (a), (b) and (c) have been summed. The units are 109 kg/sec.
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component has been included in the surface layer. The units are 10' kg/sec.
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beneath this is also stronger, whereas in the lowest layers the equatorward flow of

bottom water has weakened, now representing only 2-3 x 109 kg/sec .

Figs. 1.13a and 1.13b illustrate the difference in the circulation produced by

models P1 and P2. Although the w*'s are not resolved, the P1 mass flux residuals

imply that there is a strong (> 8 x 10' kg/sec ) downwelling from the surface layer to

the AAIW waters beneath, between the two latitudes. The AAIW absorbs a couple

of Sverdrups of this flux, but the rest must be entrained by the poleward mid-depth

flow. Similarly, below the bottom waters entrains about 1.5 x 109 kg/sec from above

as they journey equatorward between 43*S and 28*S.

The solution for P2 differs from the P1 solution in the strength of the down-

welling. The convergence in the top layer is only about 4 x 109 kg/sec and significant

portion of this is entrained in the AAIW. The mid-depth poleward flow gains only

about 1 x 109 kg/sec from above. In the previous model the mass source for this

flow (assuming no large inputs north of 280S) would appear to be mainly upwelling

bottom water in the north. In the current model most of the total mass flux of

mid-depth poleward flow would come from the downwelling of surface and AAIW

water. Downwelling from above occurs in both models. The difference is whether

the downwelling occurs between these two latitudes or further north.

Turning to the lower rank P2 solution (Figs. 1.11 and 1.13c ) we find that

the reference level velocities are little changed (b,,s, = 0.4 cm/sec) from the P1

solution. The net geostrophic divergence nearly matches the a priori estimate of

the Ekman convergence. The equatorward bottom flux is -9 x 109 kg/sec and does

not appear to entrain any water from above. As in the other models, the mid-depth

poleward flow is strong. It appears to entrain some water from above and below.

In this model about 2/3 of the water in the mid-depth flow comes from upwelling

of bottom water to the north.
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As mentioned earlier in the section on model S4d, the model P2 was also

run, without the depth weighting. The solution for the reference level velocities

was shown in comparison to a model including the depth weighting in Fig 1.8. It

displays quite a different character from the previous solution; b,m, = 0.9 cm/sec,

bmax = 4.3 cm/sec. The Ekman constraints still appear to be consistent with the

other model constraints, but instead of solving the problem by spreading out the

extra divergence of the entire reference level field, it instead increases the velocities

sharply in the coastal regions. Since these are regions which contain boundary

currents, it would appear that this solution could also be deemed physically sensible.

It is personal preference, but we shall discard this solution for the reason explained

previously: that is, the existence of the higher velocities in the shallow regions

are believed to be more an artificial effect of the least squares solution, than one

required by the physics of the system.

The choice between the two solutions, which were arrived at by either re-

quiring or not requiring the Ekman convergence to be balanced in the top layer is

also a matter of personal preference. We choose to use the one which does force the

balance, but at a lower rank. We choose the lower rank solution for two reasons,

one physical, the other technical. First, although it cannot be completely ruled out

there is no observational evidence to support large amounts of downwelling in the

northern Pacific (the freshness of the water in the upper layers of the Pacific makes

it very difficult for sinking to occur). Secondly, we require from our models that the

a priori estimates of the residuals be similar to those found a posteriori, therefore

the lower rank is a more appropriate choice.

Property Fluxes

As was found in the 1983 study, none of the calculated fluxes are distinguish-

able from zero. As explained in the previous section the standard errors are larger

than found in the S4-91 and S4a models because the observation noise, o, is now



being calculated from the residuals (equation A.10) rather than from the residuals

left after the w*'s have been manually subtracted. Since our choice of weights and

constraints has affected the vertical structure of the mass transports it is useful to

discuss the pattern of convergences and divergences in light of previous results.

However, before doing this we shall introduce a further refinement to the

model which was first mentioned back in the section on model S4b. To reduce

the standard error, the residuals need to be reduced. In model P3, we remove the

downweighting applied to the w* columns of the A matrix. Although the column

normalization is still included, the removal of the explicit downweighting factor

allows the cross-isopycnal transfer terms to become almost fully resolved ( The

diagonal elements of VVT associated with these terms are approximately unity).

The size of the w* 's increases by an order of magnitude to O(10- cm/sec) and

the mass residuals are reduced to about 0.2 x 109 kg/sec in each layer (Fig. 1.14).

A schematic illustration of the resulting circulation is shown in Fig. 1.13d where it

can be seen that the importance of vertical transfer in the circulation between the

two sections has increased, especially near the surface. The deep circulation cell is

stronger and the to north the circulation is similar to that produced by model P1.

The integrated property flux values are given in Table 1.9. We have estimates

of the meridional heat flux in the South Pacific of 0.1 ±0.6 PW equatorward at 43 0S

and -0.4+0.9 PW at 280 S. In spite of the many changes and the large error, these

values are quite similar to those found by WHG. At the southern latitude, all our

models have produced an equatorward heat flux as did almost all the models of

WHG. In all cases these heat flux results have not been significantly different from

zero.
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Figure 1.14: The zonally averaged mass transports from model P3 for the two

Scorpio sections: (a) at 43*S, (b) at 28*S. (c) Mass transport across isopycnals

due to the vertical transfer terms. (d) Mass residuals within each layer after the

transports due to (a), (b) and (c) have been summed. The Ekman component has

been included in the surface layer. The units are 10' kg/sec.



Table 1.9: Property fluxes for the Pacific Ocean Models P3 and P4. Positive flux
values are northward. Positive convergence values imply that more of a tracer enters
the region between the two sections than leaves. The standard and nullspace errors
are defined in Appendix B.

At 280 S, the heat flux doubled in size from -0.2 to -0.4 PW back in model

S4c, when the row weighting by equation uncertainty was included. The increase

in heat flux was due to the an associated increase in the Ekman flux estimate at

this latitude which rose from approximately zero in model S4b to -4 x 109 kg/sec in

model S4c. In model P3, very little change has occurred in the surface flow and as

a result the heat flux estimate is similar.

Comparing these heat flux values with the other estimates given in Table

1.2, it is seen that our values are within the range of the previous estimates. Keep

in mind that the standard error indicates that our 430 S value could easily have the

opposite sign. Our estimates are small, as other direct heat flux estimates have

been in comparison to the indirect estimates.

The similarity between the heat flux values at the two latitudes suggests that

there is virtually no transfer to or from the atmosphere within this region. This

Model P3 P4 Std. Nullspace I
Error Error Units

Net Transport 0 20 109kg/sec
43*S Heat 0.1 - 0.6 0.2 PW
28*S Heat -0.4 - 0.9 0.2

net conv. 0.5
4305 Oxygen 39 126 73 15 109mL/sec-
28*S Oxygen 64 148 162 14
net conv. -25 -22 1

4305 Phosphate -15 29 50 8 kmol/sec
28OS Phosphate -10 34 51 9
net conv. 5 5
43*S Silica -142 1578 2316 688 kmol/sec
28*S Silica -135 1585 1919 671
net conv. -7 -7
430S P038 -321 9571 7198 820 kmol/sec
280S P038 1521 11290 4567 1139
net conv. -1842 -1719
Ekman 28*S -4.4 -4.3 10kg/sec
Ekman 43*S 6.7 6.7 1 1



result is consistent with the findings of others (Hastenrath 1982, Weare et al. 1981

and Talley 1984).

Nutrient and Oxygen Fluxes

Silicate, phosphate and oxygen are all minor dissolved components of seawa-

ter. Unlike major components, such as sodium, magnesium and sulfate, they are

nonconservative in that they vary in their concentration ratios to chloride, in dif-

ferent locations because they are involved in the biological cycles within the ocean.

There is biological consumption and so, depletion in the surface waters. Rein-

troduction occurs at depth through death, decomposition an and dissolution. These

processes occur quickly compared to the rate of vertical mixing and so produce

strong vertical gradients in concentration.

Most organic matter in the ocean is formed through photosynthesis in the

euphotic zone ( i.e to the depths where light can penetrate). The photosynthesis

reaction which occurs can be written (Berner and Berner 1987): 7

106CO 2 + 16NO3 + HPO4- + 122H20 + 18H+ light C 106H 26 3 0 11oN16P + 13802

In the surface waters there is an abundance of all the components except nitrate

and phosphate. When these two are present, photosynthesis and production of

oxygen can occur. Then as the plentiful supply of phytoplankton are consumed

by higher life forms, respiration takes place. Oxygen is consumed. Dead matter

sinks and bacteria which also consume oxygen, liberate carbon dioxide, nirates and

phosphates, creating greater concentrations at depth.

Opaline silica is not part of the photosynthetic process, but is a hard part

secreted by both benthos (bottom dwelling plants and animals) and plankton. The

7The ratios 106:16:1, C:N:P and 276:1, 0:P, are commonly called the Redfield ratios (Redfield
1963). The quantity called P038 which is used in our models as a conservative quantity is the ratio
of 1 mole of phosphate to 138 of oxygen.



major source of opaline silica is however, those benthos and plankton which live in

the euphotic zone (Berner and Berner 1987), resulting in a greater benthic source in

shallow regions and a greater planktonic source in the deep ocean, and contributing

to the overall variation in concentration. Opaline silica is quite soluble and there-

fore dissolution occurs throughout the water column in the open ocean producing

an increasing concentration with depth. Broecker and Peng (1982) describe this

cycle between the surface and bottom waters using box modelling combined with

oceanic circulation and residence time estimates to produce estimates of nutrient

concentrations.

In the Pacific, very little has been done in terms of estimating nutrient fluxes.

We, therefore, present our results as a comparison of those of WHG. The integrated

property flux results of WHG were given in Table 1.7. These values can be compared

with those of our model P3 which are given in Table 1.9.

Based upon a GEOSECS meridional section through the Western Pacific

(Broecker and Peng 1982), there is an increase in the silica content of the deep

water to the north of 40*S. In agreement with this picture we find poleward fluxes

of silica at both 43*S and 28*S and a net production8 within the box, as did WHG.

However, our production rate is lower due to a smaller flux as the southern latitude.

As expected from the low surface concentrations, the silica flux is largely due to flow

in the deep layers. The greatest overall difference between the WHG model and

our own is in the realtive strength of the deep circulation cell at the two latitudes.

WHG found a bottom water flux of 12 x 10' kg/sec at both latitudes. In model

P3, we have a bottom water flux of 19 x 109 kg/sec at 28*S but only 16 x 109

kg/sec at 43*S. At 43*S, the highest concentrations are contained in the bottom

water, whereas as 280 S the highest concentrations occur between about 2300 db

8Throughout this thesis the term production is used synonymously with divergence, while com-
sumption implies convergence.



and 3600 db. The rearrangement of transport between the mid-depth and bottom

water fluxes and relative silica concentrations at the different depths and latitudes

accounts for the decrease in the estimate of net production in the region. WHG

estimate the net silica production between 1200 and 3500 m at -0.3 i 0.2 pM/kg

yr. We obtain consumption between 1200 and 3000 m and a production below

3000 m of about -0.2 i 0.6 pM/kg yr. WHG compare this to Fiadeiro's (1975)

model estimate of -0.36 to -0.11 pM/kg yr. In accordance with the net production

of silica at depth, we find a net consumption in the surface layers (down to 500

m) of 0.1 ± 0.3 pM/kg yr. WHG found a similar value of 0.2 i 0.1 pM/kg yr. As

far as silica is concerned the pattern of divergences and convergences is consistent

with the theory (consumption near the surface and production at depth) and has

not varied a great deal in throughout the various changes made to the model. The

fluxes themselves however, are sensitive to the chosen model constraints.

Our oxygen fluxes are similar to those found by WHG (43*SWHG: 47 ± 110,

43*SP3 : 39±72, 2 80 SWHG: 63±10, 280SP3: 63±160, all units in 103 mL/sec). There

is a net production in the surface layers of 5.6 & 3.8 x 106 pM/m 2yr consistent with

biological activity and the net consumption of silica near the surface. There is a

total production within the box of 6 ± 12 x 106 pM/m 2yr , which is greater the

WHG's value of 1 ± 8 x 106 p M/m 2 yr.

As in WHG, we retain in the residuals some oxygen production down 1700

db. WHG discusses how an increase in rank and an associated increase in solution

size will removed this anomaly, as will the inclusion of a nominal mixing coefficient.

However, it is also true that these anomalies are not significant within the error,

so the question as to which solution (lower or higher rank) is appropriate, may be

moot. Unlike WHG, at depth our oxygen residuals tend to oscillate in sign as do

the mass residuals since the increase in oxygen concentration with depth is similar

at both latitudes. Overall, however, we still find a small net consumption of oxygen



at depth (1.6 x 10-3p M/kg yr) as would be expected in an environment where

respiration rather than photosynthesis is taking place. WHG's value is somewhat

larger, 1.6 x 10-2 p M/kg yr, as is the estimate of Fiadiero and Craig (1978) of

4-5 x 10-2 M M/kg yr. The difference in magnitude among the estimates is hardly

significant as the error for both our model P3 and WHG's mode S4-83 is on the

order of 10 p M/kg yr.

The phosphate fluxes are quite similar in character to the mass fluxes. Over

the whole box there is a small production of 0.3 ± 2 x 10-2 M M/kg yr. Reflecting

the oxygen production, there is some phosphate consumption at mid-depths. It

is expected that as oxygen is consumed at depth through respiration, phosphate

would be produced but in the deep water we find a net comsumption of phosphate.

Freshwater Flux

The rate of addition of freshwater between either of the sections and the

Bering Straits can be calculated in the following manner. Let the salt and freshwater

fluxes be defined,

TTST + TEkSEk + TLSL = 0 (1.10)

TT + TEk + TL + TF = 0111)

where,

T refers to the absolute geostrophic flux across the section

Ek refers to the Ekman flux across the section

L refers to the leakage out of the area north of the section



F refers to the rate of addition of freshwater from excess evaporation over precip-

itation and river runoff north of the section.

- refers to the section average

Multiplying the equation 1.10 by the mean salinity for the section, S', and subtract-

ing it from equation 1.9 gives an expression for the freshwater input which satisfies

both salt and mass conservation,

TT(9T - So) + TEk(SEk - So) +TL(9L - So) = FSo (1.12)

Using the results of model P3, allowing for a Bering Straits leakage of

0.8 x 109 kg/sec at 32.5*/o. (Coachman and Aagaard 1988) leaves Ekman transports

of 7.4 x 109 kg/sec at 43*S and -3.6 x 109 kg/sec at 280S when mass is balanced.

Assuming SEk is the mean salinity of the top layer for the section, gives values of F

equal to 0.1 x 109 kg/sec for 43*S and -0.2 x 10' kg/sec for 28*S (a net evaporation

between the two sections of 0.3 x 10' kg/sec ). WHG reported values of 0.08 and

0.06 x 109 kg/sec ( a net freshwater input of .02 x 109 kg/sec between the sections).

They all differ from the Baumgartner and Reichel (1975) estimates of 0.49 x 109

kg/sec and 0.52 x 109 kg/sec at the southern and northern latitudes, respectively (

a net evaporation of 0.03 x 109 kg/sec ). Our estimates are sensitive to the salinity

chosen for the Ekman flux and because the Bering Strait outflow was not included

in the inverse the estimates are also senitive these terms.

Independence of Model Constraints

Two sets of models were run using different initial reference levels (deep

and shallow) in which the various constraints on mass, salt, silica and phosphate

were included one at a time in order to gain some insight into the importance of

the various properties in constraining the system and into which of the particular



constraints gave the stability in the flux values with changing initial reference level.

The conclusion from this set of runs was that:

* As found both others (Fu 1986, Rintoul 1988,1991) the salinity constraints do

not supply much information independent of the mass constraints.

e Both silica and P038 contain some additional independent information.

* The mass fluxes are fairly insensitive to the choice of reference level even when

only mass conservation is used.

Model P4 - Flow through the Indonesian Passage

Having discussed the importance of the various constraints as they affect

transport estimates, we will now turn to the question of whether or not the data

in the Scorpio hydrographic sections are consistent with any of the estimates of the

through flow to the Indian Ocean through the Indonesian Archipelago as discussed

in section 1.1.2.

In model P4, we included the possibility of a net flux through our box in the

South Pacific, so that the flux equations which were previously written:

Tgeostrophic + TEkman % 0, (1-13)

are now written:

Tgeostrophic + TEkman r Tleakage, (1-14)

where, T is the transport through the section and leakage includes the flow out

through both the Indonesian Archipelago and the Bering Straits.

Coachman and Aagaard (1988) give an estimated value for the flow through

the Bering Straits of 0.8 Sv at a salinity of 32.5*/,a. As seen in Table 1.1, the

estimates of flow through the Indonesian Passage range from 1.7 to 20 Sv. Most



estimates specify a flow of the upper 200 - 400 m of the water column. Piola and

Gordon (1983) specify a salinity between 33*/4o and 33.60/.0. We chose to force a

net equatorward flux of 20 x 109 kg/sec through our box, with 0.8 x 10' kg/sec of

it at 32.50/.. and the rest at 33.6*/oo.

The mass transport results shown in Fig 1.15, appear to support the pos-

sibility of such a large net flux across the two latitudes. The rms reference level

velocity has hardly changed (bm., P4 = 0.34 cm/sec, b,-in P3 = 0.33 cm/sec). The

differences required to support a net mass transport have been spread evenly across

the breadth of each section.

At 430S, the ~20 Sv of through flow is spread out as more equatorward flow

in every layer, with the maximum increase occuring in layers 9 and 15. The net

surface flux is still equatorward. Layers 3 and 4 were poleward in model P3 and are

now moving in the opposite direction. These layers were considered to be part of

the salinity minimum of AAIW. The mid-depth poleward flow has been reduced to

8.5 x 10' kg/sec from 19 x 10' kg/sec . The equatorward flow of deep and bottom

has strengthed by nearly 5 x 10' kg/sec to 22 x 10' kg/sec .

At 28 0S the changes are similar. The greatest increase in equatorward flow

occurs in layers 9, 10 and 16. The flux of bottom water has increased to 22 x 10

kg/sec as layer 13 carries water towards the equator and the northward transport

in layers 14-16 has increased by 4 x 109 kg/sec .

The net geostrophic divergence is consistent with the estimate of the Ekman

convergence calculated from the annual average wind stress. Subtracting these

values from the net flux at each section and assuming there is a flux of 0.8 x 109

kg/sec through the Bering Straits gives an upper limit estimate on the flux through

the Indonesian Passage of 18.9 x 10' kg/sec , consistent with the input estimate of

19.2 x 109 kg/sec . Using the top layer salinity for the Ekman fluxes and the value of
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32.50/oo quoted by Coachman and Aargaard (1988) for the Bering Straits leakage

implies a through flow salinity of 34.9*/.. at 43*S and 34.5*/0. at 280S. These

estimates are higher than the range given by Piola and Gordan (1983), 33.0*/oo to

33.6*/... This would indicate that for the very high through flow estimates, either

the water becomes considerably fresher as it travels northward or some reasonably

large portion of the flux must be making its way through the deep channels of the

archipelago.

To freshen this water to 33.6*/.. requires an input of freshwater of about

0.5 x 10' kg/sec at 28*S and 0.7 x 10' kg/sec at 43*S. These values are similar to

the estimate of freshwater input north of these latitudes given by Baumgartner and

Reichel (1975) of about 0.5 x 109 kg/sec . However, in support of a more saline

through flow it can be seen in Wyrtki's (1988) atlas that although the surface salin-

ities near the Indonesian Archipelago display salinities <32*/00 in some seasons,

the salinities between 300 and 600 m are on the order of 34.5*/.0 to 34.6*/oo. The

expected salinity of the through flow is therefore difficult to pin down with this data

set.

Since mass is no longer conserved when a net transport in included, the heat

flux across these sections cannot be discussed. We can however discuss the flux

of temperature based on a zero at 0*C. For model P3 the estimated temperature

flux at 280 S is -87 ± 225 x 109 *kg/sec . The temperature flux for model P4 which

includes the 20 x 109 kg/sec net mass transport is -12±240 x 109 0kg/sec . At 43*S

the previous estimates was 13 ± 130 x 109 0kg/sec . It is now 69 ± 130 x 10' okg/sec .

Although these changes are tending towards an equatorward flux of temperature

at both latitudes, they are not significant within the error and are still within

the range of previous estimates. The oxygen flux has also increased as would be

expected with the increased flow off oxygen rich bottom water. The net production

of oxygen between the sections is about the same as in the previous model. The



nutrient fluxes have changed in accordance with the oxygen fluxes and the increased

bottom water flow (Table 1.9).

The conclusion is that this model which estimates a possible transport through

the Indonesian Passage of upto 19 x 109 kg/sec is physically reasonable. The neces-

sary freshwater input north of our sections to produce the relatively fresh through

flow expected is similar to the estimates of freshwater input calculated from excess

evaporation over precipitation and river runoff. The Scorpio sections can support a

net mass flux as great as the largest estimates of through flow transport but they

do not contain enough information to limit it. The effect of such a large through

flow will be to increase the northward transport of temperature and oxygen.

Increasing the a priori estimate of through flow to 30 x 109 kg/sec , produces

more extensive, but similar changes to the model. How great a through flow is

actually supported by the Scorpio data is dependent upon how much one is willing

to see the circulation change. It is therefore, not possible to set an absolute upper

limit on the through flow based on this data set alone. The fact that temperature

flux becomes increasingly equatorward with increasing through flow leads us to

conclude that although the largest through flow estimates are possible, they are

likely to not to be long term means. The interannual and seasonal variations in

the through flow discussed in section 1.1.2 would lend support to the idea that

the Scorpio data set can be consistent with a periodically high through flow and

a northward temperature flux in the South Pacific without being inconsistent with

a through flow which in the long term carries less water and does not require the

northward flux of temperature.

In the next chapter, using two sections in the southern Indian Ocean we shall

first look at the effect of the various contraints on the zonally integrated transport

at 18*S and 31*S. We will then combine the best estimate model from the Indian

Ocean with our best estimate from the Pacific (model P2) and examine the effect of



the combined constraints on the transports and the possible limit to the Indonesian

Passage through flow.



Chapter 2

The South Indian Ocean

2.1 Introduction

In this chapter we consider the circulation in the southern Indian Ocean.

Using a set of models in which property constraints are added one by one, we will

produce a best estimate of the fluxes across 18*S and 31*S and discuss the relative

importance of the constraints imposed. The solutions will be compared to previous

results with emphasis on the role the Indian Ocean plays in balancing the global

heat budget. As in the Pacific, we will also consider the affect of a large Pacific-

Indian through flow upon our best estimate solution. In the final section, we will

present a model which combines the constraints used in the South Pacific Ocean

with those applied here in the South Indian Ocean. The motivation is twofold, first

to investigate the effect of the various constraints on the meridional flux estimates

and second, to determine the consistency of a high Indonesian Passage through

flow in the presence of constraints from both the connecting oceans. A discussion

of results in terms of global pathways of water masses will be left until Chapter 4.

As in Chapter 1, we will begin with a description of the region, the circulation

and water masses as they have been described in the literature and discuss previous



estimates of heat transport in the southern Indian Ocean before describing the data

and presenting the model results.

2.1.1 Water Masses and Circulation

The Indian Ocean basin, like the Atlantic and Pacific, is open to the Southern

Ocean, whose boundary is described by the subtropical convergance located at

about 40*S. The Indian Ocean is completely closed off to the north and west by

the continents of Africa and Asia, but to the east, it is connected to the Pacific,

between Australia and the island chain of Timor, Java and Sumatra.

The topography of the Indian Ocean basin is complex (Fig 2.1). In the

southern region between 18*S and 310 S, the region of interest in this thesis, the

ocean is divided into a number of separate basins, by a set of ridges running in the

north-south direction. At 180S, running from the west to the east coast, there is

the Mozambique Basin, Mascarene Basin, Central Indian Basin and the Northwest

Australian or Wharton Basin. The two eastern basins are a completely separated by

the island of Madagascar. At 31*S, the eastern ocean divides into the Mozambique

and Madagascar basins. The Central Indian and Wharton basins are continuous

between the two latitudes except for an east-west ridge between ~ 30*- 350S, off the

coast of Australia. The large number of basins provides an equally large number of

western boundaries along which deep water entering the Indian Ocean can flow.

As in the Pacific, the surface circulation in Southern Indian Ocean is also

in the form of an anti-cyclonic gyre. The northern limit of the gyre is at - 10*S

(Tchernia 1980). The southern limit is the ACC. In February this southern bound-

ary reaches to 380 S, but in August it reaches as far north as 30*S (Lutjeharms and

Valentine 1984).
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Figure 2.1: Topography of the Indian Ocean, from Tchernia (1980).



At 18*S there are two effective western boundaries for the surface flow in

the Southern Indian Ocean. The westernmost is the coast of Africa. The island

of Madagascar creates the second. The region between Madagascar and Africa has

a sill depth of 2500 m. According to Warren (1981b) the northward transport at

180S of upper layer waters of about 20 Sv is largely balanced by the southward flow

along the east coast of Madagascar.

On the eastern side of the southern Indian Ocean the Leeuwin Current off

the west coast of Australia complicates the simple picture of the basin wide surface

anti-cyclonic gyre. The Leeuwin Current does not flow equatorward like the east-

ern boundary currents in the South Pacific and Atlantic, but rather flows towards

the pole. It carries about 5 Sv of warm, fresh water, low in oxygen and high in

nutrients to depths of about 250 m (Smith et al. 1991), southward against the

prevailing winds. Weaver (1990) suggests that its poleward character relies upon

the existence of the Pacific-Indian through flow, which carries equatorial Pacific

waters around the northwest tip of Australia into the Indian Ocean. The Leeuwin

Current is believed to be driven by an along shore density gradient which in turn

drives an onshore geostrophic flow which bends southward upon meeting the coast

of Australia. The current does express seasonal variations which appear to be due

to variations in the windstress rather than variations in the along shore pressure

gradient or the magnitude of through flow (Weaver 1990). Below the Leeuwin Cur-

rent is an equatorward flow also of about 5 Sv (Thompson 1983) which carries the

more saline, oxygen rich and nutrient poor South Indian Central water northward,

closing the main anti-cyclonic gyre.

In the deep Indian Ocean, the Central Indian Ridge and Ninety-East Ridge

divide the flow originating in the Antarctic into three distinct circulation systems.

In the Mascarene and West Australian Basins, the equatorward flow of the western

boundary currents appears to be associated with a weaker, poleward flow to the



east of the boundary. The Central Indian Basin is closed off below about 3500 m.

Deep water which exists at depths greater than this finds its way into the Central

Basin through passages in the Ninety-East Ridge from the West Australian Basin.

The deep water from the Antarctic travels into the Indian Ocean not only from the

west, but also from the east around southwest Australia.

The layering of the water properties in the subtropical region of the southern

Indian Ocean is characterized by a number of different water types. Color plates of

properties across the 18*S section are available in Warren (1981b). Numerous other

sections are illustrated in Wyrtki's atlas (1988). The reader is referred to these two

sources for examination of details in the temperature, salinity, oxygen and nutrient

distributions.

Surface Water

The surface water tends to have variable characteristics. Warren (1981b), in

his description of the 180S hydrographic section which we will be using, characterizes

this water has being fresh compared to the pycnocline, warm, and nearly saturated

with dissolved oxygen due to the rate of biological consumption. The surface salinity

minumum is at about 10*S, increasing to the north, south and west. The suspected

causes of this low salinity are the relatively fresh inflow from the Pacific and the

excess precipitation over evaporation in the northeastern basin.

Salinity Maximum

Below the surface water, centered at about 250 m is a water mass represented

by a salinity maximum, due to the excess evaporation over precipitation between

25*and 35*S (Warren 1981b). This water has been given many names. We shall use

the term subtropical surface water, coined by Wyrtki (1973) as it is a reminder of

its origin.



Oxygen Maximum

The Indian Ocean Central Water (ICW) centered at about 700m (Tchernia

1980) at 32*S and between 400-500 m (Warren 1981b) at 18*S corresponds to an

oxygen maximum. It has been suggested that the origin of this water is sinking at

the subtropical convergence (Svedrup et al. 1942). Another suggestion is that it is

formed through deep vertical convection (Wyrtki 1973, McCartney 1977) between

the latitudes of 400 S and 500S. This theory is supported by the low silica and

phosphate content of the water from the surface all the way down to these depths.

Salinity Minimum

The salinity minimum associated with the AAIW is found at a depth of

about 900-1000 m at 18*S and about 1200 m at 31*S. This water mass has been

recognized as far north as 100S (Wyrtki 1973) where it has upwelled to depths of

600-800 m. Beyond this it it is lost as it meets in the high salinity Red Sea Water

(Metzl et al. 1990 ) and the fresh inflow from the Pacific.

Intermediate Oxygen Minimum

Below the AAIW, at about 1800 m at 400 S and rising to 600 m is the northern

basins in an intermediate oxygen minimum and an associated phosphate maximum.

Warren (1981b) suggests that this minimum is possibly due to in situ consumption of

dissolved oxygen and a regeneration of phosphate. There is no associated maximum

in the silica concentrations at these depths, but the maximum may simply be hidden

by the overall increase in silica with depth.

Salinity Maximum

The deep water centered at - 2500 - 3000 m displays the salinity maximum

and phosphate minimum characterstic of the NADW (Metzl et al. 1990). This

water arrives in the Indian Ocean after rounding the southern tip of Africa and is



Lat. Date Type Reference 1015 W

150S 1985 i Hsuing -1.6
180S 1986 d Fu -0.69
200S 1989 i Hsiung et al. -0.23 to 0.0
280S 1980 i Hastenrath -. 49
300S 1982 i Bunker (from Georgi & Toole) -0.98
30S 1985 i Hsuing -1.42
320S 1978 d Bennett -0.46 to 1.76
32 0S 1985 d Toole & Raymer -0.6
320S 1986 d Fu -0.25
40*S 1982 d,i Georgi & Toole +0.043 to -0.089
40S 1982 i Bunker (from Georgi & Toole) -0.36

Table 2.1: Estimates of northward heat transport in the Indian Ocean. Type 'd'
implies a direct estimate. Type 'i' implies an indirect estimate.

therefore, more apparent in the east than the west. Below 4000 m is the temperature

minimum of the AABW which flows into the Indian Ocean along the numerous deep

western boundaries which divide the individual basins at depth. It's northward flow

is inhibited by the shallower sills it encounters.

In section 2.1.3, the appearance of these water masses (surface, subtropical

surface, CIW, AAIW, NADW and AABW) as they are seen in our data will be

described.

2.1.2 Review of Previous Results

Table 2.1 presents previous estimates of the heat transport in the southern

Indian Ocean. Although the range of heat flux estimates here is not as great as

was found in the South Pacific, it is still fairly large and the sign of the heat flux

still appears to be in question. Unlike the South Pacific indirect estimates, those

made for the southern Indian Ocean do not appear to be any larger than the direct

estimates.



In the Indian Ocean there is no region to the north where large amounts of

heat can be lost to the atmosphere in the formation of cold water. Thus it would

appear that in this basin in particular, any heat gained in the northern regions must

be transported by the ocean , southward, out of the Indian Ocean.

2.1.3 Description of the Data Used

In the Indian Ocean two data sets were used (Table 1.3). At 180 S, the

hydrographic section of Warren (1981b) which was occupied between July 7th and

August 19th 1976 was used as the northern boundary of the inverse box. This

section does not quite span the entire basin, but runs from Madagascar to Australia.

The southern boundary, at approximately 310S was made by a CTD section kindly

provided by J. Toole. It was occupied between the 12th of November and the 17th

of December 1987 and ran from Durban South Africa to Perth Australia.

The station spacing at 18*S has a maximum of 208 km, but reduces to a

minimum of 14 km on the east side of the Ninety East Ridge, with a mean spacing

of about 125 km. The minimum station spacing at 31*S is 2 km. The maximum is

188, with an overall mean of 81 km.

A detailed description of the measurement methods and the data itself is

available for the 180S section in Warren (1981b). A similar description will be

available for the 310S section (Toole, in preparation).

Fig. 2.2 shows the zonally averaged vertical profiles of potential temperature,

salinity, oxygen, phosphate and silica for both sections based on the 18 layer model

decribed in Table 1.8.
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* The surface water (50-100 m) described in section 2.1.1 is not resolved with

the given layers, but its characteristics of high temperature, high oxygen and

low nutrients are readily apparent.

* The salinity maximum, centered on about 250 m and thought to be due to

the excess evaporation between 25*and 350 S, is represented by the uppermost

layer.

* The oxygen maximum of the Central Indian Water is seen in layer 2 at 31*S

and layers 2-3 at 18*S.

* The minimum in salinity, whose origin is the AAIW is seen in layers 4 and 5

( possibly also layer 6 at 310S).

* The intermediate oxygen minimum is centered on - 1500 db (layer 7) at 31*S

and rises to about 1200 db (layer 6), with decreasing values ( ~ 2.75 ml/l

compared to ~ 3.75 ml/l) at 180S. The associated phosphate maximum is

also visible. The lack of an associated silica maximum is apparent at both

latitudes.

* The salinity maximum characteristic of the NADW at - 2250-3000 m is barely

discernable in layers 11 and 12. The phosphate minimum is not apparent at

180S, but just visible at 310 S. Due to the zonal averaging, distinctions between

the deep western boundary flows in the various South Indian Ocean basins

(discussed in detail by Warren 1981b) are not apparent. The one exception

may be the silica maximum associated with the deep water of Central Indian

Basin which is seen at 18*S at -3750-4100 db (layer 14). The fact that the

silica maximum is not visible at 310 S is consistent with the notion that this

water is moving poleward from a region of very high silica concentrations in

the North Central Indian Basin.



* The lowest temperatures, associated with the AABW are readily apparent

below 4000 db, in both sections.

2.2 Indian Ocean Models

Models I1 and Ila - Conservation of Mass

The simplest model used in the Indian Ocean requires the total geostrophic

flow across the southern boundary of the box, at 31*S to balance the Ekman flow

( Tvg + Tek # 0 ). Across the northern section, 18*S, the balance is among the

geostrophic flux, the Ekman flux and the transport associated with the Mozambique

Current ( Tg + Tm2 + Tk - 0 ). There is a mass conservation constraint for

each of the layers and a geostrophic divergence in the surface layer is required to

balance the Ekman convergence between the sections. This model has a total of 21

equations, used to determine 176 unknowns (102 bi's at 31*S, 57 b,'s at 18*S and

17 w*'s)

The flux attributable to the Mozambique Current is highly uncertain. Dun-

can (1970) gives an estimate of 26 Sv, whereas Sotre and De Silva (1984) conclude

that there is no consistent flow at all between Madagascar and Africa. Intermediate

values have been found by Fu (1986) and Harris (1972) of -6 Sv and -10 Sv, respec-

tively. We use a mean value of -11 x 109 kg/sec with an uncertainty of 14 x 109

kg/sec 1.

The Ekman values were again calculated from the Han and Lee (1981) annual

averge wind stress values (Table 1.6); at 31*S, 2.7 i 2.5 x 109 kg/sec , at 18*S,

-10.8 i 7.6 x 109 kg/sec . At 31*S there was also a synoptic value available of 1

'This does not include the Harris (1972) estimate, as it was initially overlooked. Including this
value produces a mean of -11 ± 11 x 109 kg/sec , which means we are perhaps slightly overestimating
the uncertainty.



Sv.2 However, since this value was within the error of the annual average and since

it is not obvious that the local synoptic winds drive the Ekman transport, it was

decided to retain consistency among these estimates by using the annual average.

Appendix C details the affect of the disparity between the uncertainties at

the two latitudes which eventually lead to an extra column weighting for the 180S

section.

Models I1 and Ila - Conservation of Mass in Isopycnal Layers

We begin with model Ila which has an initial reference level at 180 S of

oi = 32.16, which is approximately 1300 db, the depth of the oxygen minimum.

At 310 S, we used the station specific reference levels provided by J. Toole from his

analysis of the water properties for this section. To determine the model sensitivity

to the initial assumption about these levels of no motion we also ran the model

using an initial reference level of ~ 3500 db, os = 41.54. This corresponds to

the split between the lower equatorward flow of deep and bottom waters and the

overlying, silica rich flow poleward flow.

In both models the solution size required to reduce the residuals to an ac-

ceptable size was b,m, ~ 0.5 cm/sec. The greatest values of by occur in the western

boundary regions of both sections. The cross-isopycnal transfer terms display the

same oscillatory behavior as those found in the Pacific models. The deep initial

reference level produces the character of decreased amplitude with depth. The shal-

lower initial reference level does not appear to require the larger values of w*'s in

the upper layers.

The absolute velocity field for our best estimate model (to be chosen later)

is shown in Fig. 2.3. At 18*S, there are very high velocities (upto 1.5 m/s) near

2The synoptic Ekman value was supplied by John Toole resulted from wind stress estimates made
during the cruise.



the east coast of Madagascar. Just to the east of this poleward current, there is

a much smaller counter current. There are three deep western boundary currents

flowing to the north. The one in the western basin appears to be offset from the

east coast of Madagascar. Against the Central Indian Ridge, there is a broader,

northward flow extending to the Ninety-East Ridge. In the eastern basin, the

deep western boundary current flowing along the Ninety-East Ridge is seen with a

counter current; a feature found by Fu (1986). There is a relatively weak southward

flow with velocities upto 11 cm/sec representing the Leeuwin Current offset from the

West Coast of Australia. At 310S, the most obvious feature is the strong, poleward

flow of the Agulhas Current against the east coast of South Africa. The Leeuwin

Current, on the eastern side of the basin, is again offset from the coast, but at this

latitude attains velocities upto 40 cm/sec. The northward flows of the deep western

boundary currents are again apparent in all the basins. The broadest deep flow is

in the Central Indian Basin.

The zonally integrated meridional transports (Fig. 2.4 and Fig. 2.5) are

similar in structure for the two initial reference levels, but they differ somewhat in

magnitude. In the following discussion the Ekman component has been assigned to

the top layer. At 31*S:

e There is a large poleward flow of surface and subtropical surface water in the

warmest layer (-11SIRL, -1 3DIRL, i9) 3 .

* This overlies a small equatorward flow (1±8 for both the SIRL and the DIRL).

3

SIRL refers to the shallow initial reference level

DIRL refers to the deep initial reference level

units are 109 kg/sec



" Below this, down to ~2000 db for the DIRL and ~1750 db for the SIRL, is

a poleward flow ( 7 SIRL, 1 2 DIRL, ±18) of water which we had associated with

the salinity minimum of the AAIW and the intermediate oxygen minimum.

It may be that there is, in fact a net equatorward flow of AAIW in the ocean

interior but that this is offset by large poleward flow of water in the Agulhas

Current, which though saltier and warmer than AAIW, has a similar potential

density. (J. Toole personal communication).

* The combined flows of the NADW and the AABW provide a balancing north-

ward flux (17SIRL, 2 5 DIRL, +21). In layer 14, which contains the silica maxi-

mum of the Central Indian basin, the transport is much reduced in the SIRL

model.

At 180 S the character of the zonally integrated meridional transports is similar:

* The upper poleward flux has a similar magnitude to the 31 0S flux namely,

(-11SIRL, ~1 3 DIRL, ±26).

* The equatorward flow of CIW below this, is slightly larger at 180S for the

SIRL, but it is essentially non-existent in the DIRL model (1SIRL, ODIRL, ±22).

e The intermediate poleward flow is again confined to shallower depths in the

SIRL model where it extends to only about 1400 db, as compared to the DIRL

model where it still reaches to -2250 db. The amounts of water carried by

the two models also different (-5SIRL, - 9 DIRL, +48).

* The equatorward flux of deep and bottom water is again strong with the

weaker flow being associated with the SIRL model (16SIRL, 2 5 DIRL, ±70).

The mass residuals, shown in Figs. 2.4d and 2.5d are similar for the two initial

reference levels and contain no obvious structure.
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As in the Pacific models, the model-estimated Ekman transport is assumed

to balance the net geostrophic transport at 31*S. For both initial reference levels

this results in an Ekman mass flux of -2.5 x 109 kg/sec . This estimate is consistent

with the value produced using the annual average wind stress. To find the Ekman

flux at 18*S, it is assumed that the top layer geostrophic divergence exactly balances

the Ekman convergence. Given the Ekman transport at 31*S, it is then possible

to compute that at 18*S. Again the values estimated for the two models which use

different initial reference levels are not significantly different and are consistent with

the those computed from the annual average windstress (11SIRL, 11DIRL).

The estimated flow through the Mozambique Channel at 180 S is taken to be

the residual of the balance between the Ekman and net geostrophic flows at this

latitude. The values obtained (-3.5SIRL, -2. 7 DIRL) are on the low end of the large

range found in the literature.

The fact that the model has little difficulty in finding solutions consistent

with the initial estimates is encouraging. It appears that it is possible to find

consistent solutions using data sets which were obtained ten years apart and in

different seasons. The fairly large flexibility built into the model constraints due to

some of the uncertainties involved may be responsible in part, at least, for our ability

to merge these two data sets. This does not rule out the possibility of seasonal or

even interannual variability, but does indicate that we cannot determine them and

allows us to continue the experiment of combining these varied sets of data.

Property Fluzes

We have shown that there are some variations in the mass transports of the

two models using the different initial reference levels. We now turn to the effects

produced by these differences on the property fluxes across the two sections (see

Table 2.2). The net heat flux which is on the order of 1 + 3 PW to the south, is not
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Model 11 Model Ila Std. Nullspace Units
SIRL DIRL I Error Error Unit

31*S Heat -0.9 -1.2 2.4 0.2 PW
18*S Heat -0.9 -1.2 2.3 0.3
net conv. 0.0 0.0

31*S Oxygen 44 42 152 12 10hmL/sec
18*S Oxygen 36 23 366 16
net conv. 8 19
31*S Phosphate 17 25 95 9 kmol/sec
180S Phosphate 15 20 214 11
net conv. 2 5

31*S Silica 610 1693 7457 974 kmol/sec
180S Silica 1248 2224 10350 674
net conv. -638 -531

31*S P038 4347 5329 16800 1061 kmol/sec
180S P038 3716 3748 45400 1584
net conv. 631 1581 ___ ____ ____

Mozambique -3.5 -2.7 109 kg/sec
Ekman 180S -11.1 -11.4
Ekman 310S 2.6 2.5

Table 2.2: Property fluxes for the Indian Ocean Models I1 and Ila which conserve
mass in isopycnal layers. Positive flux values are northward. Positive convergence
values imply that more of a tracer enters the region between the two sections than
leaves. The standard and nullspace errors are defined in Appendix B. The standard
error is the average for the two models

greatly affected by the difference in initial reference level. This is so because most

of the transport variation occurs at the deeper levels where the temperatures are

lower and vary less with depth.

At 180S, in particular, the oxygen flux is somewhat more affected by the

change in initial reference level, as there is much more variation in oxygen concen-

tration with depth compared to temperature, and there is a steady increase in the

oxygen values below about 1000 db. In both models, besides the surface layers,

the largest fluxes of oxygen are in the deep equatorward moving layers (except for

layer 14), indicating that the Indian Ocean is being ventilated through the influx

of NADW and AABW along the western boundaries.

The transports of phosphate are also a little sensitive to the choice of initial

reference level. When combined with oxygen in the P038 quantity there is a fairly



large sensitivity. The net convergence of P038 within the box is twice as large for

the deep reference level model, due to a large increase in the flux at 31*S.

The silica fluxes are extremely sensitive to the initial reference level assump-

tions, especially at 310S. The fluxes nearly tripled in DIRL model. On the other

hand the net production of silica within the box does not appear to be particularly

sensitive to the initial assumptions.

Conclusions

These results have shown that using only mass conservation constraints it

is possible to find solutions consistent with the initial estimates of the Ekman and

Mozambique Current transports.

The solutions found for the two models using different initial reference levels

are similar in character, but vary somewhat in the magnitude of the fluxes in the

various layers. The zonally integrated meridional transports were found to be:

* a net poleward flow of the surface waters,

e a small return flow at about 500 db,

* a net poleward flow below extending to about 1700 db,

e and a strong influx of oxygen rich NADW and AABW which balances the

surface and intermediate flows out of the basin, and is consistent with Warren's

(1981b) estimate of 20 Sv northward in the deep layers.

Models 12 and 12a - Mass and Salt Conservation in Isopycnal Layers

It was found that including conservation of salinity did not provide much

in the way of new, independent information to the system. The zonally integrated

transports for the model including salt equations are shown in Table 2.3 to be similar



Model I2 Model 12a Std. Nullspace Units
SIRL DIRL Error Error I

310S Heat -0.9 -1.2 2.4 0.2 PW
180S Heat -0.9 -1.1 2.2 0.2
net conv. 0.0 -0.1
310S Oxygen 46 43 154 13 109mL/sec
18"S Oxygen 33 25 328 13
net conv. 13 18

31*S Phosphate 15 23 100 7 kmol/sec
18*S Phosphate 16 17 215 9
net conv. -1 7
31"S Silica 425 1613 7773 793 kmol/sec
180S Silica 1271 2065 10450 557
net conv. -846 -452
310S P038 4084 5094 17520 937 kmol/sec
180S P038 3625 3400 45410 1346
net conv. 459 1694

Mozambique -3.4 -3.0 109 kg/sec
Ekman 180"S -10.2 -9.9
Ekman 31*S 3.3 4.0 1

Table 2.3: Property fluxes for the Indian Ocean Models 12 and 12a which conserve
mass and salt in isopycnal layers.

to those found using only mass conservation. Both Fu (1986) and Rintoul (1988)

reached the same conclusion concerning the inclusion of salinity conservation in their

inverse models. We have chosen to retain these equations to maintain consistency

with the calculations done in the Pacific.

It was found by both Wunsch (1983) and Rintoul (1988) that the information

available in the nutrient data appears to be independent of the contained in the mass

and salinity data. The next set of models include nutrient conservation equations

in an effort to better resolve the circulation and to determine the extent to which

this data in the Indian Ocean contains independent information. The next three

sections illustrate the order in which the various constraints were added.

Models 13 and I3a - Addition of Silica Conservation in Isopycnal Layers

The first set of constraints added to our model required that silica be con-

served in isopycnal layers between the two sections, well below the euphotic zone

and well above the bottom (layers 4 - 12). The inclusion of such constraints implies
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Model 13 Model I3a Std. Nullspace Units
SIRL DIRL I Error Error I

31*S Heat -0.9 -1.1 3.5 0.2 PW
18*S Heat -0.9 -1.1 2.7 0.2
net conv. 0.0 0.0

31"S Oxygen 46 46 270 550 10'mL/sec
18*S Oxygen 31 27 550 12
net conv. 15 19

310S Phosphate 15 21 141 6 kmol/sec
180S Phosphate 14 15 296 9
net conv. 1 6
31 0S Silica 442 1374 11420 695 kmol/sec
18*S Silica 1202 1869 14720 550
net conv. -760 -495
310S P038 4094 4929 25890 881 kmol/sec
180S P038 3260 3263 64000 1404
net conv. 834 1666

Mozambique -1.1 -2.5 109 kg/sec
Ekman 18*S -10.4 -9.8
Ekman 310S 3.4 3.6

Table 2.4: Property fluxes for the Indian Ocean Models 13 and I3a which conserve
mass, salt and silica in isopycnal layers.

that there is little reason to expect the large silica production ( > 500 kM/sec )

expressed by our first two models, in the region between the two sections.

What is found is that although the matrix rank has increased by 2, indicat-

ing that the new, independent informaton was added, the magnitude of the silica

production has not changed significantly (Table 2.4). The reason is that most of

the silica production occurs in the layers in which conservation was not required.

The rms reference level velocities are essentially unchanged by the addition

of the new constraints. As a result, the character of the meridional circulation is

extremely similar to that found for conservation of mass alone (Fig. 2.4 and 2.5).

The only obvious difference seen, is that the oxygen flux at 18*S now appears to be

somewhat less sensitive to the change in initial reference level due to the substantial

increase in mass flux of AABW in the lowest two layers for the SIRL model. This

differnece can be traced to changes in the reference level velocity in the Wharton
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Basin where a large proportion of the bottom water resides (see the plates provided

by Warren 1981b).

Models 14 and I4a - Addition of P038 Conservation in Isopycnal Layers

In this next model the phosphate and oxygen are conserved in layers 4 to

18, below the euphotic zone, in their combination form of P038, derived from the

Redfield ratios (Redfield 1963). The rank of the matrix increased by 1 with the ad-

dition of these constraints, again indicating the presence of independent information

in the nutrient data.

The resulting reference level velocities are again, little changed. The cross-

isopycnal transfer terms show for the first time the characteristic behavior found in

the Pacific, of larger w*'s values in the upper layers as well as, the distinct decrease

in magnitude with depth. Unlike the Pacific, however, upper level downwelling is not

apparent and there is little or no transport between the first and second layers. This

would indicate that the Ekman convergence is being balanced solely by horizontal

advection.

The pattern of convergences and divergences for oxygen, phosphate and

P038 has changed of very little, though the nutrient fluxes themselves, have in-

creased with the inclusion of the P038 constraints (Table 2.5). The estimated

production of silica has increased for both initial reference levels. This is mainly

caused by an increase in the silica flux across 31*S, apparently due to an increase

in the transport of silica rich deep and bottom water across this latitude.

The other notable and related difference in this model, at least for the SIRL

is that layer 14, containing the silica maximum associated with the Central Indian

Basin is now moving to the south.
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Models 15 and I5a - Addition of Total Silica Conservation

It was found by Rintoul (1988) that the inclusion of the requirement that

total silica be conserved with his North Atlantic box brought about a greater con-

sistency between the deep and shallow initial reference level velocity solutions. Ac-

cording to Broeker and Peng (1982), there is a trough in the silica concentration

to the south of our region with increasing values to the north which would indicate

some production. Therefore, it may not be appropriate to place such a constraint

on our box. However, since our silica production appears to be quite large, > 300

to 500 kM/sec we decided to try the experiment anyway, to see whether we could

also create greater consistency between the solutions using the two different initial

reference levels.

The inclusion of the requirement that total silica be conserved within the

box raised the matrix rank by 1. To meet the new constraint, the reference level

velocities at 18*S were somewhat reduced, while those at 31*S were increased. The

affect on the mass flux was similar to the change that occurred between models

13 and 14, except that along with the increase in the silica flux at 31*S, there is

an associated decrease in the silica flux at 180 S (Table 2.6). The consumption

of oxygen has decreased, especially in the SIRL model, while the consumption of

phosphate as increased. Total conservation of silica is not, as expected, completely

consistent with the data as production within the box is still apparent.

We choose not to keep the total silica conservation constraint because it

appears to not be consistent with the other model constraints and because it did

not have the desired affect of narrowing the difference between the solutions using

the two different initial reference levels.

Instead, we shall choose the shallow initial reference velocity version of the

model without total silica conservation as our best estimate solution, keeping in
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Table 2.5: Property fluxes for the Indian Ocean Models 14 and 14a which conserve
mass, salt, silica and P038 in isopycnal layers.

Table 2.6: Property fluxes for
mass, salt, silica and P038 in

the Indian Ocean Models I5 and 15a which conserve
isopycnal layers, and conserve total silica.
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Model I Model I4a Std. Nullspace Units
SIRL DIRL Error Error

31"S Heat -1.0 -1.2 3.2 0.2 PW
18*S Heat -0.9 -1.1 2.4 0.2
net conv. -0.1 -0.1
31"S Oxygen 42 42 229 11 10TmL/sec
18"S Oxygen 31 26 432 11
net conv. 11 16

31*S Phosphate 19 25 128 6 kmol/sec
18*S Phosphate 17 19 230 7
net conv. 2 6
31*S Silica 877 1780 10770 645 kmol/sec

18*S Silica 1359 2048 11550 508
net conv. -482 -268

310S P038 4485 5293 22310 839 kmol/sec
180S P038 3723 3740 49860 1128
net conv. 762 1553

Mozambique -0.3 -1.6 109 kg/sec
Ekman 18*S -10.5 -10.2

Ekman 310S 3.5 3.7 1_1

Model I5 Model Ia std. Nullspace Units
11 1 SIRL DIRL Error ErrorI

31"S Heat -1. -1.2 2.9 0.1 PW
180S Heat -0.9 -1.1 2.0 0.1
net conv. -0.1 -0.1

31"S Oxygen 36 38 257 7 109mL7sec
18*S Oxygen 35 24 416 10
net conv. 1 14
31*S Phosphate 23 27 127 4 kmol/sec
18*S Phosphate 16 17 220 6
net conv. 7 10
310S Silica 1452 2040 11250 398 kmol/sec
18*S Silica 1294 1965 11060 396
net conv. -158 -75
310S P038 4748 5407 22490 689 kmol/sec
180S P038 3789 3472 48320 1043
net conv. 959 1935

Mozambique -1.1 -0.2 10 kg/sec
Ekman 18*S -10.0 -10.3
Ekman 31 0S 3.8 3.8



mind that the nutrient and oxygen fluxes are sensitive to this choice. Before contin-

uing a few refinements were made to the model. The first was to see if decreasing

the initial reference level in the region of the Agulhas Current could reverse the net

flow of AAIW, that is, send it equatorward as we expected it to be. The attempt

was unsuccessful however. As we raised it from 2000 db up to 1500 db (the depth of

the oxygen minimum) and then to 1200 db (the depth of the salinity minimum) we

only succeeded in some rearrangment of the NADW and AABW the flows. These

two sections do not give us a true time average of the ocean circulation and it is

only over the long term that one can expect to find the AAIW to be flowing towards

the equator. We therefore, decided to accept the net poleward flow of AAIW in our

best estimate solution. The next refinements included downweighting the surface

layer based on the uncertainty in the Ekman Flux estimates and corrections to the

distances assigned to a couple of the station pairs at 31*S. Neither of these changes

had any significant effect upon the solution and shall be kept in the model.

So far all discussion of the flux estimates has disregarded the errors involved

in their computation. As in the Pacific models, the error of omission, due to our

lack of knowledge about the problem null-space, are small, indicating that unless

the assumptions concerning the model are fairly drastically changed, the solution

will not change significantly. For example, it would a take 10 cm/sec change in the

rms reference level velocities here, to change the heat flux by the 1 PW needed to

reverse the sign of the heat flux.

The standard error, stemming from the uncertainty in the flux due the ref-

erence level velocties remains large. Again this is because, we did not assign the

remaining structure in the residuals to a simple cross-isopycnal velocity as done

in Wunsch et al. (1983). The size of the standard error is dependent upon the

value of - chosen (see Appendix B). If it is calculated from equation A.10, as we

have done, it will remain of fairly constant size as long as our choice of solution
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Model I4b Model 6 Standard Null
Through Flow 0.0 -19.2 Error Error Units
31*S Heat -1.3 2.1 0.2 PW
18*S Heat -1.2 2.4 0.3
net conv. -0.1
31*S Oxygen 35 -51 176 13 10'mL/sec
18*S Oxygen 19 -58 294 13
net conv. 16 7
31*S Phosphate 31 -10 96 7 kmol/sec
18"S Phosphate 24 -19 162 10
net conv. 7 9
31*S Silica 1962 148 9388 663 kmol/sec
18*S Silica 2168 343 5970 761
net conv. -206 -195
310S P038 5878 3610 12805 895 kmol/sec
180S P038 4185 -5180 35155 1370
net conv. 1693 1570

Mozambique -1.6 -1.7 10'kg/sec
Ekman 180S -13.2 -13.4
Ekman 310S 2.4 2.1

Table 2.7: Property fluxes for the Indian Ocean Models 14b and 16 which conserve
mass, salt, silica and P038 in isopycnal layers. These models both allow the vertical
transfer terms to grow to the size of the reference level velocities, if necessary.

remains dependent upon the size of the residuals. Therefore, as in the models, P3

and P4 the w* terms were allowed to grow, unrestrained by specifc column weights

(although the columns are still weighted by their length), and so take up some of

the residuals. The results for this model 14b are given in Table 2.7.

When this change was made to the Pacific models, we were able to find a

solution with an extremely similar circulation to the model without unrestrained

growth of the w* terms, but with reduced standard error. In the Indian Ocean

model 14b a much stronger circulation cell is produced. At 31*S the net poleward

flow from the surface extending down to -1700 m is balanced by an equatorward

flow of NADW and AABW of 27 x 10' kg/sec . At 18*S the poleward flow extends

down to 3000 m and is balanced by a 30 x 109 kg/sec of bottom water. There is a

large transport between layers 12 and 13 (12 x 10' kg/sec ) and also between layers

14 and 15 (9 x 10' kg/sec ). The reduction in the standard error is not as impressive

as it was in the Pacific Ocean as the decrease in residuals at higher ranks was offset
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by an even greater reduction in the eigenvalues. Even at ranks 10 greater than

the one chosen the mass residuals in the surface layer remained large (0(2 x 10'

kg/sec )) due to the uncertainty in the Ekman estimates.

The Ekman fluxes are still consistent with the input estimates of -11 ± 8

at 18*S and 3 ± 3 at 310S, and are now -13 and 2 at the northern and southern

latitudes respectively. The Mozambique transport estimate is smaller, only 2 x 109

kg/sec , as it has been since nutrient conservation was included. (Compare Tables

2.3 and 2.4.)

The heat flux estimates for all the various models have been fairly consistent,

with the DIRL models producing values which are generally greater than the SIRL

estimates by about 0.2 PW. Our heat flux estimate for the SIRL model 14b of

-1.3 ± 2 PW at 31*S and -1.2 ± 2 PW at 180 S are of the same sign but somewhat

larger than most of the estimates shown in Table 2.1. They indicate that there

is little heat lost to the atmosphere in this region. They are consistent with the

viewpoint that heat gained in the north Indian Ocean is being transported to the

south within the ocean rather than being transferred to the atmosphere in the

process of forming deep water.

Model 16 - Requiring an Indonesian Passage Through Flow

In the final Indian Ocean model, we again attempt to force a net flux through

the our box, whose characteristics are based upon the Indonesian Archipelago

through flow. Model 16 is equivalent to our best estimate, SIRL model, I4b but

includes the same large net mass and salinity fluxes used in the Pacific experiment,

19 x 109 kg/sec .

* At 31 0S we have: Tg + TEK Tthruflow-

* At 18*S we have: Tg + TMZ + TEK 'Tthruflow-
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Allowing the model to run and then assuming that the requirement for the

net flux is met at both latitudes produces the integrated results shown in column 3

of Table 2.7, with Ekman and Mozambique estimates similar to the previous model

results.

The rms reference level velocity has increased slightly. The character of

the b3 's is extremely similar, indicating that the net flow has been produced by

changing the reference level velocity slightly across the entire breadth of the sec-

tions rather than at any particular location. The character and magnitude of the

cross-isopycnal transfers have experienced little change. There are still substantial

exchanges between layers 12 and 13 (downwelling) and layers 14 and 15 (upwelling).

The mass transports across the sections have changed to accommodate the

net mass flux. As in the Pacific, at 310 S most of the major changes have taken

place in the deep water, here below layer 8 (1700 m). Only the water in layer 14,

between about 3000 and 3200 db, has reversed direction to flow poleward. At 18*S

the mass flux in layer 11 flows poleward, as does the water in layers 2 and 3. At

both latitudes the poleward flow of surface and intermediate water has increased,

while the equatorward flow of deep and bottom waters has decreased. Running this

model with the unconstrained cross-isopyncal transfer terms produced a solution in

which the major portion of the NADW mass was apparently moving to the south.

This type of circulation does not occur in the current solution.

The property fluxes have, of course, also been affected by the presence of the

net poleward mass flux. Referring to Tables 2.7, column 3 for the present model

and column 2 for model 14b, we see that the major difference is the reversal of

direction rather than a large change in the magnitude of the oxygen and phosphate

fluxes. The fluxes of silica are, however, much smaller. There is little change in the

pattern of convergences and divergences. As in the Pacific, the temperature flux
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(zero at 0*C), although it has increased a little, appears to be fairly insensitive to

the addition of a large Pacific-Indian through flow.

There is nothing about the character of the circulation produced by this

model which would lead us to believe that the largest through flow estimates are

not consistent with this data set.

Model PI - Indian and Pacific Models

Using conservation of mass and salinity between the 280S section in the

Pacific Ocean and the 18*S section in the Indian Ocean, and taking into account the

freshwater input between the sections, the best estimate Pacific and Indian Ocean

Models (P4 and 16 respectively) are combined. As illustrated in Fig. 1.3, using

sections in both the Indian and Pacific oceans allows us to connect the two basins

and to create an area which encloses the Indonesian Archipelago. The motivation

is to examine the effect upon the circulation and in particular, the Pacific-Indian

through flow, when the constraints provided by these two basins are viewed as

belonging to a single ocean system.

The combined model required an Indonesian Passage through flow of 19.2 x 10'

kg/sec and an outflow through the Bering Straits of 0.8 x 109 kg/sec . The rank

of the resulting matrix was chosen to be 50, which is equal to the combined ranks

of the two models, P4 and 16 run separately plus two. The solutions at ranks 49

through 54 were all similar.

To determine estimates for the Ekman flux at each latitude and the transport

through the Mozambique channel, the following assumptions were made concerning

the constraint equations.

* The net mass flux through each section is due to the a priori estimate of

the Indonesian Passage through flow + the loss/gain of freshwater from the
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northern most latitude of the basin to the section + in the Pacific only, the a

priori estimate of outflow through the Bering Strait + at 18*S in the Indian

Ocean, the transport through the Mozambique Channel.

* The Ekman flux at each latitude is equal and opposite to the net top to bottom

geostrophic mass flux.

e In the Indian Ocean the constraint that the Ekman convergence be balanced

by a geostrophic divergence in the surface layer is perfect. This allows us to

produce an estimate of the Mozambique Current transport. The other possi-

bility would have been to assume that the a priori estimate of the Mozambique

Current transport was correct and that any residual would be taken up by the

upper layer across the section. Since both the Mozambique flux and the Ek-

man flux are both associated with fairly large errors, it is a matter of personal

preference as to which assumption should be made.

These assumptions are the same as those made for the individual models except

that in the previous Pacific Ocean models we assumed the Ekman flux estimates

had been met perfectly since their sum exactly matched the a priori estimate of

their convergence. The through flow was then estimated. The difference is very

small (i.e. 19.2 x 109 kg/sec for the combined models compared to 18.9 x 109

kg/sec for the Pacific model alone).

The reference level velocities were found to be similar in character and mag-

bitude to those determined using the separate models. Table 2.8 compares the layer

transports for the various models which support Indonesian Passage through flow.

In model P4, most of the required net equatorward transport was produced by an

increased equatorward flow below layer 13. In the combined model it is spread more

evenly through the water column with an increased equatorward transport above

layer 13 of 13 x 10' kg/sec , compared to 5 x 109 kg/sec for model P4. There is a
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310S Layers I4b 16 PI
Net Transport 0.0 19.2 19.2
Ekman Flux 2.4 2.1 2.7
Net Surface -13.8 -14.6 -14.2
2-8 -12.9 -17.4 -18.7
9-12 11.3 6.9 7.1
13-18 15.4 5.8 7.1

43*S Layers P3 P4 PI
Net Transport 0.0 19.2 19.2
Ekman Flux 6.7 6.6 6.7
Net Surface 4.9 5.4 5.9
2-4 -2.7 0.5 1.2
5-12 -19.1 -8.5 -1.3
13-18 16.9 22.0 13.5

180S Layers 14b I6 PI
Net Transport 0.0 19.2 19.2

Ekman Flux -13.2 -13.4 -14.1
Net Surface -14.4 -16.3 -16.7
2-8 -5.2 -10.6 -9.8
9-12 -8.5 -14.6 -13.7
13-18 29.8 24.3 24.2
Mozambique -1.6 -1.7 -3.2

18*S Layers P3 P4 11PI
Net Transport 0.0 19.2 19.2
Ekman Flux -4.4 -4.3 -4.3
Net Surface -4.1 -2.4 -1.5
2-6 3.5 8.0 9.9
7-12 -18.0 -8.2 -3.2
13-18 11 18.5 22.3 14.3

Table 2.8: Mass Transport in the core layers of the South Indian and South Pacific,
comparing the combined model (PI) results with the individual basin model results.
All units are in 109 kg/sec.
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net gain of fresh water over the north Pacific Ocean according to Baumgartner and

Reichel (1975), requiring the net flux at our latitudes to be less saline than the net

flux through the Indonesian Passage. This might account for the increased flux in

the upper layers. The ~19.2 x 10' kg/sec of Indonesian Passage through flow has

a salinity of about 33.6*/.., consistent with the a priori estimate. Consistent with

increased compensation for the net flux occuring in shallower and therefore, warmer

layers the estimated temperature flux has increased from 0.1 PW to 0.3 PW at 43*S

and from -0.1 to 0.0 at 28 0S. The standard errors on the temperature flux estimates

have increased (1.7 PW at 430S and 1.1 PW at 28 0S). This is most likely due to the

influence of the larger uncertainties in the Indian Ocean input estimates.

In the combined model, the solution is quite similar to that found in the

separate models. As in the separate model, 16 (Indian Ocean) the greatest com-

pensation for the large amount of required net poleward flow occurs below layer 8.

The difference between this model and the 16 model is that here a smaller portion

of the compensation for the net flux has taken place in the bottom water while

more has occurred in the intermediate layers. There is also a larger estimate for

the Mozambique transport (-3.2 x 109 kg/sec ). The temperature flux estimate of

-1.5 ± 1.3 PW poleward at both latitudes is similar to the values found model 16

but with a lower standard error.

The effect of combining the constraints from the two oceans is that in the

Pacific a greater portion of the compensation for the net flux occurs in the layers

above 3200 m (as was true in the 16 model) while in the Indian Ocean little change

has occurred. The increased estimates of the Mozambique Current transport is due

to the decreased net, top to bottom mass flux through the 180 S section in the PI

model, compared to model 16. This stems from the reorganization of the transport

among the various layers which itself is due to the inclusion of the fresh water flux

in the model as well as the constraints requiring mass and salinity conservation
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between the basins. The conclusions have not changed. There seems to be no

particular reason to rule out the large through flow value based on the resulting

circulation within the two ocean basins, unless the tendency towards an equatorward

temperature flux in the Pacific is considered to be unrealistic. We do not consider

the Pacific temperature flux to be different from zero. The heat flux at ~30*S

from these two oceans with a through flow on the order of 20 Sv is -1.5 ± 2 PW.

Decreasing the estimate of the through flow will change the temperature flux within

each of the two basins but will not have much effect the net heat flux. Since both

the circulation in the two basins and heat flux estimate of this model (PI) are

reasonable we will chose this to be our best estimate solution for the South Pacific

and South Indian Oceans.

In the next chapter we will examine the South Atlantic circulation in much

the same manner as we have examined the South Indian circulation here using two

sections, and incremental approach to building the models.
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Chapter 3

The South Atlantic Ocean

3.1 Introduction

In this chapter we turn to the South Atlantic Ocean. Using the same method

as was applied in Indian Ocean, we determine meridional fluxes of mass, heat and

nutrients across two sections. The southern section spans the South Atlantic be-

tween 23*S and 30*S. It will henceforth be called the '30*S' section. The northern

section crosses between 18*S and 10*S. This will be called the '15*S' section.

The analysis procedure will be much the same as that used in Chapter 2

which described the South Indian Ocean. As in the other two oceans we will present

a discussion of how the various constraints affect the solution and our best estimate

flux solutions will be compared with previous results.

Continuing as we have, we begin with a description of the region, the circu-

lation and the water masses as they are described in the literature. In the second

section we present previous estimates of the heat flux in the South Atlantic and

follow with a brief description of the data used in the analysis before presenting the

model results.
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3.1.1 Water Masses and Circulation

The South Atlantic Basin is bordered by the coasts of South America and

Africa. It is divided in the north-south direction along its center by the Mid-Atlantic

Ridge which rises to depths of 1750 m. Between 20*S and 400S, the deep South

Atlantic is divided zonally by the Rio Grande Rise in the west, which does allow

passage of deeper waters through the Vema Channel (Hogg et al. 1982) and in the

west by the Walvis Ridge, which is continuous at 3000 m.

Between about 150S and 400S the surface circulation, as in the other southern

oceans is best described by an anticyclonic gyre. The northern zonal boundary of

the gyre is the South Equatorial Current (SEC) which is seen anywhere from 200 S

to 30N (Tchernia 1980). The results of Fu (1981) and Tsuchiya (1986) suggest that

the main portion this westward flow which bounds the southern gyre tends to lie

to the south of 100 S. North of this, the water flows toward the east. At the coast

of South America, the SEC splits. Most of the water appears to turn equatorward

but there is a southern branch which transports warm water poleward along the

western boundary in the Brazil Current. At 190S, Miranda and Castro Filho (1982)

estimate maximum surface velocities on the order of 70 cm/sec (relative to 500 m)

with a transport of about 6.5 Sv. Significant portions of the flow are confined to the

surface waters, above 200 m and over the continental shelf (Peterson and Stramma

1991). The current intensifies as it heads south. A recirculation cell is evident

south of 300S and the transport estimates between 27 0 S and 33*S present a broad

range from 9 to 27 Sv (Peterson and Stramma 1991 ). The Brazil Current meets

a branch of the ACC flowing northward at around 35-38*S and deflects eastward

to form the southern boundary of the gyre, the South Atlantic Current. On the

eastern boundary, carrying cold waters from the Antarctic northward, the Benguela

Current closes the surface circulation. The region where these two currents meet is

complicated by the presence of the Agulhas retroflection water from the southern
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Indian Ocean. The flow of Indian Ocean water around the southern coast of Africa

does not appear to be continuous but estimates for the exchange between the two

oceans in the region range from the fairly small value of about 3 Sv to the substantial

rate of 15 Sv ( Peterson and Stramma (1991) from Shannon et al. 1989, and Gordon

and Haxby 1990) The Benguela Current leaves the coast at about 30*S and heads

northwest across the Atlantic basin. Between 28*S and 32*S transport estimates for

the Benguela Current range from 15 Sv to 21 Sv (Svedrup et al. 1942, Wooster and

Reid 1963, Fu 1981, Stramma and Peterson 1989 ). Along the African coast where

there is an equatorward surface drift, upwelling of cool, deep waters is evident and

reaches to 15*S (Peterson and Stramma 1991).

According to Reid (1989) the axis of the main gyre shifts to the south with

depth so that it is centered at about 35*S at 1500 m. Below this the Mid-Atlantic

Ridge and Rio Grande Rise act to confine the gyre to the Brazil Basin. Within

this basin the deeper waters flow towards the equatorward along the edge of the

ridge. Some of this water crosses into the eastern basin near the equator and

journeys back to the southern regions along with water from the North Atlantic.

The abyssal waters are not confined to a western boundary but spread across most

of the basin floor. In the eastern Cape Basin, below about 3000 m the flow forms

a cyclonic gyre.

The water masses found in the South Atlantic are often described by a set of

5 layers: bottom water, deep water, intermediate water, central and surface water.

As in the other chapters, property sections have not been included in this paper.

The reader is referred to the many sections and references available in Reid (1989),

Peterson and Stramma (1991) and Gordon and Molinelli (1982).
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Surface and Subsurface Water

In the South Atlantic the depth of the pycnocline varies from about 400

m at the Subtropical Convergence, down to 600 m at 25*S and back up to about

300 m at 5*. The character of the surface water is greatly affected by the surface

circulation. There are high salinities at the southern tip of Africa and north of

about 150S. There are also high salinities within the main gyre itself with lower

values towards the east. In the surface waters, oxygen decreases from south to

north away from the high concentrations in the polar regions. Phosphate, which

has higher concentrations in the ACC and fairly low values within the gyre, has a

maximum in the east at about 15*S where the oxygen is lowest. Silica also tends to

increase to the north with a maximum near the lowest oxygen concentrations.

Beneath the surface layer is a water mass associated with a subtropical salin-

ity maximum known as Central Water. This water mass is distinguished by an al-

most linear T-S relationship between T=6*, S=34.5*/oo and T=19*, S=36*/oo (Tch-

ernia 1980). It is thought to be formed through vertical convection at about

400 north and south. Due to the variety of source waters for the surface cur-

rents in the South Atlantic the characteristics of the surface and central water mass

vary with location. In some regions they are one and the same.

Intermediate Water

The intermediate water is distinguished by an oxygen maximum at about

or= 27.12 at 45 0S which sinks to about ao = 27.23 at 150S. Underlying the

oxygen maximum is the salinity minimum which lies at about 1000 m at 30*S and

rises to about 800 m beyond the equator (Reid 1989). Intermediate water flows

northward along the western boundary south of 400 S and north of 25 0S, but it path

between these two latitudes, possibly around the perimeter of the main gyre is not

certain (Reid 1989). The salinity minimum increases as it moves northward mixing
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with the waters above and below. Tchernia (1980) quoting Wust gives an order of

magnitude estimate of 9 Sv of Intermediate Water flowing north.

Deep Water

The deeper waters of the South Atlantic are the result of the relatively warm,

saline, oxygen rich and nutrient poor North Atlantic Deep Water mass flowing south

and interleaving with the colder, fresher, nutrient rich Circumpolar Water (CPW)

which has entered through Drake Passage. Fu (1981) distinguishes Upper CPW

(ae = 27.4 to 0'2 = 36.7) from Upper NADW (O2 = 36.9 to 37.03 ). But

Reid (1989) indicates that it is often difficult to place precise definitions on the

separation.

Bottom Water

The lower layer of CPW is separated from the upper layer by the thick mass

of NADW which extends to about 45.85 (Reid 1989) or 45.88 (Fu 1981) in 04.

Like its upper counterpart it displays a characteristic oxygen minimum. The very

deepest bottom waters (AABW) are formed in the Antarctic, mainly in the Weddell

Sea. They are characterized by their low temperature. They are also fresh and rich

in silica. The flow of the bottom water is highly affected by the topography but

appears to flow northward across the entire Brazil Basin after passing through the

Vema Channel at 300S. It does not enter eastern basins (Reid 1989).

3.1.2 Review of Previous Heat Flux Results

The deep water masses which are formed in the North Atlantic pass through

the South Atlantic which acts as the link in the global thermohaline circulation

for the eventual exchange of NADW with the rest of the World Ocean. This large

movement of cold water southward is the reason it is expected that the South
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Lat. Date Type Reference 1015 W

80S 1981 d Fu 0.18 to 0.41
80S 1983 d Roemmich 0.74

80S 1986 m Sarmiento 0.38
80S 1986 m Philander & Pacanowski 0.64
80S 1985 m Russel 0.7
15-160S 1962 d Bryan 0.63 to 1.3
15-16*S 1981 d Fu 0.73 to 0.86
15-160S 1985 i Hsuing 0.2
15-160S 1986 m Sarmiento 0.37
20-210S 1981 d Fu 0.54
20-210S 1985 i Hsiung 0.15
20-21*S 1986 In Sarmiento 0.40
20-21*S 1989 i Hsiung et al. -2.3 to 1.5
20-21*S 1985 m Russel 0.5
240S

24"S
240S

240S
240S

250S

280S
280S
300S

300S
300S
320S
320S
320S

1978
1962
1981
1983
1986
1985
1981
1986
1982
1985
1985
1978
1981
1990

d
d
d
d
m
i
d
m

m

d
dd

Bennett
Bryan
Fu
Roemmich
Sarmiento
Hsiung
Fu
Sarmiento
Hastenrath
Hsiung
Russel
Bennett
Fu
Rintoul

0.65
0.33
0.54
0.61
0.44
0.09
0.83
0.27
.69
.04
0.8
0.16-0.68
0.66-0.88
0.25

Table 3.1: Estimates of northward heat transport in the South Atlantic Ocean.
Type 'd' implies a direct estimate. Type 'i' implies an indirect estimate. Type 'm'
implies model results. Much of this table is adapted from Peterson & Stramma
(1991).

Atlantic should express a net equatorward heat flux and not the poleward flux

expected in the other southern ocean basins. Table 3.1 illustrates that observation

appears to support this theory of equatorward heat flux.

In spite of the observational agreement in the sign of the heat flux in the

South Atlantic there is still, as in the other ocean basins, a fairly large range in

the estimates of its magnitude. Bennett (1978) was able to obtain the range of

0.16 to 0.88 PW by varying the widths of the boundary currents. Peterson and
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Stramma (1991) point to the ranges estimated by Bryan (1962) and Fu (1981) as

an example of difference in values obtained by different investigators using different

techniques, but the same data, to make the estimates. Bryan's value of 0.63 PW

came from the Meteor data set. Fu obtained a value of 0.86 using this same data.

Bryan's value 1.3 PW came from the IGY data set, from which Fu obtained a value

of 0.73. Bryan did not quote errors for his values as he felt it would be impossible

to estimate them objectively. He did state that the wind stress values used in

the analysis were greatest source of uncertainty and that the inadequate sampling

might also contribute to the uncertainty in the flux estimates. All Fu's standard

errors were on the order of 0.2 PW. These errors calculated from the correlation

coefficients between deviations of potential temperature and geostrophic velocity

form their zonal averages do not include the uncertainty in the Ekman component

which was considered to be negligible. So it appears that even the sources of error

in these calculations is not agreed upon. Hsiung et al. (1989) cite computational

uncertainties as one of the major reasons for the discrepancies found in the estimates

but they also point to large seasonal variations as another major cause. The range

in heat flux values quoted from Hsuing et al. (1989) in Table 3.1 is based on their

extreme monthly values of -2.3 t 8 PW for January to 1.5 + 7 PW for March. They

also imply that although the Atlantic exhibits fairly large heat transports it does

not dominate the global oceanic heat budget as both the Pacific and the Indian

Oceans exhibit monthly maxima as great as those found in the Atlantic.

3.1.3 Description of the Data Used

In the South Atlantic we used data from the South Atlantic Ventilation

Experiment (SAVE). The second leg of this experiment occupied a section which ran

from 20N, 356.40 E to 90S, 11.4 0E and then from 10.2 0 S, 12.7*E to 18.9 0 S, 322.1 0E.

we used the latter portion of this section crossing the Atlantic between South Africa
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and South America and refer to it as the 15*S section. At - 300S we combined data

from legs 3 and 4 to produce a section which runs from 23.6*S, 318.7*E to 300S,

15.3*E. We refer to this as the 300S section. (see Fig. 1.3)

Table 1.3 gives the details on the various legs. The northern section was

traversed in January of 1988 and the southern section combines data from February

1988 and January 1989. The station spacing ranged from a minium of 9 km to a

maximum of 188 km and averaged about 115 km for both sections. Details on the

measurement methods and the data itself are available in the preliminary shipboard

data report supplied by the Physical and Chemical Data Facility of Scripps Institue

of Oceanography (1988).

Fig. 3.1 shows the zonally averaged profiles of potential temperature, salinity,

oxygen, phosphate and silica at both latitudes based on the 18 layer model described

in Table 1.8. In Fig. 3.1b the high salinity of the surface waters in the main South

Atlantic gyre is evident at both latitudes, with increasing values towards the north

as found by Reid (1989). The decrease in oxygen from south to north is also

apparent though the associated increases in phosphate and silica are barely visible.

Both phosphate and silica exhibit increased concentrations from west to east in the

upper waters. In layer 3 at about 500 db, we find an oxygen minimum which based

on its temperature and salinity would appear to be associated with the Central

Water mass. At the 30*S the oxygen maximum of the Intermediate water appears

at co = 27.2. It is not apparent at 15*S. The underlying salinity minimum is

centered just above a 1000 db at 30*S and has risen to about 800 db at 15*S as

suggested by the literature. The salinity minimum has increased from south to

north as might have been expected due to mixing with the waters above and below.
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Figure 3.1: Zonally averaged profiles of temperature (a), salinity (b), oxygen (c),
phosphate (d) and silica (e) for the Atlantic Ocean sections using the 18 layer model.
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Between about 1000 db and 1400 db at 30*S there is an oxygen miniumum

and associated phosphate and silica maxima. This layer of water is fresher than the

underlying water and thus has all the characteristics associated with the upper layer

of CPW. These characteristics become confused with the Intermediate water at 15*S

where the phosphate maximum has risen to -800 db and the oxygen minimum is

no longer visible. Below this the higher salinity and oxygen, and lower nutrient

concentrations of the NADW extend down to about 3700 db. The lower salinity

and increasing nutrient concentrations define the boundary between the NADW

and the lower CPW and AABW which are seen at depth.

In the next section we use the information presented above on the water

masses and circulation to examine the results of models which have been chosen to

describe the South Atlantic Circulation.

3.2 Atlantic Ocean Models

Models Al & Ala - Conservation of Mass in Isopycnal Layers

The first model constructed for the South Atlantic sections is one in which

mass is conserved in layers 2 through 18. The constraint in the surface layers is that

the net Ekman convergence found in this region from wind stress data be balanced

by a net geostrophic divergence. The top to bottom mass flux at each latitude is

required to balance the a priori estimate of the Ekman flux. The Ekman flux values

computed from the wind stress data of Han and Lee (1981) are shown in Table 1.6.

Along the line at 30 0S the Ekman flux normal to the section was computed to be

-7.5 i 3.4 x 109 kg/sec in the annual mean. The Ekman flux normal to the 150S

section was -1.4±0.8 x 10' kg/sec , resulting in a net convergence of 6.1 ±3.5 x 109

kg/sec in the region between the sections.
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As in the Indian Ocean models, two intitial reference levels were chosen in

order to study the sensitivity of the solutions to variations in the initial estimate.

The shallow intitial reference level (SIRL) was taken to be U2 = 36.73 (approxi-

mately 1300 m), the nominal division between the northward flow of Upper CPW

and the southward flow of NADW. The deep initial reference level (DIRL) was given

as a4 = 45.93, the division between the NADW flow and the reverse flow beneath

it of Lower CPW and AABW. In order to more easily describe the circulation found

by the models, in the following discussion we will use the term Intermediate Water

or IW to indicate the combined flows of the Antarctic Intermediate Water and the

Upper Circumpolar Water. We shall use the term Bottom Water or BW to refer to

the combined flows of Lower Circumpolar Water and Antarctic Bottom Water.

There are 53 stations pairs representing the southern section and 47 describ-

ing the northern section. To determine the reference level velocities at each station

pair and the cross-isopycnal transfers between each layer means finding a total of 118

unknowns. Applying the considerations discussed earlier, a rank of 15 was chosen

for the Al models. The rms reference level velocity at this rank is 0.7 cm/sec. The

cross-isopycnal transfer terms are on the order of 106 cm/sec and displayed similar

characteristics to those found in the other oceans namely, decreasing magnitude

with depth and oscillating sign. There was no apparent downwelling through the

first interface as would be expected if the Ekman convergence were not completely

balanced through horizontal geostrophic advection. As in our other models, most of

the reference level velocities are not well resolved. The mean value of the diagonal

of the resolution matrix, VVT was 0.13. The equations describing the conservation

in the deep layers were more important in producing the solution than the upper

layer equations. This is most likely because the deeper layers tended to be thicker

than the upper layers. The surface layer equation was used somewhat less than

the others due to the uncertainty stemming from the Ekman flux estimates. The

resolution of the solutions was compact in the sense described earlier, that is, the
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solutions were the result of a weighted average of "true" velocities at nearby as

opposed to distant stations pairs. Such compact resolution was also found in the

South Atlantic by Fu (1981) and Rintoul (1988,1990).

The absolute velocity field for our best estimate model (discussed later) is

shown in Fig. 3.2. At 150S the Brazil current appears to be fairly distant from

the western boundary and has a maximum velocity of only 15 cm/sec. There is

a strong equatorward flow inshore of the Brazil Current and a counter-current to

the west. At 30 0S the Brazil current is much more obvious. Hugging the coast it

attains poleward velocities of upto 43 cm/sec. There is a counter-current to the

east of the Brazil Current at this latitude as well. On the eastern boundary of the

basin the Benguela current is not nearly so obvious at either latitude. There are

regions of equatorward flow at about 2*E and 80E at 300 S and at about 40E and

100E at 150S. The more shoreward of the two has maximum velocities of about 30

cm/sec. The northwesterly movement of the current is apparent but not obvious

from these positions. Separating the two equatorward flows is poleward flow with

maximum velocties of about 15 to 20 cm/sec. These velocties field are very similar

to those found by Fu (1981) and Rintoul (1988) at similar latitudes.

Fig. 3.3 shows the zonally integrated mass transports in the individual layers

of the two sections. Table 3.2 quantifies the mass transport within the various

core layers for all the Atlantic models. In the surface layer at 300S there is a net

northward transport of 6 i 4 x 10' kg/sec . At 150 S there is a net northward

transport of 4±9 x 109 kg/sec which implies that within the estimated uncertainty,

the requirement that the Ekman convergence be balanced in the top layer by a net

geostrophic divergence is consistent with the other model constraints.

Below the surface layer there is an equatorward flux at both latitudes down

to about 1300 m. This flow of IW (i.e. contains by our definition both AAIW and

Upper CPW) represents about 7 i 7 x 10 kg/sec at 300 S and 7 ± 18 at 150S.

127



300S - ATLANTIC OCEAN
0.15

IN. -

E -11
o

-0.37 T

I. 1009. 2111.

10.H

... ..............

...........

3000.

DISTANCE (km)
40. 5150. 601.

I

Figure 3.2: The absolute velocity field for our best estimate Atlantic Ocean model,
A7a: (a) at 30*S, between South America and South Africa (b) at 15*S, between
South America and South Africa. The value of the reference level velocity at

-4 = 45.93 is displayed at the top.
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Water Al A2 A3 7 A4 A5 A6 A7
Mass DIRL DIRL DIRL I D L I DIRL DIRL DIRL

30*S Surface 7.0 6.8 6.8 6.5 6.9 8.0 7.3
300S IW 9.3 9.1 9.6 9.5 11.2 14.1 9.6
300S NADW -20.7 -21.3 -19.6 -19.7 -19.0 -17.7 -18.2

300S BW 4.3 5.3 3.2 3.6 0.9 -4.7 1.2

Water Al A2 A3 A4 A5 A6 A7
Mass SIRL SIRL RL RL SIRL IRL SIRL
30*S Surface 5.6 5.4 5.0 4.6 4.7 7.1 6.1
30*S IW 6.6 6.3 7.4 6.9 7.2 12.9 6.4

30*S NADW -17.9 -18.3 -14.2 -15.1 -14.9 -13.4 -19.5
30SW f6.6

Water Al A2 A3 A4 A5 A6 A7
Mass D DIRL DIRL DIRL! DIRL DIRL I DIRL

15"S Surface 4.1 4.2 3.7 4.1 4.0 3.8 4.2
15*S IW 11.3 10.9 11.3 10.9 11.9 20.2 14.0
150S NADW -20.4 -21.0 -18.9 -18.7 -17.2 -17.9 -24.7
150S BW 5.1 6.0 4.01 4.1J 1.5 -6.1 6.5

Water Al A2 A3 A4 A5 A6 A7]
Mass SIRL SIRL SIL RSIRL S RL SIRL

150S Surface 3.5 3.6 3.3 .4 3 3.4 5.2 3.6
150S IW 6.5 6.2 7.1 6.3 6.9 14.6 8.8
15"S NADW -16.7 -17.2 -14.0 -13.8 -13.9 -11.8 -9.8
15*S BW 6.8 7.6 2.8 4.2 3.8 -7.8 -2.6

Table 3.2: Transport in the core layers of the South Atlantic
run. All units are 109 kg/sec.

for each of the models

The poleward flow of NADW extending to ~ 3700 m at 30 0S and 4200 m at 15*S

carries 17 ± 11 x 109 kg/sec at the northern latitude and has increased slightly to

18 ± 32 x 109 kg/sec at the southern latitude. The bottom waters show a increase

in the opposite direction, from south to north of 6 ±6 to 7 ± 12 x 10' kg/sec . These

values are quite similar to those reported by Rintoul (1988,1990) for his model using

an initial reference level of 700 db (6 Sv of Surface Waters, 5 Sv of AAIW, -16 Sv

of NADW and 5 SV of BW).

Turning to the results of the DIRL model, Ala (Fig. 3.4), we find that the

solution size has decreased slightly. The rms reference level velocity is 0.6 cm/sec.
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Figure 3.3: The zonally averaged mass transports from the SIRL model Al for the

two Atlantic sections: (a) at 300S, (b) at 180S. (c) Mass transport across isopycnals

due to the vertical transfer terms. (d) Mass residuals within each layer after the

transports due to (a), (b) and (c) have been summed. The Ekman component is

included in the surface layer. The units are 109 kg/sec.
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Figure 3.4: The zonally averaged mass transports from the DIRL model Ala for the

two Atlantic sections: (a) at 300 S, (b) at 180 S. (c) Mass transport across isopycnals

due to the vertical transfer terms. (d) Mass residuals within each layer after the

transports due to (a), (b) and (c) have been summed. The Ekman component is

included in the surface layer. The units are 10' kg/sec.
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The reference level velocities themselves are not as smooth as those found at the

shallower reference level. The character of the cross-isopycnal fluxes is unchanged.

The character of the meridional mass transports in the various cores layers is also

similar to those found in the SIRL model, but the magnitudes have changed. The

equatorward flux of Intermediate Water has increased by about 3 x 109 kg/sec at

30 0S and has nearly doubled at 15*S. The transport of NADW has also increased,

to approximately 21 x 109 kg/sec at both latitudes. These changes are similar but

more extensive than the changes found by Rintoul (1988,1990) for his standard

model at 320S with an initial reference level of 3500 db compared to the model

using 700 db as the initial reference level.

Property Fluxes

Since there are differences between the SIRL and DIRL models, correspond-

ing differences in the property fluxes also exist. We shall discuss the property fluxes

of the SIRL model as a baseline for later comparison with the DIRL results. Table

3.3 quantifies the integrated property fluxes for the two models.

Model Al produces a fairly small equatorward heat flux of 0.3 ± 1.8 PW

at both latitudes. This values is comparable to the 0.25 Pw quoted by Rintoul

(1988,1990) at 32*S. Hastenrath, Bennett, Fu and Russel all found values approxi-

mately twice as large near this latitude, but Hsuing (1985) and as mentioned above,

Rintoul, found smaller values. At 15*S we once again fall at the low end of the range

of previous estimates. The values at the two latitudes considered together indicate

that neither a heat loss to nor a gain from the atmosphere is occurring between

15*S and 30*S, which is consistent with the finding of Fu (1981). Sarmiento's 1986

model results predicted a small gain of heat by the ocean between the two latitudes

of 13 W/m 2 . Bunker's (1982) map of net annual heat gain in the Atlantic indicate

that a large portion of this region has no net annual heat gain.
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Table 3.3: Property fluxes for the Atlantic Ocean Models Al and Ala which con-
serve mass in isopycnal layers. Positive flux values are northward. Positive conver-
gence values imply that more of a tracer enters the region between the two sections
than leaves. The standard and nullspace errors are defined in Appendix B. The
standard error is the average for the two models

All the nutrient fluxes are small and quite indistinguishable from zero. We

shall however, look at the fluxes and the associated patterns of convergence and

divergence so that we may see how sensitive the values are to model changes.

Within this region we find a small net production of oxygen and an insignif-

icant consumption of phosphate. The NADW carries about 100 x 10' mL/sec of

oxygen across each section, approximately three times the amount carried in the

other core layers. Most of the divergence of oxygen appears to occur in the interme-

diate layers from about 500 to 1300 db (- 20 mL/sec). The possible explanations

for this production of oxygen at depth are: overturning within this region (an idea

not supported by the literature), upwelling of NADW and AABW, perhaps occur-

ring in the east coast regions or else simply that the divvergence itself is simply not

significant within the error (0(200 mL/sec) and should not be considered real.
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Model Al Model Ala Std Nullspace '
11 1 SIRL DIRL Error Error Units

30*S Heat 0.3 0.4 1.7 0.1 PW
15*S Heat 0.3 0.4 1.9 0.1
net conv. 0.0 0.0

30"S Oxygen -8 -18 145 8 l09mL/sec
15*S Oxygen 9 24 469 15
net conv. -17 -42
30*S Phosphate -3 1 67 5 kmol/sec
15"S Phosphate -3 -7 146 4
net conv. 0 8
300S Silica 86 211 5271 348 kmol/sec
15"S Silica 369 169 6541 311
net conv. -282 42

300S P038 -693 -720 9014 384 kmol/sec
150S P038 29 65 19880 401
net conv. -722 -785 L_

Ekman 15*S -7.0 -7.1 109kg/sec
Ekman 30*S -1.4 -1.4



We find a net production of silica which occurs through out the water column

below about 800 db. Although the NADW is rich is silica , its concentrations are

not as great as found in the AABW. Its great volume allows the NADW mass to

carry large amounts of the nutrients southward (~ 670 kM/sec at 300S). Consistent

with the findings of Broecker and Peng (1982), the bottom water, although it does

not match the volumn of NADW, carries nearly as much silica northward (~ 555

kM/sec at 300S).

Model Ala, which uses the deeper initial reference level produces a more

vigorous overturning cell and an increased heat flux at both latitudes of 0.4±1.8 PW.

There is still no net heat gain by the ocean within the region. The net production

of oxygen which has now doubled, is still contained primarily in the intermediate

layers. The net flux of phosphate at the northern latitude has increased, while at

the southern latitude remains small but with reversed sign. At 150 S this appears

to be mainly due to the decrease in BW, going from the SIRL to the DIRL model.

At 30 0S there is no obvious difference in any particular layer or set of layers which

produces the change. Similar variations have occurred in the flux of silica leading

to a very small net consumption within the box, which is at least consistent with

the production of oxygen.

The first addition to the initial model was a set of equations describing

conservation of salinity in isopycnal layers (models A2 and A2a). The integrated

fluxes for these models are shown in Table 3.4. As expected from our experience in

the other oceans, very little in the way of independent information was gained from

this addition and the solutions remain essentially unchanged.
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Models A3 & A3a - Conservation of Silica in Isopycnal Layers

With the addition of silica conservation in the layers below the euphotic

zone where consumption occurs and above the bottom1 where production occurs,

the rank of the solution increased by 1, indicating that some new, independent in-

formation has been gleaned. The character of the reference level velocities remained

unchanged, although the rms values increased by about 0.1 cm/sec for both models.

In these models it became apparent that most of the cross-isopycnal transfer was

occurring in the intermediate and bottom layers with very little exchange occur-

ring between the isopycnals throughout the extent of the NADW. This brings to

mind the rather oversimplified picture of the South Atlantic circulation in which

the NADW mass is moving to the south sandwiched between the intermediate and

bottom waters with mixing only occurring at the boundaries between the different

water masses. The most significant change which has occurred with the addition

of the silica constraints is the decrease in magnitude of the overturning cell. The

transport of NADW has decreased by 3-4 x 109 kg/sec . Most of the corresponding

decrease in northward flow occurs in the BW layers as there is actually a slight

increase in the transport in the intermediate layers. The lowest layers now exhibit

small amounts of poleward flow.

The effect on the property fluxes (Table 3.5) is most evident in the SIRL

model which has undergone the greater change in the vertical structure of the

mass transport. There is now a small net heat gain by the ocean between the

two latitudes of about 11 W/nm, which is not significant within the error of - 300

W/m 2 . The net production of oxygen in the region has not changed but there is now

a corresponding consumption of both phosphate and silica as might be expected.

The net divergence of P038 within the region has been converted to a small net

convergence. As the DIRL model has not had to work quite so hard to meet the

"Above the bottom' is defined as just below the depth of the Mid-Atlantic ridge.
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Table 3.4: Property fluxes for the Atlantic Ocean Models A2 and A2a which con-

serve mass and salt in isopycnal layers.

Table 3.5: Property fluxes for the Atlantic Ocean Models A3 and A3a which con-

serve mass, salt and silica in isopycnal layers.
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Model A2 Model A2a Std Nullspace J11 1 SIRL DIRL Error Error Units

30*S Heat 0.3 0.4 1.7 0.1 PW
15"S Heat 0.3 0.4 1.8 0.1
net conv. 0.0 0.0

30*S Oxygen -8 -18 141 6 10mL/sec

15*S Oxygen 12 28 457 12
net conv. -20 -46
30*S Phosphate -2 1 68 4 kmol/sec

150S Phosphate -4 -8 143 3
net conv. 2 9

300S Silica 136 263 5290 292 kmol/sec

150S Silica 411 187 6410 261
net conv. -275 76
300S P038 -630 -651 9042 331 kmol/sec

150S P038 45 92 19600 381
net conv. -675 -743

Ekman 150S -7.0 -7.1 109kg/sec

Ekman 30
0 S -1.5 -1.51

Model A3 Model A3a Std 1 Nullspace
SIRL DIRL Error Error Units

30*S Heat 0.3 0.4 1.7 0.1 PW
15"S Heat 0.4 0.4 1.8 0.1
net conv. -0.1 0.0

300S Oxygen -17 -19 160 3 109mL/sec
15*S Oxygen 4 21 493 11
net conv. -21 -40

300S Phosphate 3 1 84 2 kmol/sec
150S Phosphate -3 -6 147 3
net conv. 6 7
30*S Silica 311 234 6291 249 kmol/sec
15*S Silica 183 190 5782 228
net conv. 128 44
30 0S P038 -395 -678 9588 267 kmol/sec
150S P038 -242 124 19660 327
net conv. 153 -802

Ekman 150S -7.1 -7.1 109kg/sec
Ekman 30 0S -1.5 -1.5



requirement of silica conservation in isopycnal layers, the property fluxes for this

model have not changed as drastically. Note that the previous DIRL models already

estimated a small net convergence of silica within this region.

Models A4 & A4a - Conservation of P038 in Isopycnal Layers

In the next pair of models conservation of the combined quantity P038

(13802 + P) was required in the layers below the euphotic zone to the bottom.

Once again an increase in the rank of 1 resulted. These constraints have the effect

of increasing the reference level velocities slightly, more so in the SIRL model than

in the DIRL model. In both models the transport of BW has increased but the

effect is greater in the SIRL model which also produces an increased transport of

NADW at 30*S. In both models there is a small increase in the convergence of

silica, a decrease in the convergence of phosphate and a corresponding change in

the P038. In the SIRL model the estimated net gain of heat by the ocean within

the region has increased slightly to about 15 W/m 2 (Table 3.6), but the error is still

on the order of error of 300 W/m 2.

Before drawing a final conclusion from our analyis of the South Atlantic, two

more experiments appear to be appropriate. The first is to see if it is possible to

remove the oxygen production at depth by requiring that oxygen be conserved below

the surface layers (an equivalent requirement was made in the Pacific models). The

second is to examine the solution when the heat flux is forced to be as great as the

other values found in the literature.

Models A5 & A5a - Conservation of Oxygen below the Surface

To reduce the production of oxygen below the surface layers the SIRL model

A5 reduces the strength of the overturning cell and in particular creates an equa-

torward flow in layer 13 (part of the NADW mass). In the DIRL models the same

effect occurs though simultaneously the comparatavely oxygen rich BW is reduced
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Table 3.6: Property fluxes
serve mass, salt, silica and

for the Atlantic Ocean Models A4 and A4a which con-
P038 in isopycnal layers.

by 75% at the southern section and by 60% at the northern section. Unfortunately,

at neither section is the attempt very successful (see Table 3.7). Since nothing

significant has been gained by the inclusion of the oxygen constraints they will be

left out of the best estimate model. We conclude that the most likely source of this

oxygen production at intermediate depths is upwelling of deep and bottom waters.

Models A6 & A6a - Requiring a Larger Equatorward Heat Flux

Model A6 (SIRL) and A6a (DIRL) required net heat fluxes through the

sections equal to the average of the higher values at the two latitudes reported by

the others listed in Table 3.1. These mean values were 0.9t0.3 PW at 15/degrees

S and 0.8+0.1 PW at 30/degrees S. Table 3.8 tabulates the integrated results. For

both models, there is a production of oxygen, a consumption of nutrients and small

gain of heat by the ocean within the region. Interestingly enough, the models show

less sensitivity to the change in the initial reference level than any Atlantic model

so far. Unfortunately the manner in which the circulation is changed in order to
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Model A4 Model A4a Std Nullspace

SIRL DIRL Error Error Units
30"S Heat 0.2 0.4 1.8 0.1 PW
15*S Heat 0.3 0.4 1.6 0.1
net conv. -0.1 0.0
30"S Oxygen -18 -21 148 3 101mL/sec
15"S Oxygen 7 20 456 11

net conv. -25 -41

300S Phosphate 4 2 78 2 kmol/sec

15*S Phosphate -4 -6 131 3

net conv. 8 8
300S Silica 444 309 6063 235 kmol/sec

150S Silica 262 223 5336 219

net conv. 182 86
300S P038 -269 -601 9375 255 kmol/sec

150S P038 -195 127 18300 310
net conv. 74 -728

Ekman 150S -6.9 -6.8
Ekman 30*S -1.6 -1.6



Table 3.7: Property fluxes for the Atlantic Ocean Models A5 and A5a which con-
serve mass, salt, silica, P038 and oxygen in isopycnal layers.

Table 3.8: Property fluxes for the Atlantic Ocean Models A6 and A6a which con-
serve mass, salt, silica and P038 in isopycnal layers, and require larger equatorwar.d
heat fluxes through the sections.
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Model A5 Model A5a Std Nullspace U 1fSIRL DIRL Error Error Units
30*S Heat 0.2 0.4 1.8 0.1 PW
15*S Heat 0.4 0.4 1.7 0.1
net conv. -0.2 0.0

30*S Oxygen -19 -23 161 3 1OmL/sec
15*S Oxygen -1 8 553 5
net conv. -18 -31

30"s Phosphate 4 2 84 2 kmol/sec
15*S Phosphate -2 -3 163 2
net conv. 6 5
30*S Silica 399 183 6515 226 kmol/sec
15*S Silica 230 139 5643 211
net conv. 169 44
300S P038 -309 -704 10431 250 kmol/sec
150S P038 -284 20 20160 281
net conv. -25 -684

Ekman 150S -6.5 -6.1 109kg/sec
Ekman 300S -1.6 -1.7

Model A6 Model Afa Std ' Nullspace '
I _ISIRL DIRL Error Error Units

30 0S Heat 0.6 0.6 0.6 0.0 PW
15"S Heat 0.7 0.6 0.6 0.0
net conv. -0.1 0.0

30*s Oxygen -27 -32 239 3 10mL/sec
15*S Oxygen 10 21 642 8
net conv. -37 -52

30*S Phosphate -1 2 129 1 kmol/sec
15"S Phosphate -15 -12 223 3
net conv. 14 14

30*S Silica -514 -238 6017 110 kmol/sec
15"S Silica -1250 -1005 8165 74
net conv. 736 767
300S P038 -1288 -1183 17100 106 kmol/sec
150S P038 -1568 -796 37325 167
net conv. 280 387,

Ekman 15*S -9.6 -10.6 109kg/sec
Ekman 30*S -1.2 -1.2



meet the new constraint is not acceptable. To produce a greater equatorward heat

flux the model has:

* increased the solution size, bTb drastically,

* increased the transport of warmer surface and intermediate waters,

* decreased the flux of cooler NADW

* and has reversed the sign of the bottom water transport, so that it now flows

towards the pole.

This solution with no net northward flow of AABW appears unreasonable in

the face of our current understanding of the South Atlantic circulation and there-

fore, we conclude that the larger equatorward heat flux is not consistent with the

data and the other model constraints. Rintoul (1990) reached the same conclusion

for somewhat different reasons. In his model where an equatorward heat flux of

0.69 PW was required through a section at 32*S, the result was a much stronger

meridional overturning cell with 27 Sv carried in the NADW layers. Although he

states that the relative contributions made by each water mass to the cell remains

about the same, which is true for the fractions of surface, intermediate and deep

layers, the transport of bottom water though still equatorward has been reduced

and only represents about 10% of the poleward flow as compared to the 30% it

represented in the standard model. In the reduction of equatorward flowing bottom

water his solution is similar to ours. He rejected the larger equatorward heat flux

hypothesis based upon the need for larger reference level velocities, a near reversal

of the Brazil Curent and the deep western boundary currents and the stronger,

meridional, vertical overturning cell. The change in our reference level velocities

has reversed the flow of bottom water and we also reject the hypothesis of a larger

equatorward heat flux based upon the unlikely circulation produced.
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Models A7 & A7a - Unconstrained growth of w* .

We have found the integrated fluxes of oxygen and nutrients are fairly sen-

sitive to the initial reference level chosen for the models. In general the meridional

overturning cell is stronger for the deeper initial reference level. The stronger over-

turning cell produces a larger production of oxygen and consumption of phosphate

while at the same time reducing the consumption of silica. The consumption of

silica, which was found in all the DIRL models, was only obtained in the SIRL

models after the conservation of silica in isopycnal layers below the euphotic zone

and above the bottom was included in the model constraints. There appears to be

oxygen production at depth, but we were unsuccessful in the attempt to require

even conservation within these layers, never mind consumption. This production

may be due to coastal upwelling as seen by Peterson and Stramma (1991). The

errors on the fluxes are large, so that as in the other oceans, an attempt was made

to reduce the residuals by allowing the unconstrained growth of the w* terms.

Making this change (model A7 and A7a), the cross-ispopycnal transfer terms

increased as in the other oceans by about an order of magnitude to about 10-

cm/sec. In the DIRL model, downwelling occurs in the uppermost layers with up-

welling below this in the intermediate laters. The strongest downwelling (-5 x 109

kg/sec ) occurs between layers 13 and 14, at about 3600 m. In the SIRL model, up-

welling occurs everywhere between layers 3 and 15, with the strongest downwelling

( > 5 x 109 kg/sec ) appearing between layers 16 and 17. The DIRL model gives an

integrated solution similar to model A4 but with a reduced flow of bottom water

at 30*S and an increased transport of NADW at 15*S. The SIRL model produces

a stronger overturning cell, with a poleward flow of bottom water at 150 S. This

BW transport reverses direction at the next higher rank. The property fluxes have

changed somewhat (see Table 3.9), but even with the reduction in the error, none

are distinguishable from zero except the heat flux at 15*S.
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Table 3.9: Property fluxes for the Atlantic Ocean Models A7 and A7a which con-

serve mass, salt, silica and P038 in isopycnal layers. These models both allow

the vertical transfer terms to grow to the size of the reference level velocities, if

necessary.

The character of the circulation is similar for all the models, though the

magnitude of the overturning cell is different. It is difficult to choose a best estimate

solution because we are unable say which mass and property fluxes are more realistic

for this region. Choosing the A7 models (conservation of mass, salt, silica and P038)

as the most informed estimates, with the lowest standard error, we further take the

deep initial reference level model (A7a) as our best estimate, because the solution

size is smaller and because the DIRL models are, in general, less sensitive to the-

addition of new constraints.

The heat flux is not as sensitive to the choice of initial reference level as the

other property fluxes. For the DIRL model A7a, we obtain an equatorward heat

flux of 0.4 i 0.4 Pw at 30*S and 0.5 ± 0.3 PW at 15*S. Both these values fall on

the low end of the range of values found by other investigators. An attempt to

force a large heat flux through the sections failed as the resulting circulation was
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Model A7 Model A7a Std Nullspace
SIRL DIRL Error Error Units

300S Heat 0.3 0.4 0.5 0.1 PW

15*S Heat 0.5 0.5 0.4 0.1
net conv. -0.2 -0.1

30*S Oxygen -7 -13 28 6 10*mL/sec
15*S Oxygen 2 8 215 16
net conv. 9 -21

300S Phosphate -3 -2 16 4 kmol/sec

15*S Phosphate -8 -3 33 5
net conv. 5 1
30*S Silica 174 29 1907 337 kmol/sec
15*S Silica -403 13 2409 326
net conv. 577 16
300S P038 -682 -886 2386 344 kmol/sec
150S P038 -962 -75 4873 439
net conv. 280 -811

Ekman 15*S -7.4 -7.4 109kg/sec
Ekman 30*S -1.5 -1.5



not consistent with our understanding of the meridional, vertical overturning cell

in the South Atlantic and in particular the path the Antarctic Bottom water.
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Chapter 4

Conclusions

In this thesis we have used hydrographic data and inverse methods to examine the

circulation in the southern regions of the Pacific, Indian and Atlantic Oceans. The

main emphasis has been upon the determination of an upper limit on through flow

between the Pacific and Indian Oceans via the Indonesian Archipelago and the heat

tranport at each of the sections.

It was found that using data from the South Pacific only, that the very largest

through flow estimates of 20 Sv cannot be rejected. Much of the compensation for

a net, northward mass flux through the section in the South Pacific occurs in the

deep and bottom layers. Increased through flow in turn produces an increased net

northward transport of oxygen due to this greater transport of deep and bottom

water. Although there is not a dramatic change in the temperature flux estimates

for a large through flow model, the change leans systematically towards a net equa-

torward flux of temperature within the basin. The largest through flow estimates

are also supported by the South Indian Ocean data set.

Combining the available information from both the Pacific and Indian Oceans,

the results were similar to those found using the individual models, except that in

the Pacific a greater proportion of the compensation occurred in the upper layers,
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which in turn produced larger estimates for the already questionable equatorward

temperature flux. As expected however, there is still a net poleward heat flux within

these two basins. The magnitude of the net heat flux is not greatly affected by the

magnitude of the through flow.

It is the conclusion of this thesis that the largest through flow estimates

(upto 20 Sv) are indeed quite possible. But, the data used in these models do

not contain enough information to place either an upper or lower bound on the

estimate of the through flow. The seasonal and interannual variations which have

been found by other investigators and which we are incapable of resolving using the

present data set and analysis, leads us to further conclude that in the long term

mean the estimate of 10 Sv through flow is most reasonable. The great variation

in the magnitudes of the through flow found by other investigators (Table 1.1) is

probably representative of the true range of the transport over shorter time scales.

To more accurately access the effect of any particular magnitude of the through flow

on the circulation and property fluxes using this type of analysis, it would be useful

to have sections which were occupied in similar seasons within the two basins. It

would also be most useful to include data extending across the archipelago itself.

The Atlantic Ocean is the source of most of the deep and bottom waters

found throughout the World Ocean. The North Atlantic Deep Water (NADW)

mass is formed when relatively warm, saline water flows poleward in the North

Atlantic through a region where the cooling effects of evaporation are strong. The

resulting cold, salty water sinks into the deep ocean and NADW is formed. The

NADW flows back out the North Atlantic at depth, through the South Atlantic

and eventually is entrained in the flow of the Antarctic Circumpolar Current which

carries it into the other ocean basins. For NADW to be formed, there must be a

supply of upper layer waters to feed the formation process. As mentioned in Chapter

1 there are two possible (not mutually exclusive) paths for the circulation of NADW
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as it passes out of the Atlantic to spread into the other ocean basins, eventually to

return in the upper layers to feed formation, having undergone upwelling into the

thermocline (Gordon 1986).

The cold water path allows the water to return through the Drake Passage

into the South Atlantic at the relatively cold temperatures of AAIW and Sub-

antarctic Mode Water. Gordon estimated that less than 25% of the water returned

through this route. The warm water path expects the water to be returned around

the southern tip of Africa from the retroflection region of the Agulhas Current. This

water is warmer, coming mainly from the Indian Ocean thermocline.

Since a reasonably large Indonsesian Passage through flow is supported by

our data, the warm water path suggested by Gordon appears to be feasible. How-

ever, our data does not support a large (or in our best estimate solution, even

significant) southward flow through the Mozambique Channel from the SEC as

Gordon suggests. The water which intensifies the Agulhas Current in the south

must come from the eastern side of Madagascar.

Our results cannot support or reject the hypothesis that significant portions

of the Agulhas water actually makes into the South Atlantic to close the warm

water route. Certainly it is reasonable to expect from the estimates of through flow

provided by other authors and discussed in Chapter 3 that this path could maintain

some importance in the circulation of NADW. However, since we were unable to to

force the larger heat flux estimates made by other observers through our sections

in the South Atlantic, it appears that this data set supports the findings of Rintoul

(1990) in which the importance of the cold water route in maintaining the global

overturning cell and the formation process of NADW was significantly greater than

the role played by the warm water route.
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Figure 4.1: From Hastenrath (1982). Annual mean meridional heat transport
within the oceans: Pacific (dashed, Atlantic(dash-dotted), Indian (thin solid), and
all oceans combined (heavy solid). Northward transport positive, units in 10" W.

Combining the results of our best estimate solutions from the three different

oceans (models PI and A7a), we find a net heat flux at ~30*S of -1.1+1.7 PW

poleward, with small equatorward heat flux in the South Atlantic (0.4 t 1.4 PW)

and large poleward heat flux in the combined Pacific-Indian basins (-1.50 t 1.3

PW), most of which can be attributed to the Indian Ocean. The standard error

associated with this value is large and so it is not significantly different from zero,

however, the major portion of this poleward heat flux has arisen from the Indian

Ocean in which the fairly large negative value was a consistent result of all the

models. Comparing this value to Figs. 4.1 and 4.2 (Figure 1 and 3 of Hastenrath

(1982), respectively) it is seen to be lower than previous indirect estimates which

places the northward heat transport by the oceans at this latitude at between about

-1.5 and -2.0 PW.
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Figure 4.2: From Hastenrath (1982). Annual mean meridional het transport within
the ocean-atmosphere system (dashed line - from satellite measurements), within
the oceans (solid line - from Fig. 4.1), and within the atmosphere (dashed-dotted
line - residual). Estimates by Oort and Vonder Haar (1976) for the Northern
Hemisphere and by Trenberth (1979) for the Southern Hemisphere are given as
dots for the ocean and stars for the atmosphere.
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Bennett's (1978) estimate at 32*S ranged from -1.46 to 2.27 PW depending

upon the boundary current widths chosen. Hsuing (1985) estimated a global oceanic

heat transport of -1.6 PW, which is dominated by are large southward heat flux in

the Indian ocean as our value is. The value found here, -1.1t1.7 PW is consistent

with these previous estimates.

There are two ways in which the analysis of these data sets could be ex-

panded:

* The information is available within the inverse results to draw some conclu-

sions about the zonal circulation within these basins. Such an analysis would

help explain the net meridional flow of water masses (or layers) as they have

been described here and shed some more light on the property fluxes and the

patterns of convergences and divergences. The oxygen and nutrient fluxes and

how they are affected by the various model constraints could also be looked

at in more detail. Examining the property content of the Benguela Current

could allow something to be said about the amount of Indian Ocean thermo-

cline water it contains and therefore about the closing of the warm water path

around the southern tip of S. Africa.

# The errors in this analysis are large. To reduce the errors one must have

greater confidence in the solutions (i.e. the a priori estimate of the uncer-

tainties must be reduced ). One cannot simply reduce this estimate without

including some new information in the problem ( as we did when we con-

strained the heat flux estimates) or changing some of the old physics or intro-

ducing some new physics in the problem since it would would mean accepting

uncomfortably large solution sizes. The inclusion of vertical mixing terms in

the inverse equations might be one source of new physics. It is not clear that

vertical mixing coefficients if they were included would be any more effective

in reducing the errors than the vertical transfer terms. How such variables

150



should be weighted is not immediately obvious and would require some care

since they would multiply derivatives of property concentrations as opposed

to simply concentrations in the inverse equations. It is possible that they,

like the cross-isopycnal transfer terms would oscillate in sign unless they were

forced to be positive or allowed to be nearly fully resolved, further reducing

the resolution of the reference level velocities. In either case interpretation

would be difficult since they would be quantities which have been integrated

both zonally and meridonally across the entire area. A fairly simple addition

to models which would be helpful in reducing the initial uncertainties would

be a section across the Mozambique Channel.

The inverse method has allowed us to calculate mass, heat and nutrient fluxes

all threes southern oceans by combining some different types of data and giving a

simple method for comparing the results of a number of different models. It was

found that in all three basins that although the salinity data did not, the nutri-

ent data did provide information to the models independent of mass conservation.

However, the results are not wholly satisfying as the size of our errors remains large

and most of our results are not significantly different from zero. It is possible that in

order to produce basin wide estimates of property fluxes more information is needed

than can be found in two hydrographic sections. In particular, to better determine

an upper bound on the Indonesian Archipelago through flow it would be useful to

include data closer to the archipelago itself, as well as, data across the Mozambique

Channel. A more systematic analysis of the how each element of physics is applied

in the problem (including the various matrix weights) would shed some light on

whether more data is needed or better expression of the physics itself is required.
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Appendix A

Formulation of the Inverse Problem

A.1 Introduction

Inverse machinery takes as its input a model, which combines many, and

ideally all, the pieces of information known about an under-determined system. It

produces a best estimate of the solution, along with an estimate of the uncertainty

in the solution and of the relative importance of the individual constraints imposed.

Any method which can solve an ill-posed problem is an inverse method. A good one

will allow the consistency of the model results to be tested. The inverse technique

used here is the Singular Value Decomposition (SVD).

This appendix briefly reviews the inverse technique of the SVD as applied to

an ocean system where the unknowns are the geostrophic reference level velocities

and the horizonatally averaged cross-isopycnal transfer terms. Appendix B gives

some further details and a discussion of the error analysis, but the reader is referred

to the numerous detailed discussions of this technique which can be found in the

literature such as Wunsch (1978), Wunsch et al. (1983), Roemmich (1980), Rintoul

(1988) and Wiggins (1972).The main purpose of this appendix will be to outline

some of the specific choices which were made for the models used in this thesis,
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including: the choice of density layers, row and column weights, initial reference

levels and matrix rank.

A.2 Inverse Basics

The inverse problem is designed to combine all the various pieces information

known about a system into a single set of simultaneous equations which is then

solved using the least squares technique of SVD. The model used here begins with

a set of hydrographic sections with which one or more enclosed areas are defined.

Around the perimeters of these areas are land, information about the temperature,

salinity,oxygen and nutrients or some other data such as transport estimates of a

boundary current or an Ekman flux contribution. The design of the model is based

on this data and the following set of physical assumptions:

* The system is in a steady state and in hydrostatic and geostrophic balance so

that the thermal wind equations apply to the problem.

* That a reasonable initial estimate can be made of reference level at which the

velocities are relatively small, ie. a level at which it sensible to minimize the

velocities.

* A set of equations describing the extent of conservation of mass and other

properties within the areas can be written. These equations may include

non-geostrophic components.

* A set of divisions can be defined in the vertical, in this case, isopycnal layers

across which all transport is described in terms of a zonally averaged cross-

isopycnal flow representing a variety of unresolved processes contributing to

the net 'vertical' flux.
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None of these assumptions is absolutely necessary to the definition of the

inverse problem. Another completely different set, as long as they are justified by

the data and the physics of the problem would be perfectly acceptable. The above

asumptions represent the simplest system, believed to be consistent with true one,

which makes full use of the available knowledge and data. Incompatibilities between

the data and the physical constraints will be determined by the inverse. Lack of

the appropriate physics will be evident as structure in the residuals.

The assumption of a steady, hydrostatic geostrophic balance allows the ther-

mal wind equations to be written. These are then integrated to a reference level,

ZO, to form the familiar dynamic method equations which describe the geostrophic

velocity yR normal to the section, relative to an unknown reference level, velocity,

V0 .

PZ = -gp fv = P, fu = P (A.1)

fvz = -- Px fuz = .Lpy (A.2)

v(ZR) -v(zo) = - jp, dz (A.3)

u(ZR) -u(zo) = 9 jp , dz
fPoJ zR

There are a number of different methods for finding either the reference level

velocity or an expected level of no motion which are well described in the litera-

ture. The inverse method allows one to find that reference level velocity which is

consistent with a priori assumptions about the conservation of mass and other prop-

erties within the box by combining the equation A.3 with the integrated continuity
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equation to give the following:

S N

pjja'j(viR + bj)sCf - pj a$(vjs + bj )N +
7=1 j=1

W E

ZpiaT'vI + b1 )wCT'- pja (vj+ bj )EC, -

j=1 j=1

af'* w **FCtfO + afwbotW*botCf*~, (bA.t4)

where,

ij are the layer and station pair indices, respectively

H indicates the horizontal layer interface,

top,bot indicate the top and bottom of the layer respectively,

S,N,E,W indicate the southern, northern, eastern, and western boundaries of the

layer, respectively,

VR is the relative velocity,

b is the reference level velocity,

w* is the cross-isopycnal transfer

a is the interface area ( vertical unless indicated otherwise ),

C is the property concentration

Such an equation can be written for each conserved property in each layer,

as well as, for the top to bottom transport. Separate equations can be written for

the flux across individual sections. The right hand side can be written to include
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a non-geostrophic component. This set of equations is then manipulated into the

form:

Z piaCib3 - aHtopCHopw*top + aHbotCHbotw*bot

Ekman Component + Known Flux through the Box etc ... , (A.5)

which can in turn be written,

Ab + n = -r', (A.6)

where, the elements of the A matrix are fA pi'jaijCijdp , b is the vector of unknown

reference level velocities and the cross-isopycnal transfer terms. P is the vector of

known relative velocity transports plus other optional right hand side elements.

The SVD seeks the solution which minimizes the objective function:

J = (Ab + L)T(Ab + F) + bTb , (A.7)

that is, the residuals and the solution size. The SVD decomposes the A matrix

such that A = U A VT . The solution vector b is given by:

b - UT A-' V (-r) (A.8)

or

b : Z ( vi, (A.9)
1=1

where, k is the matrix rank, the choice of which will be discussed later in this

appendix. The vectors ul and v1 are the individual columns of the U and V matrices.

It is assumed from the beginning that there is no one correct answer to this

problem. We are not taking an snapshot of an instanteous ocean circulation, but

rather looking at what might be thought of as time average picture. We are seeking

solutions which are consistent with the observed data and our assumptions about

the physics which governs the problem. The solution will therefore, depend upon
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Depth/pressure db
Temperature *C
Salinity 0/00

Oxygen ml/i
Phosphate pmoles/kg
Silicate pmoles/kg
P038 pmoles/kg

Table A.1: Units of variables for all sections used thoughout this thesis.

which equations we choose to use, how those equations are weighted relative to one

another and ultimately upon how the best estimate of the solution is chosen. The

next section discusses choices made for this research.

A.3 Formulation of the Equations

A.3.1 Data Preparation

All the oceanographic data used in this research comes from hydrographic

sections, with the exception of the 180S Indian Ocean section which has CTD,

2 decibar, temperature and salinity measurements. References in which details

concerning the field preparation of the data are given in the individual chapters

where the data are used. The units for each of the different types of variables are-

given in Table A.1. All the data have been converted to these same units.

The hydrographic data have been interpolated onto a set of 37 standard

depths ranging from 0 to 8000 db. By averaging the values 20 db above and below

each of the standard depths the CTD data have computed for these same depths.

Where necessary the data have been extrapolated down to the deepest standard

depth above the observed bottom.
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The relative geostrophic velocities are computed using data on the standard

depths, except in the case of the CTD data. For these, the geostrophic velocities are

computed at the two decibar intervals and then averaged onto the standard depths

as above. The velocities were extrapolated down to the deepest common depth by

retaining the isopycnal slope at the deepest common depth down to the bottom.

The A matrix elements, A,, = fA pijajCij dp associated with the individual

b3 's are constructed from the integrated standard depth values which have been

interpolated to the depth of the individual layers used in the integral. The layer

boundary values which are used in the w* , A matrix elements are also interpolated

from the values at the standard depths.

A.3.2 Choice of Isopycnal Layers

Each enclosed area in the inverse calculation is divided into a set of layers

in the vertical. Within these layers, it is expected that mass and other properties

will be approximately conserved. To minimize the flow between the layers they are

defined by potential density surfaces, in order that the buoyancy force may oppose

the cross-isopycnal flow.

The neutral surface, defined as that in which the gradient normal to the sur-

face is always parallel to the buoyancy force (McDougall 1987) might be a more ac-

curate choice. Here a compromise is made, in which rather than computing neutral

surfaces, the pressure reference level is allowed to change as a bounding isopycnal

surface expresses large vertical variations. The difference in pressure between the

isopycnal surface and its reference pressure never exceeds 500 db. In this way, it

approximates the neutral surface which by definition will be the same as the isopy-

cnal surface at the reference pressure. The error introduced by this approximation

is expected to be much less than the measurement error (Rintoul 1988).
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The density layers used in section 1.2 were those provided by the inverse

calculation of Wunsch et al. (see Fig. 1.1). They were chosen to emphasize the

water masses expected in the South Pacific as defined by Reid (1965,1973, 1981) and

Warren (1973,1981). The layers used in the rest of this thesis (Table 1.8) have been

chosen to allow recognition of the variety of water masses found in all the southern

oceans. As a result, some of these layers are empty in some of the individual ocean

models. The water masses within potential density layers are discussed in more

detail for each ocean as they built into the model.

A.3.3 Choice of Equation Weightings

The problem has been reduced to the simple form Ab + n = -I'. However,

before this equation is solved, it is desirable to perform some weighting upon its

components. Without such weighting the SVD will have the unfortunate tendency

to produce solutions, b,:

* in which equations (A matrix rows) containing the larger coefficients have

been used to a greater extent than those containing the smaller coefficients,

e which are proportional i'n magnitude to the corresponding elements (columns)

of the matrix A.

The first of these biases is removed through the weighting of the constraint

equations, that is, the rows of the A matrix. The row weighting performs two

functions. To remove artificially large or small coefficients which are due to the

arbitrary units in which the various concentrations are measured, each row is divided

by the mean value of the associated concentration. This prevents, for instance, the

salinity coefficients from being 35 times the size of the mass coefficients. The second

use of the row scaling is to allow weighting by the expected error in the various
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equations. A simple example of this is: given two equations with coefficients of

equal magnitude, but in which one of the equations has an expected uncertainty of

1 and the second an expected uncertainty of 100, we would wish to downweight the

second equation in order that it does not have as much effect on the solution as the

first.

The row weights are defined by the matrix S 1/2 , where S = a 2 0 2 , C is the

diagonal matrix of mean concentrations, a2 is the problem variance. S is essentially

the covariance matrix for the observations. The fact that our S is diagonal implies

the assumption that the noise in each of the equations is uncorrelated. There are

most likely correlations between the neighbouring layers and a more complicated

form could certainly be used if more detailed knowledge of the covariance functions

were available. The use of the covariance matrix indicates that an a priori estimate

of the noise in observations has been made. An a posteriori estimate of the the

problem variance can be made from the problem residuals:

2 M (Ab + P) 2  (A.10)
M - k

The resulting estimate of a2 made from the problem residuals ought to be of similar

magnitude to that initially estimated in order for the problem to be consistent

(Wiggins 1972). If the residuals are much smaller than expected from the estimated

variance in the observations then it is possible to conclude that the observation

error was overestimated or even that the model is wrong. On the other hand, if the

residuals are very large compared to the estimated observation variance then not

only is it likely that the observation error was underestimated, it is also possible

that the model itself is not adequate to explain the data. Residuals which retain

recognizable structure or trends are a good indication of the latter.

Rintoul (1988) gives a good discussion of the possible sources of observational

error in this problem. These include errors in navigation, measurement, interpola-
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tion and extrapolation. Following his example, the layer equations in all our models

are expected to approximate conservation to within 2 Sv, while the top to bottom

equations are given an expected error of 1 Sv. There may be other uncertainties in

particular layers or sets of layers, due for instance, to outcropping, making it neces-

sary to further downweight particular equations. When such extra downweighting

occurs, it is explicitly noted in the text.

The second bias listed above, that which causes the solutions b3 to be

proportional to the corresponding elements of the matrix A is avoided by scaling

the columns of A by the square roots of the lengths of the columns'. This is

necessary to prevent stations pairs which are widely spaced from producing larger

values of b3 than pairs which are more closely spaced. In most of our models we

also applied a depth weighting to downweight the shallower stations, which also

have a tendency to produce larger values of bj. This is discussed in greater detail

in Chapter 1, where an example is given.

The weighting performed, the SVD will now solve the system:

A'b' + n = -r' (A.11)

A' S-1/2AW-1/2

'= S-1/2r

b' W1/ 2 b.

A.3.4 Choice of Initial Reference Levels

The SVD attempts to not only minimize the residuals, (Ab + T)T(Ab + F)

but also the solution size, bTb. It is, therefore, necessary to choose an initial refer-

ence level where it is expected that the true velocities are zero, or more reasonably,

'The column lengths are always calculated after all the other weights have been applied.
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simply small. The method of choosing a so called level of no motion has grown into

an art in itself, with a variety of possibilities having been put forth by equally as

many oceanographers. Good discussions of these various methods can be found in

Pond and Pickard (1983), Rintoul (1988), Schott and Stommel (1978) and Wunsch

(1977,1978). The best decision which can be made, applies all the a priori knowl-

edge or beliefs about the ocean circulation to the problem so that at the very least,

the clearly irrational choices are avoided.

In choosing the initial reference levels for this research we have done exactly

this, applying all we know about each particular section to the choice and then

considering what happens if that choice is varied. In most cases, we will use deep

isopycnals for the initial choice; the sections in the Indian Ocean are the exception

and are discussed in Chapter 2.

A.3.5 Choice of the Best Estimate of the Solution

As the system is under-determined, there are an infinite number of solutions

to the ocean circulation problem as it is expressed here, that is, there are always

more unknowns than independent equations. It is therefore, necessary to provide

other criteria by which the choice of the best estimate solution will be made. This

is done through the selection of the matrix rank, which is to say, how many of the

given equations are independent. This choice determines number of SVD singular

values will be used in determining the solution b, (equation A.9). The singular

values are given in decending order of magnitude; the higher the rank, the smaller

the value of A. The smaller values of A which approach zero can cause the solution

size to incresae dramatically. However, leaving out too many singular values results

in an overly smooth solution, containing little information about the true structure

and under-utilizing the precious little knowledge we do have about the system.
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There are three guidelines to the choice of rank, i.e. the number of eigen

vectors to be used in forming the solution:

* One can look for a jump in the magnitude of the singular values. The smaller

singular values act to increase the solution size (see equation A.9).

* One can compare the relative sizes of the solution, || bTb || and the residuals,

|| Ab + r ||, looking for the estimate in which the residuals are acceptably

small, while the solution has not become unreasonably large.

* One can look at the absolute size of the residuals as compared to the initial

estimate of the problem uncertainty.

In our models, we have used all three of the above to determine the appro-

priate rank. However, when first two guidelines do not point to an obvious choice,

the last one has been used as the deciding factor. If the solution is extremely rank

sensitive, it is indicative of considerable noise associated with the higher wavenum-

bers. Thus including the higher wavenumbers, means the smaller singular values

will cause large differences in the solutions. In most cases, nearby ranks to do not

give significantly different solutions.
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The resolution matrices furnish practical information about the solution at a

given rank. They also provide a method of comparing solutions at different ranks.

The resolution matrices are VVT and UUT. They are derived in the following

manner:

Ab = -r

ATAb = AT( -r)

b = AT(AAT)-l(-r)

using A = UAVT gives

b = VA~1UT(-)

b = VA-lUT(-Abtrue)

= VVTbtrue (A.12)

-r = Ab

-r = AVA-U T (Abtrue)

-- = UUT(-r)true (A.13)

so at any particular rank, k :

E3 = VkV kbtrue

and

- = UkUT( -)true

where, b and r are the estimates of the solution and residuals found from the SVD

and btrue and rtrue are the unknown true solutions, and Uk and Vk are the matrices

containing the first k vectors of U and V respectively.

The resolution matrix VVT in equation A.12, shows how the estimated

values b are related to the true solution btrue. Examimation of the diagonal of the

resolution matrix gives a sense of how much of the true solution was captured. A

resolution matrix Vk = I, the indentity matrix, indicates that the system is
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full rank and the problem is therefore, fully-determined. A compact resolution is

one in which the estimates, b, are local averages of the true solution. In this case

the elements of VkVT whose values are closest to unity will grouped around the

diagonal.

The matrix UUT can be used to describe how much any particular equation

of observation was used, relative to the others, in determining the solution. The

sum of the diagonal elements of the UkUT is equals to the matrix rank. The

interpretation of a diagonal element of UUT corresponding to a particular equation

approaching unity, is that the equation contributed fully and independently to the

determination of the solution.
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Appendix B

Error Analysis

This appendix contains some detail on how the error analysis for this problem was

approached. The method is the same as that presented in the appendix of WHG.

It is only repeated here for clarity and to correct some of the misprints' in the 1983

text which is often referenced.

The actual or true velocity field in a hydrographic section can be written as

the sum of the relative velocity from the thermal wind equations, VR based upon

an initial reference level, the velocity at that reference level, b from equation A.9,

other velocity components such as Ekman, leakage, etc .... , VE and the component

due to the null-space vectors, VN:

V = VR + VE + b + VN (B.1)

= A1 + A2 + A3 + A4

Hence, the flux of any particular property C across the zonal section can be

written:

Fe = B 1 + B 2 + B3 + B 4. (B.2)

It has been confirmed that these were misprints and that the code used in the 1983 analysis was
correct.
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B1 is the flux due to the relative velocity,

J 0

B1 = E Cj(z) pj(z) vpj(z) dz Axj. (B.3)
j=1 D3

B 2 is the flux due to the other velocity components,

J

B2 = I Cj(z) pj(z) vEj(z) dz Axj. (B.4)
=1 -D,

B 3 is the flux due to the reference level velocity,

J

B 3 = ] Cj(z) pj(z) dz bj Axj. (B.5)
j=1-D

B 4 is the flux due to the null-space vectors, those components of the true

b, which cannot be included in the model, because no information about them is

available.
J 0

B4 = ] Cj(z) pj(z) dz vNj Axj. (B.6)

Here, J is the number of station pairs in the section, j is the index to the

individual stations, Dj is the depth a station pair, Axz is the spacing between the

stations in the pair.

Let C = Ax3 fOD, Cj p3 dz, then,

B3  = CT b
k

= CT(E aIVI)
l=1

k

and aCTV, (B.7)

and

N

B4  = ( aICTQI. (B.8)
l=k+1

There are a number of sources of error in total flux Fe.
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* The errors in B1 (flux due to relative velocity) can be due to:

1. the noise in the hydrographic observations.

2. the deviation of a particular section from the average, if Fc is interpreted

as a time average

e The errors in B 2 (flux due to other velocity components) can be due to:

1. direct observational errors in the wind stress

2. direct observational errors in the leakage rates or boundary current trans-

ports

* The errors in B3 (flux due to the reference level velocity) like B1 can be due

to: can be due to:

1. the noise in the hydrographic observations.

2. the deviation of a particular section from the average, if Fe is interpreted

as a time average

3. the fact that b may not be representative of the true reference level

velocity field

e The errors in B 4 (flux due to the unknown null-space vectors) can be due to:

1. the noise in the hydrographic observations.

Given the same data and model constraints B 4, represents the difference

between any one estimate of the flux and any other. This is because the set of

vectors {VIQi} form a complete set.

As shown in Appendix A, the SVD actually solves the problem,

A'b' + n = -I'.
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The row weighting matrix S, is defined in such a way that the elements of S-1/ 2 r

have the same units and therefore, the same noise variance; < S1/ 2 r>. As is often

done, we have chosen to regard all units in the SVD as belonging to A, leaving U and

V unitless. In our case A has units km 2 (assuming that p ~ 1). One needs to be

careful that this is indeed the case. Weighting the matrix without regard for units

can create confusing results. By our definition, the column weights W-2 have no

units, so that quantities such as C and a W-2 have the same dimensions, namely

concentration x km 2.

By way of example for the more complicated flux case, we first show the

derivation for the unnormalized 2 solution variance < bibj >.

k U(-T)
=1 A

<bbj > = -VVmj < UT(-F)UT(-r) >.I j E E AiAm
1=1 M=11m

k kVVmj

1i m=1 AiAm

1=1 1

Since,

=1
bj =(W-71b'),

we can write,

k (W~

< bibj > = a 2 (B.9)
l=1 1

2In our notation:

" the unnormalized or unrotated variables are A,b,L,C

" the normalized or rotated variables are A',b',l', C'.
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Where, we have assumed,

6ma2 =(-r)Um(-r) >

In our most of models we have taken,

M [UTI(-r)]2
=k+1 M - k

M [Ab + F]2

E M - kl=1

Following the same steps,

B3 can be derived:

the variance of the flux of C belonging to the term

=variance Fc = < (5i bi)2 >

=< (E a bi)(E aj bj) >
UT(-T) i

i C j E l i 71 I~

1 1

= .z Ci C z < UT(-))U ((-r) >
i j m Ai Am

= o.2 E E Ci C (B.10)
i 1 A Al

It is the square root of this value, G, which is referred to as the standard error

associated with the flux.

To estimate the error in B4, that due to the lack of knowledge concerning

the null-space vectors, we use the fact that the vectors VI and Qi form a complete

orthomormal set. thus we can write:

a= (aTv1 )v1 + S (aTQi)Qi
1=1 l=k+1

(B.11)
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Using equation B.8 and assuming QiTQm = 61m, we can write the squared magni-

tude of B4:

|B412 = | Z aIaTQil2.
l=k+1

To take the weighting matrix W-2 into account, let H

J
|B4 2 = | E ajHTQl2

l=k+1

< Z laIl 2 |HTQi12
l=k+1

kail12 (HTQiQTH)
1=k+1

= W-C e, so that,

1a ( 2a) E (H TQiQTH):=k+1 l=k+1

< ( 2 )(HT QiQTH)
1=k+1

H TQiQTH
a1)HT HTH)l=k+1

a?)HTHA
l=k+1

The 'null-space' error given in the tables is the magnitude by which Fc would

change were the velocity vector (A3 + A 4) to change by 1 cm/s rms. It is not

absolutely necessary to calculate the null-space vectors, since A can be defined in

terms of V:

HTQQTH
A~ = ;2.

CTC%_.

QQT + VVT

(B.13)

= 1

(B.14)
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HT(1 - VVT)H

HTH
HTVVTH

HTH

HTVVTH is the squared projection of H onto the range of A. If A should

vanish, which would either imply that the problem were fully determined so that

there were no null-space, or that H were completely orthogonal to the null-space,

then the uncertainty due to B 4 would be zero. It is usually found that the projection

of H onto the null-space is non-zero, but small.

Recreating the example given by WHG, using values found in this text, we

can show that a small projection onto the null-space implies that reasonable changes

in the computed flux estimates, would require unreasonable changes in the reference

level velocities.

The units of ai, the expansion coefficients are km/sec. Therefore, an rms null-

space velocity of 1 cm/sec gives: l=k+1 i 112 = 1 x 10-10 (km 2/sec 2 ) / (cm/sec)

rms null-space velocity.

Consider the heat flux equation at 430 S for model P3 at rank 26:

J - k = 211 - 26 = 185

A = 0.009

HTH = 1.098 x 107

An rms null-space velocity of 1 cm/sec, will produce a heat flux less than or equal

to [(185 x 10-10) km 2 /sec 2 x (0.009) x (1.098 x 107) *C2 km4 ]1/ 2

- 4.2 x 10-2 km 3 'C/sec

= 4.2 x 106 m 3/sec

= 1.8 x 1014 W
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The bulk formula calculations have produced heat flux values on the order of

a 1 PW. There would have to be an increase of 1015/1.8 cm/sec = 6 cm/sec in the

rms reference level velocity to produce so large a heat flux. This value, although not

out of the realm of possibility, appears unlikely 3 and therefore, unless there is reason

to change the constraints used in the inverse, heat flux values of such magnitude

must be considered inconsistent with our data.

3The rms reference level velocities for all the Pacific models were less than 1 cm/sec.
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Appendix C

Column Weighting for 18*S Section

This appendix explains how the disparity in the flux uncertainties of the two sections

in the Indian Ocean led to an extra column weighting for the stations in the 180 S

section.

The uncertainty in the flux at the 31*S section in the Indian Ocean was

calculated as:

031 = (01section + Uekman 3 1)1/2

= ( 12 + 2.22)1/2

= 2.69

where:

O.seciion is the 1 Sv error within which we have assumed we can compute a flux

across a section,

0 ekman3l is the error assigned to the Ekman transport at 31*S, estimated from the

variance in the annual wind stress values across the section.
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The uncertainty in the flux at the 18*S section in the Indian Ocean was

calculated as:

= o2 + or2 + r2 )1/2
031 = (0ection +oekmanis + mozambique)

= ( 12 + 7.62 + 13.52)1/2

= 15.52

This disparity in the flux uncertainties had an undesired affect on the relative

solution sizes at the two latitudes. Given a section with an uncertainty of the order

of about 1-4 x 109 kg/sec , as is the case in the two Pacific sections, the column

norm weights tend to be dominated by the flux equation values. In other words,

the column norm weight tends to make the flux equations order 1, while making

the elements of layer constraints quite a bit less than 1. As long as this is true for

both sections there is no problem.

In the 18*S section, the column norms are not dominated by the flux equa-

tions due of the large uncertainty in the fluxes. This occurs because the rows have

already been divided by their uncertainty before the column norms are computed.

As a result the elements in the rows of the A matrix associated with the layers tend

to be of order 1. In the 31*S section, as the Pacific, these elements are << 1. Since

the 18*S columns contains larger values than the 31*S columns, the SVD tends to

use the 18*S data first as it can make relatively large changes in the residuals for

relatively small cost in the solution size. As explained in Chapter 2, this results in

larger, better resolved b3 at 18*S, with smaller, less well resolved b at 310 S.

This is not the affect desired from the column normalization. We see no

physical reason for the solution to be larger in one section compared to the other.

This is the same as saying, we see no reason for the 18*S section to be better resolved

than the 31*S section. The decision was therefore made, to downweight the 18*S
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section by a factor which would produce solutions of similar resolution for both

sections.
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