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Abstract

In 1983 a section was occupied at 110S in the South Atlantic by the
R.V. Oceanus. This study deals with the eastern half of this section, in
the Angola Basin. Four major results described in this thesis are the
following: 1) Bottom water enters the Angola Basin from the north. The
southern source found by Connary and Ewing (1974) is apparently prevented
from entering the basin by a system of ridges near 300S. 2) A new deep
western boundary current has been identified in the Angola Basin. This
current flows southward above the eastern flank of the Mid-Atlantic
Ridge, with an estimated transport of 1.4x106 m3s~ . 3) A model for
a tracer distribution in the bottom layer of the basin is developed,
based on the Stommel and Arons model for the circulation. The tracer
model predicts a distribution of temperature and salinity in agreement
with the observations at 110S and 240S. 4) A model for the deep oxygen
minimum is presented, which includes boundary flux. It is suggested that
the boundary flux must be included for agreement with observations in the

eastern South Atlantic.
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Chapter 1

Introduction

The Stommel and Arons model (SA, 1960a,b) is the foundation for our

understanding of the general circulation of deep water. In this model,

the assumption of an upward movement of deep water (presumed uniform)

implies poleward interior flow. The model also requires one or more

boundary currents to supply and feed the interior flow, and to recieve

water from a source. In a closed region, which can be bounded by

topography or the equator (since the interior flow is zero at the

equator), a source is necessary to balance the loss of water from the

upwelling in the region as a whole. The boundary currents are necessary

to balance mass in any particular subregion. These boundary currents are

allowed on any boundary whose normal vector has an eastward component.

This restriction comes from traditional bottom and lateral friction

models of boundary currents.

Deep western boundary currents (DWBCs) have been observed in most

of the world's oceans at their western boundary with the continents (an

exception is in the North Pacific, where the obsevation is not clear).

Within the oceans, ridges form basins. These ridges are the western

boundary for water below their level and indeed DWBCs have been observed

above the eastern flanks of mid-ocean ridges. However, in the Angola

Basin of the South Atlantic, where the Mid-Atlantic Ridge forms a western

boundary for water below 3600 m, a DWBC has not previously been found,

although sources of bottom water have been reported. The prediction of a
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DWBC there by the SA model depends only on the assumption of vertical

motion, necessary to close the interior flow. It does not depend on the

location or strength of the source. If a DWBC does not exist with known

upwelling, then the SA model fails to apply as a consistent model. On the

other hand, if a DWBC does exist, one still wants to compare the

predicted interior flow with observations.

This aspect of the SA model, the interior flow, has received less

attention than the DWBC. A comparison of the interior flow pattern and

resulting property distributions calculated from the model with

observations is required to test its validity. This comparison is as

significant because more elaborate extensions of the SA model, e.g.

including topography or vertical structure, will not necessarily have the

same interior flow as the simplest one-layer, flat bottom model. The SA

model provides a straightforward, consistent framework for interpreting

property distributions and inferring flow. The purpose of this thesis is

to test the validity of the SA model in the Angola Basin, using a new

oceanographic data set.

The need for a new data set was based on the high accuracy required

of measurements in the eastern trough of the South Atlantic. High

accuracy is required to be confident that apparent small variations in

deep water properties of this region are connected with circulation, not

measurement error. Previous studies of the circulation in the Angola

Basin were based on pre-CTD accuracy measurements. However, horizontal

changes in the properties of the deep water within the basin are

generally the same as or smaller than the accuracy of the older



-7-

measurements. There is no indication of a DWBC in the temperature or

salinity sections of either the Meteor (WUst and Defant, 1936) or the

International Geophysical Year (I.G.Y.; Fuglister, 1960) data. Below

3000m horizontal variations of temperature and salinity are unresolved

and ragged in these data sets. There is a hint of a DWBC in the Meteor

oxygen measurements (Wattenberg, 1939). The measurements show high

oxygen concentrations above the Mid-Atlantic Ridge at 8'S, 160S, 220S,

and 290S in the Angola Basin below 3000m, with the highest values at

16*S. While the high values are consistent with the presence of a DWBC

along the Ridge (since high oxygen might indicate water which has

recently entered the basin), the sparse sampling and accuracy (±0.1-0.2

ml I) make it impossible to infer even the direction of possible

flow. Owing to the accuracy of these older measurements, our

understanding of the deep circulation of the South Atlantic is based

mostly on the strong spatial property variations in the western trough,

which are well illustrated in the older data sets. This bias for the

western trough has brought about a real need for the comparison of

theoretically predicted interior circulation with observations in the

eastern South Atlantic. The realization that modern measurements of

higher accuracy might allow one to see the structure of the deep property

fields of the Angola Basin and allow a test of the SA model motivated new

field work in this region.

What previous work did address was sources of bottom water to the

Angola Basin. The major source of bottom water to the Angola Basin is the

Guinea Basin (WUst, 1933). The Guinea Basin in turn receives its bottom
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water from the western trough through the Romanche Fracture Zone (figure

1). In addition, a minor inflow is thought to occur in the southwest

corner (Connary and Ewing, 1974) through the Walvis Passage. This source

water from the south is believed to originate in the Cape Basin (as

opposed to the Argentine Basin). None of the previous investigations was

able to estimate the transport of the sources, which is needed to assess

the strength of the general circulation there and to compare to other

regions. Furthermore, without being certain about the sources and their

relative magnitude, the SA model is of limited use: the magnitude and

direction of the DWBC, as well as the predicted horizontal property

distributions would be ambiguous. Again, more accurate data were needed

better to determine the sources.

Indirect methods have traditionally been used to infer the intens-

ity and direction of deep flow. An important example of this is the

information that the distribution of oxygen and nutrients can give. The

distribution of these properties has helped to form some of our basic

ideas about the general circulation. For instance, the oxygen distribu-

tion sometimes gives clues about the age or ventilation time of deep

water in a region. Also, the distribution of oxygen can be modeled and

compared or fitted to observations. Two examples of oxygen distribution

models which have tested our general circulation ideas are Wyrtki's

(1962) model for the vertical structure, and the Kuo and Veronis (1973)

model for the horizontal structure. Together they test both the vertical

and horizontal components of the velocity field using oxygen as a tracer.

In both of these models the process of decomposition, which uses up
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oxygen and releases nutrients, is crucial for agreement with observa-

tions. Because of this consumption of oxygen, low oxygen layers form in

Wyrtki's model, and low oxygen regions form in Kuo and Veronis' model.

In addition, the consumption has been assumed to be independent of

position (uniform) in deep water. Fair agreement with observations has

been found with this assumption. Neither of these models, however, is

able to explain the deep oxygen minimum in the Angola Basin. In this

thesis it is suggested that a boundary flux is necessary to explain the

distribution of oxygen in the deep water of the Angola Basin.

Geographical Setting and Data

In 1983 a transatlantic section at 110S was occupied by the R.V.

Oceanus. The eastern half of the section at 11*S cuts across the north-

ern portion of the Angola Basin, from south of Ascension Island to south

of Luanda on the west coast of Africa, in the Republic of Angola.

The Angola Basin extends north to near 50S, where the Guinea Ridge

separates it from the Guinea Basin. To the south the Walvis Ridge separ-

ates it from the Cape Basin. The bathymetry map of Uchupi (1981) for

this region indicates that the Mid-Atlantic Ridge is regularly broken by

fracture zones at depths between 3000m and 4000m. The Mid-Atlantic Ridge

forms a gently sloping western boundary for water generally below 3600m.

The Angola abyssal plain has its deepest depression near 110S to depths

greater than 5600m, although there are smaller-scale canyons and

fractures to similar depths elsewhere in the basin. The abyssal plain

slopes upward to the south to about 5200 m near 200S. It remains at this
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depth to about 25'S, where the bathymetry becomes complex in the region

of the intersection of the Walvis and Mid-Atlantic Ridges.

At 110S, 79 hydrographic stations were occupied. Measurements of

temperature, salinity and oxygen were made with a CTD, along with water

samples from a 24-bottle rosette to determine silica, phosphate, and

nitrate concentrations. Oxygen and salinity measurements from water

samples were used for calibrating the CTD data. Station spacing was

designed to resolve possible smaller-scale features near the eastern and

western boundaries and Mid-Atlantic Ridge. Near these features the spac-

ing was about 50 km, with a minimum separation of 25 km, and away from

them the spacing averaged about 90 km.

Specifically, stations 131 through 170 in the Angola Basin of R. V.

Oceanus cruise number 133 provide the basic data for this study.

Sections illustrating the distributions of potential temperature,

salinity, oxygen, phosphate, nitrate, silica, potential density referred

to 4000 decibars*, and specific volume anomaly have been prepared

specifically for the deep water of the Angola Basin (figures 2-9). Thus

isopleths marking changes in property value are closely spaced, and in

some cases approach the limits of accuracy of measurement. A measure of

the high quality of the observations discussed here is the ability to do

this without producing noisy looking results. The vertical distortion in

the plots is 500:1.

*In 1980 a new equation of state for seawater was adopted by the Joint
Panel on Oceanographic Tables and Standards. This is the equation of
state used here and it will be denoted EOS80.
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Measurements at each station were made with a Neil Brown CTD with

twenty-four 1.2 1, PVC Niskin bottles on a General Oceanic rosette.

Records of pressure, temperature, salinity and oxygen every 2 db were

constructed according to standard W.H.O.I. CTD group practices (Millard,

1982). Pre- and post-cruise calibrations of the CTD pressure,

temperature and conductivity sensors were done at W.H.O.I.. Post-cruise

calibrations of pressure and temperature were used as they were more

stable. The expected accuracy of the temperature measurements is

* .0020C. The expected accuracy of the pressure measurements is * 1db.

Salinity measurements were made with a Guideline Model 8400A Auto-

sal salinometer. The measurements were standardized before and after an

analysis of a group of three stations with I.A.P.S.O. standard sea water.

The accuracy of the calibrated CTD measurements of salinity is expected

to be * .002 '/oo. Dissolved oxygen measurements were made with the

modified Winkler method. Laboratory prepared solutions of potassium

iodate were used to standardize the measurements every five stations on

averdge. The oxygen sensor was changed before station 161 and then again

before station 162. The accuracy of the thus calibrated CTD

oxygen-sensor records is thought to be * .05 ml 1~. Nutrient

measurements were made by L. Gordon's group at Oregon State University

and are thought to be accurate to 1 percent.

Also used in this thesis are data from Oceanus cruise 133 leg 4,

stations 85 through 112, at 240S in the Angola Basin.' The same

measurements were made on this section, but the data were not processed
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completely at the time of writing. In addition, a computer printout of

the hydrographic data from a recently completed section along 1'E (the

AJAX expedition) was made available to me by J. Reid (Scripps Inst. of

Ocean.).
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Chapter 2

Property Distributions

This chapter is a brief descriptive introduction to some of the

property distributions in the deep water of the Angola Basin, as illu-

strated in the sections (figures 2-9). The purpose is to describe some

peculiar and some well known features of deep water property distribu-

tions which are significant for the deep circulation.

The conception of deep water circulation in the South Atlantic has

evolved during the past 100 years (Warren, 1981b). Before 1900 deep water

was thought to move equatorward, except perhaps in regions of strong upper

layer flow. In 1911 Brennecke presented a clear description of the south-

ward flow of water in the depth interval 1500 m to 3000 m in the western

South Atlantic. This flow contradicted the earlier direct convection

cell pattern, in which water was thought to sink at high latitudes and

rise near the equator uniformly across the basin. Merz and WUst in 1922

contrasted the western and eastern troughs by the northward flow of

bottom water in the west and southward flow of bottom water in the east.

Later, WUst (1935) described the layering of deep water. He stated that

the influence of the deep water (called "spreading" everywhere) had the

character of a current only near the western boundary. In the eastern

trough, the influence of deep water is suggested to be due to eddy

fluxes. His and other observations in higher latitudes of both the North

and South Atlantic have demonstrated that the description of deep water

layering is not mere naming, but reflects the origins of deep water.
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2.1 Silica Minimum

At 1600 m depth and at a potential temperature of 3.50C there is a

silica minimum (Figure 7). This minimum exists throughout most of the

Atlantic in a range of potential temperatures from 2.40C at 35*S to 40C

in the northern parts of the western trough (Mann, Coote, and Garner,

1973). Low silica in the Atlantic is characteristic of water of northern

North Atlantic origin and at this potential temperature represents the

influence of Labrador Sea Water. At 110S the average minimum values

increase from 28 pmol 1~1 in the east to 29 pmol 1~ near station

153, decreasing to 25 pmol 1~ near station 170. Values at the minimum

decrease to less than 20 pmol 1~ near the western boundary with Brazil

at 11OS.

At 240S a silica minimum exists near 3.10C (figure 12). Values at

the minimum are higher than at 110S, typically between 35pmol l1 and

40pmol l1 , increasing from the Walvis Ridge to the Mid-Atlantic

Ridge. The maximum value at the silica minimum is about 43pmol 1~1 at

10*W. They decrease again to the west to about 20pmol l~1 at the

western boundary with Brazil at 240S (McCartney, data pers. comm.). In

general, silica increases to the south and southwest away from 110S.

To the north and west, silica decreases (figure 12, GS 109 and

110). Thus at this depth, the source of water influencing property

distributions in the Angola Basin is to the north and west. North of

110S in the Guinea Basin, water is supplied by eastward flow along the

equator at these depths, as indicated by the high salinity, high oxygen

and low nutrient extrema there (Bainbridge, 1980).
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2.2 Salinity

Close to 2000 m depth there is a salinity maximum across the basin

(figure 3). The potential temperature at this level is close to 3.10C.

The maximum is most intense at station 170, the westernmost station in

figure 3, where the salinity is 34.940/oo. Salinity increases west of

station 170 to a maximum of 34.960/00 near the western boundary with

Brazil. The salinity decreases eastward to less than 34.9250/.. at

station 154, then increases to a maximum value of 34.9350/00 at the

eastern boundary. This pattern of salty-fresh-salty appears in sections

at 8'S, 16'S, and 240S (Fuglister, 1960), and in the more recent CTD

section at 24*S. It can be visualized as a core of high salinity water

within the salinity maximum extending along the eastern boundary into the

Cape Basin.

To the south, salinity decreases gradually to about 25'S, where the

salinity maximum near 2000m ends somewhat abrubtly throughout the

interior of the Angola Basin (that is, west of the Walvis Ridge; J. Reid,

data pers. comm., Bennekom and Berger, 1984). In the South Atlantic

outside the Angola Basin, in contrast, the salinity maximum does not

end: between the Walvis Ridge and the African continent, and also west

of the Mid-Atlantic Ridge, the salinity maximum exists as a continuous

feature, deepening to 2600m south of 300S (Bainbridge, 1980). At 24'S,

the salinity maximum is still apparent near 2.7'C (figure 10, OC 107),

with a salinity of about 34.880/oo.

North and west of the section at 11'S in the Angola Basin, salinity

increases slightly (figure 10, GS 110; Bainbridge, 1980). Therefore the
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high salinity, as with the low silica, must be due to an influence from

the north and west.

The general pattern of the salinity distribution below the maximum

is of isohalines sloping downwards toward the eastern boundary. For

instance, near 3000m, where isopycnals are fairly flat (figure 8),

salinity increases from about 34.900/00 to about 34.91*/oo from 10'W

to 10*E. This variation of salinity of about 0.010/oo on isopycnals

appears at the salinity maximum as a fresh region centered near 5*W, as

mentioned above. Thus an alternative way to visualize the salinity

distribution on an isopycnal near 3000m, say, is as a tongue of low

salinity extending northwards above the eastern flank of the Mid-Atlantic

Ridge. This latter picture is evident in the atlas of Levitus (1982).

To maintain the fresh region there must be a source of low

salinity. However, the general southward movement of deep water inferred

from the silica and salinity distributions in the Angola Basin and

adjacent basins is supported by geostrophic calculations (section 3.4)

in the station range 145 to 164 and below 2000m. Because salinity

increases to the north above about 3600m, this motion tends to increase

salinity at 11*S in this range (figure 10; J. Reid, data pers. comm.;

Bainbridge, 1980; Fuglister, 1960). Evidently the southward movement of

water below 3600m (about 2.10C) above the eastern flank of the

Mid-Atlantic Ridge, which brings fresher water to the Angola Basin from

the Guinea Basin (section 3.4) is the source of low salinity. Presumably

in the process of moving over the rough topography of the Ridge it mixes

vertically along its path. Similar remarks seem to apply to the silica
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distribution between 2000m and 3000m. A faint increase in silica

concentration appears at the position of the silica minimum, vertically

aligned with the fresh part of the salinity maximum near 50W. Such a

small increase, only about 1pmol l1 , is too small to show up as a

large-scale slope of isopleths of silica in the section at 110S.

An additional, purely speculative mechanism may act to enhance

mixing above the Ridge. Visible in figures 2 and 3 are about 100 km

scale pertubations which are anomalous with respect to an average e-S

relation. That is, they are not the result of purely vertical motion.

These pertubations have a greater strength and frequency above the Ridge

than in the interior. Temperature and salinity do not entirely offset

one another, so that density is perturbed, and hence velocity. This is

evidence for an enhanced lateral mixing, with warmer, saltier water to

the north mixing with cooler, fresher water to the south, owing to a net

displacement of parcels of water by the motion. Perhaps this is

accompanied by greater vertical mixing, too. The generation of

topographic waves over the bumpy, sloping Ridge by small-scale currents

penetrating from shallower levels could be responsible for these

pertubations.

The Angola Basin south of about 200S has an additional feature in

the salinity distribution at mid-depth. That is the existence of a

salinity minimum above the bottom in the approximate latitude range of

200S to 250S (figure 16b and c; Bennekom and Berger, 1984). The

potential temperature of the minimum is about 2.30C at 240S. The

salinity at the minimum ranges from 34.870/0 to 34.878000, and
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appears to have a very weak east-west trend, with fresher values in the

east near the Walvis Ridge at 240. The lower part of this minimum is

within the density range 45.82 to 45.84 sigma-4. In the same density

range farther south across the Walvis Ridge in to the Cape Basin, there

is a salinity maximum (Bennekom and Berger, 1984; J. Reid, data pers.

comm.). North of 280S this density range is blocked to the east by the

Walvis Ridge, except for a saddle near 220S. Values in the saddle (GS

104, not shown) are higher than 34.88*/oo, so that low salinity does

not appear to be advected in from the east. To the west at 240S, across

the Mid-Atlantic Ridge, salinity near 2.30C increases. The source of low

salinity must be to the south. Horizontal mixing on isopycnals would

seem to be necessary to produc the salinity maximum south of the Walvis

Ridge and salinity minimum north of the Walvis Ridge in the same density

range. The corresponding depth range is about 2500m to 3500m.

Additional support for this mechanism is the virtual coincidence of the

oxygen maximum and salinity minimum at 240S (figures 10 and 12). The

source of low salinity is to the south while the source of high oxygen is

to the north (Bainbridge, 1980; J. Reid data pers. comm.; see also

section 2.4)

Temperature-salinity pertubations, mentioned above in the context

of mixing at 110S, are stronger at 240S throughout the section (some hint

in figure 15 and 16 with preliminary salinity data, above 3000m not

shown). Why they should be stonger at 240S is not clear.

It may be speculated that eastward flow across the Mid-Atlantic

Ridge to the north near 210S (Bainbridge, 1980; J. Reid, data personally
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communicated) might help to maintain a stronger eddy field at 24*S.

Evidence in the density field for such a flow near 20'S is on the map of

steric height given by Reid (1981). Such a flow could generate stationary

Rossby waves near the sill of the Ridge and in the Angola Basin. Although

the waves are vertically trapped for eastward flow greater than

o/K2 =0.25cm/s. where K is the wavenumber of the pertubationsH KH

(100km, say), the trapping scale is about 3km. Hence the waves should be

able to penetrate much of the mid-depth range of the basin. For these

reasons, perhaps, horizontal mixing could be greater at mid-depth at 240S.

2.3 Phosphate and Nitrate Minima

The layer of low phosphate and nitrate in the Angola Basin, defined

approximately by nitrate less than 24pmol/l (minimum value 22.5) and

phosphate less than 1.6pmol/l (minimum value 1.5pmol/1) , is quite thick,

about 1000 m, and centered near 2400 m. In a density range corresponding

to this layer, about 45.7 to 45.8g/cm 3, these properties have lower

concentrations in adjacent basins to the north and west (Bainbridge,

1980). To the south they increase slightly and then decrease to a minimum

near 210S. From there southwards they increase (figure 12b; J. Reid, data

pers. comm.). As with silica, phosphate and nitrate owe their low values

to the influence of water from the north and west. The reduced nutrients

at 210S are accompanied by high oxygen and high salinity values and

indicate eastward flow, with property extrema centered near 2200m (about

2.80C; Bainbridge, 1980).

In the western trough of the South Atlantic the influence of water of

low nutrient concentrations from the North Atlantic is stronger than in the
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eastern trough. A minimum layer defined by the same limits is more than

2000 m thick, even though much higher nutrient values lie below in the

AABW. In the eastern trough the generation of nutrients in shallower and

deeper layers has reduced the vertical extent of the minimum.

2.4 Oxygen

Roughly centered at 2800 m east of O' there is an oxygen maximum with

a value of 5.3 ml 1~ (figure 4). The potential temperature range is

between 2.40C and 2.60C. This uneven layer is made noisy by the pattern of

low oxygen concentration above and below it. To the north, in the Guinea

Basin, the oxygen values are between about 5.6ml/l and 5.7ml/l below 3.5*C

(2000m), with maxima centered near 3.30C (2000m) and 2.0*C (4000m; figure

12). Eastward flow induces isolated oxygen maxima on the equator at these

depths in a north-south section farther east at 10E (J. Reid, data pers.

comm.; note that the GEOSECS section in Bainbridge (1980) is not

north-south). Near 2*W at 110S, the oxygen maximum merges with higher

oxygen concentrations above the Mid-Atlantic Ridge. Oxygen concentrations

above the eastern flank of the Mid-Atlantic Ridge are fairly uniform, and

of intermediate value, near 5.5 ml 1~ . Below 3000m oxygen increases to

about 5.6 ml 1~1 at the bottom. Between 2000m and 3000m oxygen

concentrations range from 5.4 ml l~1 to 5.6 ml l~1 , increasing from

east to west. Oxygen concentration at 110S increases west of the

Mid-Atlantic Ridge to values of about 5.9ml/l near the western boundary

with Brazil (not shown).
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Congruent with the phosphate and nitrate distributions oxygen

decreases and then increases southward to a maximum near 210S on an

isopcynal (Bainbridge, 1980; J. Reid, data pers. comm.). It then decreases

again southward. At 240S the oxygen maximum is near 2.2*C (about 3000m

depth; figure 12, OC 107). Values at the maximum at 240S decrease from

5.6ml/1 above the Mid-Atlantic Ridge to 5.5ml/1 near the Walvis Ridge.

Thus in the temperature range of 2.050C to 2.7'C spanning the oxygen

maximum at 240S, concentrations are higher than at 110S. The eastward flow

near 210S has an oxygen maximum core centered at 2.8*C, with values greater

than 5.55ml/1 at 10E (J. Reid, data pers. comm.). This raises oxygen

concentrations at 240S relative to 110S.

In figure 12 the oxygen profile at 110S (OC 148) between 3.0*C and

2.0*C, which includes the interior maximum and minimum, has a different

shape from that in the Guinea Basin near the equator (GS 110). Isothems

slope downward slightly in the depth range 2000m to 3000m between 110S and

the equator. On isopycnals in this range, potential temperature increases

by about 0.050C. This change is small on the temperature scale of figure

12. In the temperature range below 2.5'C, where oxygen at 110S is

decreasing by about O.1ml/l to its minimum value, oxygen at GS 110 is

increasing by about the same amount. Although this depends on basically

*An estimate of the decrease in oxygen concentration due to aging is the
product of the advective time and the interior consumption HQ/w, where H is
the vertical scalg, Q is the consumption, _nd w i the vertical velocity
scale. For w=10- cm/s. H=10 5cm, and Q=10 0 ml 1- s- , this is
1 ml/l. This is plenty to account for the decrease in oxygen to the east
at this latitude, but the details of the distribution will be seen in
chapter 4 to require horizontal mixing and boundary consumption to be
important, too.
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one measurement in the figure, the same pattern occurs on profiles

farther east up to 50S in the Guinea Basin (J. Reid, data pers. comm.).

Although interior consumption can account for a general decrease in

oxygen concentration in southward flow*, it cannot change the vertical

profile unless the flow itself varies. Apparently water near the density

of the oxygen minimum at 110S either takes longer to reach 110S than

water above or below, or is influenced by nonuniform consumption, or both.

At 11*S there is large scale shear below the isopycnal 45.85g/cm3

relative to mid-depth, indicating an increasing southward component of

flow toward the bottom (figure 8, see also section 3.4). There is not an

obvious meridional mean velocity extremum at 110S near the level of the

oxygen minimum, as would be indicated by a reversal in isopycnal slope.

Yet transport calculations in section 3.4 indicate a southward transport

above and below a 3600m zero velocity reference level in the station

range 145 to 164. Some hint of a reversal in isopycnal slope is

indicated by the lower specific volume anomaly in the west near 2800m

(figure 9). The transport calculations and specific volume field

together do, then, support the presence of a mean velocity extremum near

3600m in the above station range. Owing to this and the previous

discussion of property distributions in which a general southward flow

was inferred, the circulation is thought to be one of fairly uniform

southward flow east of about 40E (station 145), and southward flow west

of this longitude, zero near 3600m.

Details of the oxygen minimum at 110S are discussed in chapter 4.

Details of the flow above the Mid-Atlantic Ridge are given in the next

chapter. Also, the meridional variations in properties are considered in

the context of a SA circulation scheme.
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Chapter 3

Bottom Water Circulation

3.1 Introduction and Abstract

The densest water in the South Atlantic is Antarctic Bottom Water

(AABW), which has spread northwards from its formation region near Ant-

arctica. It has been known for over one hundred years that the Walvis

Ridge is a substantial barrier to AABW in the eastern trough of the South

Atlantic (see appendix). Thus the bottom circulation there is very dif-

ferent from that in the western trough, where the AABW flows northwards

as a western boundary current. The AABW surrounds the eastern trough at

the sill depths of the Mid-Atlantic and Walvis Ridges and finally crosses

the Mid-Atlantic Ridge through the Romanche Fracture Zone near the

equator. It moves eastward through the Romanche Fracture Zone into the

Guinea Basin, where it can enter the Angola Basin from the north.

Evidence for a minor inflow across the Walvis Ridge has been presented by

Connary and Ewing (1973). With either or both of these two sources a

model to be developed based on the Stommel and Arons (1960a,b) theory

predicts a DWBC and an interior circulation pattern. The purpose of this

chapter is to clarify sources of bottom water to the Angola Basin, and

compare the circulation pattern of the model with observed property

distributions. For the purpose of discussion bottom water is denoted

roughly by a potential temperature less than 2.10C, a salinity less than

34.8950/00, and therefore depth greater than about 3600 m. This

definition is meant to correspond approximately with a marked decrease in



-24-

vertical gradient of potential temperature and salinity profiles which

occurs near 3500 m across the basin (figures 2 and 3). The bottom water

includes a mixture of NADW and AABW, with roughly 150/o AABW, assuming

salinities of 34.670/oo and 34.920/00 as AABW and NADW mixing

endpoints.

In section 3.2 the characteristics of the two bottom water sources

are described. The properties in the bottom water are only consistently

explained as a mixture of Guinea Basin source water and overlying water.

It is suggested that the southern source is prevented from supplying the

Angola Basin by a system of ridges near 30'S.

In section 3.3 a model for bottom circulation based on SA theory is

presented in order to predict flow and property distributions. In sec-

tions 3.4 and 3.5 the model is compared with observations. First, evi-

dence is given for the existence of a DWBC in the Angola Basin. Next,

the model is tested by developing an equation for the change in tempera-

ture and salinity along a horizontal streamline in the bottom layer. The

data at 11*S are used to predict the distribution of these properties at

240S. The pattern and value of temperature and value of salinity

predicted agree with observations at 240S when vertical diffusion is

included.

3.2 Bottom Water Sources

To facilitate a discussion of bottom water properties and possible

sources, plots of salinity, oxygen, silica, and phosphate versus poten-

tial temperature have been prepared. Several observations and arguments

will be presented to show that the only source of bottom water to the
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Angola Basin is from the north, in the Guinea Basin. The discussion is

designed to illustrate two things. First, that there is a fairly tight

relation between potential temperature and salinity in the bottom water

of the Angola and Guinea Basins, and that moving south from the equator

there is a clear progression to lighter density within this relation.

That is, as one moves south on the bottom, the most extreme water type

(cold, fresh, dense) progressively disappears. Second, that the bottom

water properties in the Angola Basin are not the result of mixing between

Guinea and Cape Basin and overlying water, but between Guinea Basin and

overlying water only.

Figure 10 is plots of salinity versus potential temperature at

GEOSECS station 110 (Bainbridge, 1980) on the equator in the Guinea

aaBasin, Oceanus stations 148 at 11*S, and 107 at 24*S, GEOSECS station 102

at 32*S, and Atlantis stations 5829 and 5842, and the last two values at

5828 at 320S. The station locations are illustrated in figure 1. The

Oceanus stations chosen have the coldest, freshest and densest bottom

values in their respective sections. Both Atlantis stations 5828 and

5829 are in the region of northward influence of Cape Basin water

according to Connary and Ewing (1974). There are three things to note in

this figure:

1) The water at the sill depth of the Walvis Passage

(4200 m) is much colder (potential temperature = 1.00C)

and fresher than the bottom water in the Angola Basin

at 110S or 240S.
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2) The bottom water at the Atlantis stations in the

southwest corner of the Angola Basin has a relatively

high density.

3) The density of bottom water at 240S is less than

that at 11*S.

Figure 11 illustrates the progression of bottom water up the e-S relation

with latitude in the Guinea and Angola Basins. The extreme properties of

Cape Basin water are reflected in the mixing solutions to be discussed

next.

Mixing Solutions

Characteristics of bottom water at 110S and 240S, and of water at

the sill depths of the Guinea Ridge (4300 m) and Walvis Ridge (4200 m)

are given in the left box in table 1 (sources of data were Connary and

Ewing, 1972; Bainbridge, 1980; the recent 110S and 240S sections; and

Fuglister, 1960). Also given are the characteristics of overlying water

at 110S which will be used to represent vertical mixing. The overlying

water characteristics are assumed to be average values of properties near

the 3600m level. The definition of overlying water is somewhat

arbitrary; it is simply meant to represent the influence of warmer,

saltier, higher-nutrient, and lower-oxygen water above the bottom layer.

The given conservative estimate of these characteristics and the neglect

of consumption in these solutions provides the best case for the presence

of a component of Cape Basin water.
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In the next two boxes of table 2 the percent of each component is

given first for mixing between all three water types, and second for

mixing between Guinea Basin and overlying water alone. In the first case

these percentages were computed for pairs of properties, with salinity

always being one of the pair, by writing the 110S bottom water

characteristics as the sum of unknown percentages of each of the

components. This results in three equations in three unknowns. In the

second case each property gives two equations in two unknowns. The

results for the three component mixing show an order of magnitude range

of contributions of Cape water to the solution in addition to no solution

for the pair potential temperature and salinity (since the sources lie

almost on a straight line). The results for the two component mixing

(except for phosphate) show a fairly consistent mixture of 4/5 Guinea

Basin water and 1/5 overlying water. Phosphate requires a larger

component of overlying water since Guinea Basin water is so low in

phosphate, although 1.5imol/l seems about right (figure 12; further

discussion of phosphate in section 4.1). The silica and salinity mixture

is sensitive to the choice of the overlying value and is easily chosen to

be almost any combination of the two components. For these reasons the

only acceptable composition for bottom water at 110S is of overlying and

Guinea Basin water. At 240S potential temperature and salinity have

increased owing to vertical fluxes as the water moves south (section

3-5). Oxygen and nutrients at 240S are discussed in chapter 4.

Figure 12 illustrates oxygen, silica, and phosphate in water below

4'C in the Guinea, Angola, and Cape Basins. Visible in figure 12 is the
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tendency of bottom water at 110S (OC 148), and 240S (OC 107) toward high

oxygen and low silica. Only the influence of northern source water can

raise oxygen and decrease silica concentrations. The low silica from the

north helps to maintain an above bottom silica maximum above the abyssal

plain of the Angola Basin, by reducing the concentration near the

bottom. A southern bottom water source would have the opposite effect

(table 1, figure 13, and see below). Furthermore the bottom water at

240S is not dense enough, and is too low in oxygen to be the source for

11*S bottom water.

As a further illustration of the high-oxygen-low-silica tendency,

in figure 13 the relation between oxygen and silica for water of poten-

tial temperature less than 2.5*C is shown for the deepest stations at

110S (OC 148) and 24*S (OC 107). Also shown are stations in the Guinea

and Cape Basins (110 and 102 respectively, 102 is representative of

values south of the Walvis Ridge). The dashed line represents an

estimate of silica released by dissolution of the hard parts associated

with organic matter which remains in the water column. It depends on the

silica to carbon ratio in the particular piece of matter, which is

assumed to be 0.2 (estimates in the region range from 0.1 to 0.4). It

has a slope of about 8 pmol 1 per ml 1~. The position of the line

is arbitrary, but in this figure it has been placed to intercept the

bottom values at 110S (circles). This line then intercepts the Guinea

Basin curve (diamonds) at a potential temperature near the sill depth.

Both of the Oceanus station profiles hook first through an oxygen

minimum, and then through a silica maximum. The near bottom values at OC
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148 are found progressively closer to the northern source. All bottom

water lies near (within 2pmol/1) or above the dashed line, which implies

that all the silica and oxygen values in the bottom water can be

explained by decomposition and vertical mixing alone, from a source

located in the Guinea Basin at the sill depth of the Guinea Ridge.

Conclusion

In summary, the only source of bottom water in the Angola Basin is

to the north, in the Guinea Basin. The water in the southwest corner of

the Angola Basin is shallower and more dense than the water farther

north, and does not influence properties farther north. It therefore is

likely that this water is prevented from entering the Angola Basin by a

ridge or system of ridges near 30 S, between the Walvis Ridge and

Mid-Atlantic Ridge, and which forms the true seperation between the

Angola and Cape Basins. Some hint of such a ridge is on the bathymetry

chart of Uchupi (1981). Isobaths indicate a ridge extending from the

Walvis Ridge at 290S and almost meeting a ridge from the Mid-Atlantic

Ridge in the region O to 20W and 29.5'S to 30.5*S. It is this ridge

system which seems to form the true division between the Cape Basin

bottom water and the Angola Basin bottom water, as indicated by the

following measurements of temperature and salinity.

Measurements by Bennekom and Berger (1984) show bottom water near

2'C potential temperature just to the northwest of this region (their

station 80-24 at 30'S,3.5 0W). Measurements by Connary and Ewing (1974)

show anamolously low bottom water temperatures at two stations just to

the south of this region (their stations 259 and 260 at 31*S). At 33.50S

and 5.50W, south of this region, but on the Angola Basin side of the
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Walvis Ridge, Bennekom and Berger's station 80-25 shows a bottom water

potential temperature and salinity of about 1.70C and 34.830/oo. This

data point lies on the Cape Basin e-S curve (figure 10, At 5842 and GS

102, and figure 11). Isobaths indicate a sill depth between 4000m and

4400m. From the data of Connary and Ewing (1974), 4400m is too deep to

prevent northward movement of the relatively fresh water below 20C in the

southwest corner, but 4100m or 4200m may be enough to do so. Further

bathymetric and hydrographic measurements in this region are necessary to

determine the nature of bottom water circulation there.

3.3 Circulation Model

With the knowledge of the location of the source of bottom water to

the Angola Basin it is possible to construct a unique interior and

boundary current circulation model based on Stommel and Arons (1960a,b)

theory. The model is for the flow in the bottom layer of the Angola

Basin, that is, below 3600m. The western boundary is the Mid-Atlantic

Ridge, the eastern boundary is the African continent north of about 200S

and the Walvis Ridge south of this point. The northern boundary is the

Guinea Ridge. They are assumed to be vertical, and the bottom is assumed

to be flat at the basin's average depth of 5000m. The boundary condition

is no normal flow on the eastern boundary. The only difference between

this model and the original model of Stommel and Arons is a

representation of the Walvis Ridge for the southern-eastern boundary (see

figures 1 and 14). This diagonal boundary induces mean vorticity in the

interior flow in the southern half of the basin because the eastern

boundary condition makes the zonal velocity a function of y. The
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presence of a southern boundary also allows the possibility of a

recirculation region (see below). The presence of a northern boundary

south of the equator means that v is not zero on the boundary and a

source there will be distributed along this boundary in a current which

feeds the interior flow. The exact location of the source is not

critical, and is chosen here to be at the middle of the Guinea Ridge,

where there is some hint of a passage (Uchupi, 1981).

The momentum equation for steady, large scale, small amplitude

motion is the geostrophic balance

-fv = -P

fu = -P 3-1

where f=oy (equatorial s-plane) is the coriolis parameter, u and v are

the horizontal velocities, P is the pressure divided by the (constant)

density, and x and y are zonal and meridional coordinates. The vertical

component of momentum is just the hydrostatic balance. The mass

conservation equation is

u +vy+ w =0 3-2

The bottom layer is assumed to be homogenous. Taking the curl of the x

and y components and using continuity gives the linear vorticity balance

av= fwz 3-3
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The horizontal velocity is assumed to be independent of z in this layer,

so from the mass equation w is linear in z. The velocity at the top of

the layer is w0, assumed to be independent of x and y. The source, S,

to the layer must equal the mass leaving so that wOA=S, where A is the

area of the basin. At the bottom of the layer an Ekman exists to bring

the horizontal velocities to zero at the bottom boundary. Although in

the northern half of the basin the solution will have no interior

vorticity, the interior velocity is divergent, and hence a vertical flow

out of the Ekman layer exists. In the southern half of the basin the

solution will have in addition interior vorticity. However, the vertical

velocity out of Ekman layer is smaller than w0 by the factor E1/2

where E=K v/fH2 is the Ekman number, K v is the vertical turbulent

diffusion coefficient, and H is the depth scale. For K =1cm 2/s,

H=lkm, and f=10~ 4s~1 , E1/ 2 is 10-3, and hence this flow will be

neglected.

Therefore integrating from the basin's average depth of 5000m to

3600m gives

OV = fw .

Now capital letters denote the integrated flow, or transport. Using the

mass equation and f=oy gives

V = y w0

U = -2 w0
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The eastern boundary condition is U=VdX/dy, where X is the position of

the eastern boundary. In the northern half of the Angola basin,

-L<y<0.2, the eastern boundary is at X=L, so U=O there. In the southern

half, -2L<y<-L, X=y+2L, so U=V. Therefore

V = y w

3-4

U = 2 wo(L-x) -L < y < 0.2

wo(3y-2x+4L) -2L < y < -L

Note that at y=-L, the discontinuous slope of the eastern boundary induces

a discontinuity in U. A discontinuity in velocity indicates that friction

becomes important. Going back to the original integrated vorticity

equation and retaining bottom vertical velocity one can show that a

frictional boundary layer at y=-L will connect the zonal velocity

smoothly. This additional structure will not be discussed since it does

not modify the interior trajectories noticeably.

Figure 14 is the pattern of the circulation obtained from equations

3-4. The approximate positions of 110S, 240S, and the Greenwich Meridian

are indicated. A northern boundary near 50S representing the Guinea

ridge is included in the scheme. The open circles are placed at equal

intervals of time following a fluid column, to illustrate the different

lengths of time it takes on different paths to reach the southern half of

the basin. It is assumed that the boundary current (discussed in the

next sections) distributes the source instantaneously around the northern

boundary and part way down the western boundary. The Walvis Ridge
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modifies the flow by causing streamlines to intersect the western

boundary south of y=-4L/3.

This additional streamline curvature means that the velocity field

in the southern half of the basin has vorticity, that is, mean shear,

whereas there is no interior vorticity for a meridional eastern

boundary. The magnitude of the shear is small, about 10~ 4f (the shear

scale is the inverse of the advective time scale, which is large compared

to f). Perhaps mixing within the layer could be increased by this shear

in the southern half of the basin.

It has been assumed that the bottom is flat and the walls are

vertical. This is obviously not realistic, but the model is greatly

simplified by this assumption while still retaining substantial

dynamics. A bottom slope of 10-3 is typical of the Mid-Atlantic Ridge

and continental rise, and implies a topographic a of the same magnitude

as planetary 8. Thus topography could modify the interior and DWBC in

the model. However, for a single homogenous layer, topography which

varies only in x, and if the the layer depth is not allowed to be small

compared with the scale depth (1 km), the interior flow changes

orientation only slightly. The main effect of a sloping western boundary

on the flow pattern of the SA model is to spread the DWBC throughout the

region of the slope. This happens because the topography tilts f/H

contours, giving their tangent a component parallel to the boundary which

can carry some of the flow. This effect is apparent in a study by Kuo

(1974), but his calculations are probably not directly relevant to the

Angola Basin since the bottom friction parameter E was taken to be much
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larger than the above estimate. In his study E1/ 2=0.08. The more

realistic case of stratified mean flow over a large-scale slope is not

well understood.

The flat bottom SA model gives an accurate representation of the

basic flow pattern for weak topography and friction and will be used to

discuss property distributions. By weak I mean that the depth changes

are small compared to the scale depth H, and that friction is small as

measured by E, so that E1<<1 where E is the Ekman number.

Western Boundary Current

The interior circulation scheme presented above requires a western

boundary current to feed the interior north of y=-4/3L. It also must

receive a mass flux from the interior south of this point, and satisfy

the no flux boundary condition in the west. The transport in this

boundary current can be calculated by requiring the conservation of mass

in any region that includes the western boundary and the source. The

transport so calculated is also illustrated in figure 14 on the left.

This western boundary current is a basic element of the model. The

magnitude of the transport is scaled by the source strength, negative

values are northward, positive southward. Note that although in the

figure the DWBC seems to occupy only a small part of the basin in the

west, it is assumed that this region is the entire area above the sloping

western boundary, i.e., almost half of the basin.

The importance of the transport calculation is that it shows how

far along the western boundary water with strong source-like

I I
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characteristics penetrates. At y=-3L/4 on the the western boundary, the

transport of the boundary current is zero. Thus trajectories which

emanate from points north of the zero transport position will carry

source-like water properties into the interior. South of this point

there is a northward transport. This part of the DWBC is recieving water

from the interior south of a point y=-4L/3 where U=O. Between this point

and the zero transport point to the north, it feeds water into the

recirculating region in the western portion of the figure. This is the

basis for the distribution of properties to be discussed below. The

distribution strongly depends on the location of the source.

The source of bottom water to the Angola Basin has been shown to be

in the north. The model predicts that about 200/o of the source enters

the interior directly, from a northern boundary current, the other

80/o moves southward in the western boundary current. The question of

whether or not the source water enters the basin as a DWBC will be

discussed next.

3.4 A Deep Western Boundary Current in the Angola Basin

In the bottom water of the Angola Basin at 110S, neither tempera-

ture nor salinity is uniform. The lowest potential temperatures were

found at the bottom at station 148, which is within the broad central

depression of the abyssal plain near its intersection with the ridge

(figure 2). The potential temperature at this location was about

1.910C. Near the continental rise (about 50E) at a comparable depth the

potential temperature was close to 1.920C. Along with this increase in

temperature to the east was an increase in salinity (figure 3). Thus the
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bottom water is characterized by relatively cold, fresh water in the

west. Potential temperature is not vertically uniform in the water below

the sill depth of the Guinea Ridge, about 4400m, indicating that the flow

over the Guinea Ridge is not restricted to a narrow depth range.

In the station range 145 to 160 and below 2.1*C, isopycnals slope

downward to the west indicating an increasing southward component of the

flow towards the bottom (figure 8). Specific volume anomaly shows a

consistent opposite slope in this range (figure 9). In the same station

range and between 1.92 0C and 2.1*C, isotherms and isohalines are not

parallel. That is, moving westward along an isopycnal in this region,

potential temperature and salinity decrease. This must be the result of

the movement of water from a source with a different potential

temperature-salinity relation because isotherms and isohalines are

parallel in the same density range east of station 145, and below 2.10C.

Oxygen in the bottom water is higher in the west than in the east. It is

high enough so that a mixture of southern source water (figure 12, At

5829, GS 102) with the relatively high oxygen overlying water at 24*S (OC

107) does not produce water of such concentration. The zonal trend at

11'S is not an artifact of the low oxygen near the eastern boundary since

below 1.95 0C oxygen isopleths parallel isopycnals. Silica is lower in

the west but nitrate and phosphate do not change consistently below their

deep maximum across the basin. The lower salinity, lower temperature,

higher oxygen, and lower silica water could only have a source in the

Guinea Basin. Properties near the sill depth of the Guinea Ridge have
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all these characteristics to a somewhat greater degree (table 1). This

feature at 110S is therefore identified as a DWBC, carrying water

southward from the Guinea Basin along the eastern flank of the

Mid-Atlantic Ridge.

An estimate can be made of the transport in this southward flow,

consistent geostrophically with the slope of the isopycnals and an upper

zero reference level in the station group 145 to 164. A choice of

reference level shallower than about 3500m results in a net northward

transport below the reference level above the Mid-Atlantic Ridge. The

previous discussion indicated that water below 2.1C was moving southward

above the Ridge. For net southward transport, a choice of reference

level near 3500m is necessary. Following the previous discussion, the

reference level is chosen to be the 2.10C isotherm, very nearly 3600m

depth. With this zero reference level choice, the transport in the DWBC

between this level and the bottom in the above station group is

1.4x106m3s-l southward. The average velocity in this flow is

0.1cm s~1. The net transport above the reference level to 2000m is

3.3x106m3 s-I southward, consistent with the observed high oxygen

and low nutrients in this layer. The average velocity in this flow is

also about 0. 1cm/s.

The model predicted that at 11*S the transport in the DWBC would be

about 600/o of the source strength. The estimate of the source strength

is thus 2.5x106m3 s~. Given this net source of water to the Angola

Basin, an estimate can be made of the upwelling. The area of the basin

bounded by the 3600m isobath is about 5x10 16cm2. Assuming the water
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leaves the basin uniformly across the upper surface of the layer the

estimated vertical velocity there is thus 5x10-5cm/s.

The SA model also predicts a northward flowing DWBC at 240S,

because of the Walvis Ridge. The density field at 240S was calculated

using preliminary salinity data (not shown). It is expected to be an

accurate representation of the pattern because the discrepancy between

salinometer and CTD salinity results is small above 4000m, and below

4000m the density pattern essentially follows temperature. The

large-scale pattern for water below 2000m in the Angola Basin at 240S is

of density decreasing from the Mid-Atlantic Ridge to near the Walvis

Ridge above 3000m, and increasing in the same range below 3000m. Above

the Mid-Atlantic Ridge at 240S there is a hint of isopycnal slope

indicating an increasing northward component of flow toward the bottom

(essentially the same pattern as for temperature in figure 15, stations

93 to 98). There is a decrease in salinity to the west in the station

range 88 to 95 and depth range 3200m to 4200m (figure 16; also supported

by salinometer measurements, figures 16b,c). This is also a hint of

northward flow since salinity decreases to the south along the Ridge. If

such flow exists and if it acquired its low salinity from mixing in more

southerly portions of the basin, it should have a correspondingly high

silica signal. If anything, silica decreases slightly to the west in the

same depth or density range (not shown). Farther south, there is no

oxygen maximum above the bottom, oxygen is generally lower (figure 12).

Therefore northward flow should have a low oxygen signal. However oxygen

increases on isopycnals towards the west in the same range as above (not
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shown). In short, property trends are conflicting for meridional mean

flow above the eastern flank of the Mid-Atlantic Ridge at 240S. This

discussion is tentative, though, and more detailed calculations of the

flow need to be considered along with properties. Estimates of flow and

transport must await the fully processed data.

3.5 Distribution of Temperature and Salinity

The purpose of this section is to compare the observed distributions

of properties in the interior of the Angola Basin with some predictions

of the SA model. The streamlines of horizontal interior flow, or

isobars, are illustrated in figure 14. These are also the trajectories

of columns of water in the bottom layer. With these streamlines, the

transport in the DWBC, and the property distribution at 110S, zonal

variations in the properties further south can be deduced. Data from a

section at 24'S will be used to make this comparison.

Unfortunately, there is not a large enough zonal variation of

oxygen and nutrients at 240S to make such a comparison for these

properties. Sections of these properties at 240S are not displayed here

but a summary is given for reference. Figure 12 illustrates these

properties at 240S at station 107. In the bottom layer at 240S, the

concentration of oxygen is quite uniform at 5.4 ml 1~ throughout the

minimum layer between 3500m and 4500m, and between 50W and the Walvis

Ridge. West of 50W the oxygen increases to 5.45ml/l at the Mid-Atlantic

Ridge. Below the minimum, oxygen increases to 5.45ml/l at the bottom.

The concentration of phosphate is close to 1.67 pmol l1 . The silica
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concentration increases from 52pmol l~1 to about 54 Pmol l~1 from

3500m to the bottom. Over the abyssal plain there is a maximum near

2*C. The slight decrease in silica (and salinity) below the maximum

indicates the waters origin in the northern part of the Angola Basin. It

decreases to the west on isotherms by about 1pmol 1~1 from the interior

to the Mid-Atlantic Ridge. These values are all close to their average

values in the bottom layer at 11*S. So the distribution of these

properties at 24'S can be characterized as the result of horizontal and

vertical mixing within the bottom layer as the water moves southward.

Some mixing is expected owing to eddies, shear and strain in the velocity

field.

The potential temperature in the bottom layer at 24'S does show a

significant horizontal variation in the interior, to be discussed below,

and so it will be used for the comparison. The average values of both

potential temperature and salinity in the bottom layer are different at

110S and 24*S. A simple model for the expected change in these

properties consistent with the SA flow will be given.

A Model for Advection and Vertical Diffusion

The time independent equation for a tracer, C, is

u Cx +v Cy +w Cz = KH(Cx + C )+ K C 3-5

when there are no internal sources. Here KH and Ky are horizontal

and vertical turbulent diffusion coefficients, assumed uniform. Except
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for the northern boundary and northern part of the western boundary,

which are upstream for the interior flow, there are no horizontal sources

of temperature or salinity. Hence the main effect of horizontal mixing

would be to smooth the tracer fields across trajectories. It could not

produce a net increase in tracer concentration in the basin. Therefore

for simplicity, horizontal diffusion is neglected. Vertically averaging

(defined as the integral divided by the thickness) 3-5 through the bottom

layer gives

u C +v ~ +w0  (C0  X) = Kv Cx y z7

where the overbar denotes a layer average, and the zero sub- or

superscript denotes a value at the top of the layer. The velocity is

independent of z, so u=U/H, v=V/H. The flux KvCz is zero at the

bottom. The coordinates x and y are nondimensionalized by L, z by H, and

u and v by w0L/H. For w0=5x10-5cm/s, L=1500km, H=10 5cm, the

velocity scale w 0L/H =7.5x10-2cm/s. Writing the equation following

the trajectory of a fluid column in the bottom layer (the characteristics

of the equation) gives

d = -C + Pe~ C0  3-6
w ~0

where T, the advective time scaled by H/w0, is the coordinate along a

trajectory. The parameter Pe=w0 H/K is the Peclet number

representing the relative importance of advection and diffusion. For the
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above values of w and H, and for K =1cm 2/s, H/w is about 67

years and Pe=5.

Equation 3-6, together with equations 3-4 for the streamlines are a

system of first order equations, and can be solved by the method of

characteristics. In equation 3-6, the horizontal convergence in the

layer (U +V <0) is a source of tracer and gives rise to the C term onx y

the RHS via the mass equation. The difference between this and the net

advective plus diffusive flux changes the average concentration of the

tracer following a fluid column. To solve this equation, the mean tracer

concentration must be given initially, and one must know the value of the

concentration and its vertical derivative at the top of the layer all

along a trajectory.

As mentioned in chapter 1, the e-S profile is characterized by

strong gradients near 3500m, compared to those below. Therefore first

assume that dC/dT =Pe~lCO. Then the mean value of the tracer

changes along a trajectory by an amount proportional to the advective

time T. This simplest case results in a distribution of tracer in the

southern half of the basin which is more source-like in the east, because

water columns following eastern trajectories were more recently on the

northern and western boundary, where source-like properties are strongest

(figure 14). In this figure, young and east refer to an average age of

all the trajectories in the east which are not part of the

recirculation. The trajectories run into the western boundary and enter

the recirculation boundary current in the southern part of the basin.

Water then moves north with some average value of tracer. It reenters
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the interior, and is again subject to equation 3-6. Since bottom

temperature tends to increase with time, the lowest temperatures should

be transposed to the eastern side at 240S.

For salinity the situation is complicated by the fact that it has a

different vertical structure in different regions of the Angola Basin.

South of about 200S there is a salinity minimum above the bottom near

2.60C (figures 10 and 16). Therefore vertical mixing would lower

salinity in bottom water. For this reason salinity, if anything should

be higher in the east at 24*S.

For comparison the situation for a southern source will be briefly

outlined. The interior pattern is the same. The transport is changed

since it is required to be northward in the southwest corner. The

addition of a southern source essentially shifts the solid line

representing the transport calculation in figure 14 to the left,

increasing the northward component along the Mid-Atlantic Ridge. The

location of the zero transport point changes, and if the southern source

is any stronger than about 1/2 the northern source strength, the

transport is northward at 110S. Of course if the northern source

strength is zero, the transport is northward at 110S, decreasing to zero

at the northern boundary. Property distributions would be correspondingly

different, with property values nearer those of the Cape Basin values in

table 1 strongest in the southwest, and weakest in the southeast. This

is not what is observed.

The potential temperature and salinity pattern at 240S (figures 15

and 16) reveals lower temperatures in the east as predicted. For



-45-

instance, at 4500m temperature decreases from above 2.0*C to below 1.990C

near the Walvis Ridge. There is a slight hint of fresher water in the

east in the uncalibrated CTD salinity data (figure 16). However this is

not confirmed by salinometer data (figures 16b and c). Salinity does not

appear to have a significant trend in the bottom layer, and it seems

unlikely that the calibrated CTD data will have one, given the

salinometer results. Any salinity trend is apparently too weak to

persist with horizontal mixing, which has reduced horizontal salinity

variations to within measurement error. Salinity does decrease to the

bottom below a maximum near 4000m, a sign of its origins in the northern

part of the basin. Both the average temperature and average salinity

have increased in the bottom layer from 110S to 240S. Isotherms below

about 1.99*C and isohalines below about 34.8840/oo do not appear at

24*S. However water fresher and cooler than this enters the interior

farther north. Since water is assumed to be upwelling throughout the

bottom layer in the interior, as it moves south, it crosses isotherms and

isohalines. Neither property is conserved on streamlines, and the terms

on the right hand side (RHS) of equation 3-6 will have to be estimated.

Since there are only data at 11'S and 240S, the evolution equation

for the tracer cannot be solved continuously from the beginning of a

trajectory to its end. What can be done instead is to use the data at

110S to estimate the RHS of the equation as a function of longitude and

calculate the value of the tracer farther south. Trajectories which

reach 240S but originate from the southward moving part of the DWBC south

of 11'S are included, since e-S values close to those at 110S should
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continue that far. An estimate of the RHS of equation 3-6 from plots of

potential temperature and salinity versus depth for stations 140 to 150

at 11*S was made by graphically measuring slopes and averaging at each

station. This estimate gives an increasing tracer concentration

following trajectories for some values of the Peclet number. The RHS is

assumed to be constant along a trajectory, except that the downward flux

of salinity is set to zero at 210S, where the minimum layer above begins.

The RHS is not necessarily the same on each trajectory; it generally

increases to the east.

In table 2 an average of dS/dT and de/dT for stations 140 to 150

for different Peclet numbers and two depths is given. The numbers for

4000m are shown for comparison, but they are generally too small to

account for the increase of salinity and temperature to the south. This

is because 4000m is still within the bottom layer, below the level of

stronger vertical gradients. At any rate, to be consistent with the SA

model the fluxes should be calculated at the top of the layer, which is

near 3600m (assumed to be the same as at 3750m in table 2).

To get the value of the tracer at 240S, the RHS must be multiplied

by the time it takes for a parcel of fluid to reach 240S. This time is

different for the different trajectories, and so the system of equations

was solved numerically for different values of Pe. The best agreement is

for a Peclet number of about 2.0 with the top of the layer at 3750 m.

This value of Pe gives average temperature and salinity closest to that

observed at 24'S (figures 15 and 16b,c). In figure 17 the solution is

illustrated for trajectories which begin at 110S and in the DWBC as far
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south as y=-0.75, where it changes sign. In this figure y=-1.5

corresponds approximately to 24*S. The initial condition for potential

temperature is 1.950C, and for salinity, 34.8850/oo. The Peclet number

is 2.0. This value is smaller than the value of 5 estimated earlier, but

it is not unreasonable given the weak mean circulation in the Angola

Basin. In this figure one must visually average the property values

shown in the east in a direction perpendicular to the boundary, since

some horizontal mixing does exist, and this is the direction of maximum

gradients.

The first two terms of the RHS , r-Co, are needed in the model

for a consistent, reasonable Peclet number for the two properties.

Without these two terms, Pe>4 for e, while Pe>8 for salt.

The results for salinity are in good agreement with the data at

240S, where the mean values are between 34.88*/oo and 34.890/o.

(figure 16b). The results for potential temperature are somewhat high,

with observed mean values at 240S between 2.0'C and 2.050C, rather than

between 2.040C to 2.06*C. The error in the flux estimate could account

for this difference (see below). In any case, the model with vertical

diffusion and a Peclet number of 2.0 can account for the increase in

salinity and temperature from 11*S to 240S, based on vertical fluxes

estimated at 11'S. The Peclet number could not be greater than 2.5 or

less than 1.5 for a reasonable agreement. For w0=5x10-5 and H=lkm,

K v is then constrained to be between about 2.5cm 2/s and 3.3cm 2IS.

This value is in agreement with vertical mixing coefficients inferred in

the studies of Hogg et al. (1982) and Whitehead and Worthington (1982) at

similar depths.
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The estimated error for the calculated changes is about 200/o,

but the more important variation comes from different choices of layer

depths. The top of the layer is in a region where the vertical variation

of temperature is different from the vertical variation of salinity. So

the flux term will have a different relative importance for the two

properties at different depths. An average of the flux values near 3750m

was used to compute the flux at 3750m, and similarly for 4000m, since the

model should not depend critically on a particular choice of layer depth.

Thus both the pattern and the average value of temperature and the

average value of salinity in the bottom layer at 240S can be fitted by an

advection-vertical diffusion model following trajectories of the SA

flow. An additional observation relevant to the pattern of source-like

properties illustrated in figure 17 comes from a section at 10E (J. Reid,

data personally communicated). An isolated high-oxygen-low-salinity area

appears on the bottom near 190S, reminiscent of the source-like property

tongue entering the interior from the west in the figure (e.g. near

y=-1.0 and x=0.5). In overview, observations gave us the transport of

the DWBC and vertical fluxes at 110S in the Angola Basin. This model is

a simple and dynamically consistent way of interpreting these

observations allowing one to infer average property values elsewhere in

the basin. To the extent that the model agrees with observations at 240S

for reasonable values of the Peclet number, it probably represents the

magnitude of southward transport accurately.



-49-

The Density Field

The changing temperature and salinity cause the density to change

along the trajectories, too (see, e.g., figure 11). A mean temperature

increase of about 0.04 0C and mean salinity increase of about 0.005*/o.

implies a 0.005g/cm3 decrease in sigma-4 between 110S and 240S. The

net zonal thermal wind induced across a layer 1km thick is about

0.005cm/s. This is smaller than an estimate of the horizontal velocity

from equation 3-4, which would be Lw 0/H =0.05cm/s. The induced thermal

wind may not be negligible near the eastern boundary, though, and a brief

discussion of how this component of flow can be seen in the model follows.

The effect of an evolving density field on the flow is not included

in the SA model. In this model, the assumption of uniform density allows

u and v to be independent of z. If density is not uniform, the SA model

still gives the vertically averaged flow in the layer from the vorticity

and mass equations alone. However, because of the possibility of

vertical shear, a simple vertical average of the density equation

equivalent to the above passive tracer equation (3-6) does not obtain.

To get the same equation the advection of density by the baroclinic

velocity, or thermal wind, must be neglected.

Some idea of the sense of the induced thermal wind can be seen in

the northern half of figure 17. The meridional mean density gradient

implies a net velocity difference between the top and bottom of the

layer. Since isothems are very nearly isopycnals, this velocity

difference is parallel to the isotherms in figure 17. The sign of the

shear is such that the thermal wind is eastward at the bottom of the
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layer, and westward at the top. In the southern half, the younger water

in the east is also denser. Hence associated with this zonal gradient is

an increasing southward component of flow with depth (figure 15).

However an estimate of the velocity increment across a 1km layer near 20E

at 24 *S is about 0.01cm/s. As with the zonal thermal wind, this estimate

is small compared to an estimate from equation 3-4: v=woy/H=0.095cm/s

for w =5x10-5cm/s, y=2664km, and H=1.4xlO5cm.

Note that the baroclinic zonal velocity does not satisfy the

no-normal-flow boundary condition at the eastern wall. One way to do so

is in a narrow boundary layer of width on the order of the deformation

radius (0(10km)), in which a vertical velocity can arise and close the

flow (Pedlosky, 1979). The presence of the continental rise will

probably modify the solution, but there does not appear to be a solution

of this problem for scales appropriate for deep circulation.

Although a hint of vertical structure was inferred above, it is not

clear that stratification can be consistently incorporated into the SA

model. One could iterate the advection-vertical diffusion model with new

velocity fields, corrected by a new thermal wind at each step. However,

the mean density field only gives the net velocity difference across the

layer, the structure within the layer must be assumed from the initial

conditions. In the Angola Basin, at least, this correction is small, and

probably not fruitful. In any case, the interaction of the thermal wind,

which depends on the temperature and salinity characteristics of the

source of water to a basin, with the vertically averaged flow, which

depends only on the existence of the source, deserves further study.
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This discussion is meant to introduce a method for beginning such a

study, namely the advection-vertical diffusion model. The motivation is

to understand how the basic temperature-salinity stratification is

established by the different sources in different ocean basins, and how

it might adjust to changing sources. One could, for instance, extend the

model to the western trough and high latitudes, and represent different

buoyancy forcing by different initial conditions. The resulting change

in baroclinic flow might be estimated.

Discussion

With the tracer model I have tried to answer the question: how do

the properties of bottom water change as the water moves away from its

source in the Angola Basin, with a velocity given by the SA model. This

model illustrates the evolution of temperature and salinity in the bottom

layer. There is a net flux of density out of the bottom layer, which is

approximately -O.Olg/cm 3/70yrs. The importance of vertical diffusion

suggests that future models of the bottom circulation in the Angola Basin

and probably the eastern trough in general must have a more realistic

density equation, i.e., including dissapation. Nevertheless, in spite of

the idealizations of the SA model, the results of this section show that

it provides an accurate and dynamically consistent description of the

distribution of temperature and salinity in the interior of the Angola

Basin.
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Summary of the Tracer Model

Neglecting horizontal diffusion allows the advection-diffusion

equation for a tracer to be written in characteristic coordinates, where

the characteristics are the horizontal trajectories of fluid columns in

the bottom layer. The trajectories come from a SA model of the flow.

Vertical diffusion is necessary to account for the increase in mean

temperature and salinity moving south on a trajectory in the basin. An

estimate of the average increase in concentration of these two properties

based on the data at 110S gives fair agreement with measurements at 240S.
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Chapter 4

The Deep Oxygen Minimum.

4.1 Introduction

At 3500 m depth throughout the interior of the Angola Basin at 110S

there is an oxygen minimum layer (figure 4). It is not horizontally

uniform, and all its characteristic properties are most extreme at the

eastern boundary, which it intersects at 4000 m. In figure 18, profiles

of silica and oxygen concentration at three stations across the basin are

shown, illustrating the changing structure of the minimum and its

relation to a silica maximum. Phosphate and nitrate maxima are

coincident with the oxygen minimum, but a silica maximum is only

coincident near the boundary (figures 5, 6, 7). The most extreme values

are at the bottom at station 136 and oxygen increases both westward and

vertically. The lowest oxygen value is about 5.0 ml 1~ (calibrated

CTD value) increasing uniformly to 5.4 ml l~1 near 2'W where the

minimum layer ends. Phosphate decreases from 1.7 pmol l~1 to

1.6 pmoll~ , and nitrate decreases from 25 pmol 1~ to 24 pmol l~1

at the same position. Silica is a maximum of 62 pmol 1 1 at the

eastern boundary, and then follows the oxygen minimum decreasing to a

value of 55 pmol 1~ at station 141, at which point the position of the

silica maximum shifts downward reappearing at 4800 m, west of station

144. Along a level surface near 4000 m from the interior to the eastern

boundary, the potential temperature is constant, while salinity increases

very slightly.
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At 240S there is an oxygen minimum near 20C (figure 12). Values at

the minimum in the interior are quite uniform (not shown) at about

5.4ml/l, with no apparent tendency to be lower near the Walvis Ridge.

The depth of the minimum is near 4000m. There is a silica maximum at

240S, also at 2'C (figure 12). The core of the maximum tracks the 2*C

isotherm in figure 15, with values close to 54pmol l~. It too, is not

enhanced near the eastern boundary with the Walvis Ridge (not shown).

The oxygen minimum and phosphate and nitrate maxima are not

independent features. As a first step in understanding the distribution

of oxygen and nutrients I will consider just the amplitude of their

variation. In a later section the structure of the oxygen distribution

will be considered in the context of several models.

The decomposition of organic matter by bacteria consumes oxygen and

releases nutrients. The reduction in oxygen concentration by 1 ml 1

produces 0.32 pmol l~I phosphate, and 4.8 pmol l1 nitrate (Redfield

et al., 1963). To use this one must choose a base oxygen and nutrient

value from which to compute deviations. A reasonable assumption is that

the base value is determined by averaging between levels where horizontal

advection determines the concentration. This would be just the average

of the values at the oxygen maximum above and at an oxygen value of

5.5 ml 1~, say, near the bottom, which for oxygen is 5.40 ml 11.

For phosphate the value predicted for an oxygen deviation of .4 ml 11

-11is about 1.73 pmol 1 ; for nitrate, 26 pmol 11. Therefore local

oxygen consumption can account for the increase in phosphate and nitrate

(although it overestimates nitrate).



-55-

A study of the silica distribution in the northeast Angola Basin

has been made by Bennekom and Berger (1984). They account for a high

silica feature on the upper continental rise at 6*S. similar to the one

observed at 110S (figure 7), by the dissolution of diatoms produced in

the high productivity area in the region of the outflow of the Zaire

River (the upper continental rise is near 4000m from 6*S to 18*S). The

section at 11'S extends their map of silica anomaly relative to a base

value of 53.3pmol 1~ (their figure 22b) southward along the upper

continental rise. A station at 18*S (also Oceanus cruise 133, station

129, not shown) also has high silica, with a bottom silica value close to

59pmol 1I at a potential temperature of 2.09C, slightly above the

temperature of the core of the feature at 110S. This must be close to

the maximum southward extent, since the feature (low oxygen in the east)

does not appear at 240S in the interior of the Angola Basin.

The absence of the feature at 240S together with the apparent

uniformity of silica and oxygen at 20C (figure 12), might suggest no

advection in the east, in contrast to figure 14. But it could just as

well argue for mixing along the 20C isothenn. Values of silica of about

54pmol l1 at 24'S are intermediate between values along 20C at 110S,

which range from 52pmol l1 to 60pmol l1 (figure 6). Oxygen ranges

from 5.6ml/l to 5.1ml/l on the 20C isotherm at 11'S (figure 3), which

similarly bound the value of 5.4ml/l at 24*S. The uniformity of oxygen

and silica extrema along 20C at 240S has been remarked on above. This

latter view is thought to be the case, and two additional things add some

support. First, isobaths on the continental rise diverge near 20'S to
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surround a seamount several hundred kilometers north of the Walvis Ridge

(at about 60E). This could guide properties near the eastern boundary

into the interior, helping to mix them. Second, the high values of

phosphate in the interior at 110S and 24*S are otherwise puzzling.

Recall the mixing solutions in section 3.2 were unable to accomodate high

phosphate in bottom water at 110S, given a source concentration of

1.5pmol 1~1 and overlying water concentration of 1.65pmol 1~ (figure

12 and table 1). A component of water from the region of the continental

rise would help explain these high values*. At 11*S the highest

phosphate concentration is 1.71pmol 1~ at the bottom at station 136.

At 180S two stations (stations 29 and 30) which reached about 3500m

(about 2.1*C) showed phosphate concentrations of 1.76pmol 1~1 and

1.87pmol 1-1.

The enhanced delivery of biological matter to the upper continental

rise lowers oxygen concentrations there. Estimates of the consumption

are examined in section 4.3. For completeness, potential source regions

for this feature other than the Angola Basin are eliminated by

considering various property-property plots in the next section

4.2 Local Generation of the Continental Rise Feature

High nutrients in the Angola Basin could only have as their source

water from the south, in the Cape Basin, where AABW raises the nutrient

*Note that a higher component of water from the region of the continental
rise does not significantly alter the oxygen solution in section 3.2.
For an overlying oxygen concentration of 5.0 ml/l instead of 5.25 ml/l,
the Guinea Basin component is 850/0 instead of 780/0.
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concentrations in the deep layers (figure 12). However at the density of

the rise feature only nitrate is higher in the Cape Basin than it is in

the rise feature itself. Phosphate is lower and silica is the same.

Therefore no entrainment of nearby water could produce the correct

nutrient concentrations. In addition oxygen is too high (by 0.5 ml 1-1)

in the Cape Basin at this density. Furthermore any southern source would

have a low temperature, low salinity signal, while the rise feature has

no temperature contrast and a very slight salinity increase (figures 2

and 3).

More generally we can ask if the values of various properties lie

on a mixing line between the potential sources in the Guinea and Cape

Basins. Salinity is a good property against which to plot nutrients

since it is conservative and the two basins have a substantial contrast

(figure 10). Figure 19 demonstrates the high silica within the oxygen

minimum near the eastern boundary of the Angola Basin (open symbols).

This value lies well off the trend connecting NADW to AABW in the western

basins (the western basin trend is from Chan et al., 1977), requiring

local generation. Figure 20 gives the relationship between oxygen and

salinity in the deep water of the Angola Basin (open symbols) and

surrounding basins (the western basin trend is from Broecker et al.,

1980). Again, no mixture of deep water surrounding the Angola Basin

could produce the characteristics of the rise feature. This feature must

therefore be generated locally within the Angola Basin. In the next

section the processes of consumption are reviewed. Following that, a

mechanism for the maintenance of the rise feature is suggested.
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4.3 Interior and Boundary Consumption

Indirect evidence has been presented demonstrating that the deep

oxygen minimum in the Angola Basin must be formed locally, by the decom-

position of organic matter. In this section a discussion of the consump-

tion of oxygen in deep water is given. The purpose of this discussion is

to determine the correct consumption term and boundary conditions for the

oxygen equation. The method is as follows: The process of decomposition,

which brings about the consumption of oxygen, depends on a supply of

organic matter generated in the upper layers by biological activity. The

two sources of organic matter to deep water are a downward flux in the

water column, and a transport down the continental slope. Therefore

variations in the supply of organic matter to deep water and the

implications for the interior and boundary consumption are discussed.

The significance of these variations to the oxygen equation will be

explored in the next section on models. Although this discussion is for

the oxygen distribution, the decomposition releases phosphate and nitrate

in the Redfield ratios whether it occurs in the water or upper sediment

column. Hence this discussion applies to their distribution, also.

The eastern boundary is notable because of the presence of regions

of high biological productivity associated with the upwelling of nutrient

rich water and river input. Upwelling occurs all along the eastern

boundary of the South Atlantic; at 11*S the upweeling is predominantly

seasonal (a recent reference is Picaut, 1983). This intense productivity

results in a greater flux of organic material to the eastern continental

margin. The material continues to be consumed by bacteria on the bottom

and in the sediment column as new sediment accumulates.
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Thus oxygen is consumed within the sediment column in addition to

within the water column. The chemical reaction describing decomposition

in the presence of oxygen is the same in either case, releasing nutrients

approximately in the Redfield ratios. Studies of bottom decomposition

have shown that one of the most important factors in oxygen consumption

by the sediment is the supply of organic matter (Patamat, 1977). These

studies also show that variations in oxygen concentration do not affect

the rate of consumption down to extremely low values of oxygen (below any

observed in the deep water of the Atlantic). So high organic carbon (a

measure of organic matter) in the sediments is not the result of

overlying low oxygen concentrations. Furthermore, the role of the rate

of accumulation of organic matter on the chemistry and rate of

decomposition occurring within the sediment column is emphasized. High

accumulation rates imply higher rates of decomposition at the bottom and

within the sediment column. The decomposition produces gradients in

oxygen and nutrient concentrations at the sediment surface, and therefore

oxygen fluxes into the sediment and nutrient fluxes out of the sediment.

Thus these fluxes also depend on the amount and rate of accumulation of

organic matter*.

Of particular importance for the models of the oxygen structure in

deep water is the evidence for variation in oxygen flux across the

continental margin off northwest Africa at 100-25'N, owing to variations

in organic carbon accumulation rates. The situation is schematically

*Even with a gross estimate of oxygen flux arrived at by assuming that
the interior oxygen value decays to zero in the first centimeter of sedi-
ment, one can show it is enough to absorb the input of oxygen to the
Angola Basin by deep water.
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illustrated in figure 22. The oxygen and nutrient measurements in figure

22 are from Weichart (1974) and are at 20'N off northwest Africa. In the

figure the larger nutrient gradients and high organic matter

concentrations in the sediment column occur near the foot of the slope,

where there is an oxygen minimum and high phosphate concentrations. He

suggested that enhanced fluxes may explain the low oxygen and high

nutrients near 2000 m, close to the eastern boundary.

Bennekom and Berger (1984) interpret the results of a number of

stations in the Angola and Guinea Basins, occupied for hydrographic and

geochemical purposes. They conclude that the Zaire River has a

substantial effect on the distribution of oxygen and nutrients in the

deep water of the northeast Angola Basin, both in terms of the

productivity in the surface layers and the delivery of material to

abyssal depths. In particular, they comment on the consumption of oxygen

and build up of nutrients in the bottom water at the base of the Zaire

Canyon at 60S, at a depth of about 3500m, owing to the delivery of

organic matter and the reduced mixing. Their extreme values for these

properties are all comparable to the extreme values at 110S. It appears

that the delivery of organic material is greatest near the Zaire Canyon

at 60S, but occurs to a lesser extent all along the continental margin.

Chemists have made measurements of oxygen flux in a few locations.

These measurements have been both in situ and laboratory analyses of

samples. Smith (1984) compiled many results and reported magnitudes of

in situ measured fluxes of oxygen across the sediment interface of about

10~7 ml s~'cm-2 at 4000 m, away from areas of active upwelling,
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resulting from decomposition in the upper layers of the sediment column.

This value will be compared to measurements in the eastern Atlantic, with

the goal of arriving at a reasonable estimate for the upper continental

rise of the Angola Basin.

Pfannkuche et al. (1983) published a laboratory analysis of the

oxygen flux in bottom sediments at 350N off Morocco, an area of weak

upwelling. Unlike the region farther south, where material can pile up

at the foot of a steep continental slope, the continental margin here is

not characterized by a steep continental slope relative to the continental

rise but rather a uniform slope from shelf to abyssal plain. Their meas-

urements reveal an oxygen flux of about 2 x 10~ ml s~1cm-2 below

400 m into the sediment, in reasonable accord with Smith's (1984) values

away from an upwelling region. This is the closest area to the northwest

African upwelling region with direct measurements of oxygen flux.

Unfortunately, there is no deep profile along the continental slope

and rise in the Angola Basin of direct measurements of oxygen fluxes

which could provide documentation of greater oxygen fluxes on the upper

continental rise. However, an estimate of oxygen flux can be made based

on the relative increase of the supply of organic carbon to the foot of

the slope with a site in deeper water. The data off northwest Africa

provide justification for this method of estimating flux, since low

oxygen at the eastern boundary is correlated with high organic carbon and

an increased supply of organic carbon. Measurements of oxygen flux to

the sediment from Smith (1984) can be used as a conservative estimate of

the average oxygen flux in the Angola Basin away from the upper
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continental rise. To get the estimate for the flux at the upper

continental rise, multiply the average figure by the relative increase in

organic carbon flux there (Muller and Suess, 1979). The relative

increase in accumulation rates and organic carbon content is estimated as

follows. Accumulation rates of organic carbon from Hartmann et al.

(1976) are about a factor of ten higher on the upper rise off northwest

Africa than above or below. Data from Jansen, et al (1984) in the Angola

Basin also show at least a factor of ten increase in accumulation rates

on the rise near the Zaire fan at 60S to 90S. As a conservative

estimate, then, a factor of five to ten increase in oxygen flux at the

foot of the slope is chosen. Then the value for the flux becomes order

10- 6ml cm-2s~1 . This estimate is meant to include consumption in

material stirred up within a few meters of the bottom and the bottom

itself, as well as the sediment column.

Now interior consumption values will be considered. Suess (1980)

has put forward a tentative prediction of interior oxygen consumption

arrived at by computing organic carbon flux divergence from a model based

on measured organic carbon flux data from particle traps. Using a

production rate of organic carbon of 250 gCm-2y- 1 characteristic of

a high productivity region, his estimate is about 10-10 -1s-1,

approximately independent of depth below 2000 m. Therefore a depth

independent consumption tern of 10-10m1 -1s1 will be accepted as

reasonable for the Angola Basin. If the above boundary oxygen sink were

spread through a volume of unit cross-section stretching 500 km into the

interior, it would be equivalent to an interior sink of
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2x10~"lml 1~1s-1. This is to be compared with the value of

interior consumption to see if it might be expected to have a large-scale

influence. Apparently the eastern boundary sink has a net effect

comparable to, but smaller than the interior consumption. The boundary

sink will be seen in the next section to have an important effect on the

distribution of oxygen.

There does not appear to be a specific property that would distin-

guish interior from boundary consumption. One additional property which

might be expected to answer this question is carbon-14. If low carbon-14

values were found to correspond with low oxygen values, the argument

could be made that the water is simply old. However, sediments have

generally lower carbon 14 values than the sea-water above, and low

carbon-14 values would not distinguish between old interior water and

younger water affected by sediment fluxes. The deep oxygen minimum in

the Angola Basin does have low carbon-14 values associated with it

(figure 21). A method of distinguishing these sources would be helpful.

With values for the interior and boundary consumption, we can

proceed to the oxygen equation. In the next section the Wyrtki and Kuo

and Veronis models are discussed, and a model with boundary flux is given.

4.4 Models of the Deep Oxygen Minimum

Two models have been used in the past to explain the large-scale

distribution of oxygen in deep water. They are Wyrtki's (1962) model,

and Kuo and Veronis's (1973) model. Both include advection, diffusion

and consumption as the basic physics. The Wyrtki model is purely
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one-dimensional in the vertical direction, while the Kuo and Veronis

model is two dimensional in the horizontal plane. These models and their

predictions for the Angola Basin region will be described first, and then

a model with the added process of boundary consumption will be presented.

The oxygen equation is

uO +vOy +wOz = KH0,x +KH0yy +KvO -Q 4-1

where u,v,w are the velocity components, 0 is the concentration of oxygen

in ml l~1, KH is the horizontal turbulent diffusion coefficient, and

Kv is the vertical turbulent diffusion coefficient. Values for these

coefficients will be discussed later. The interior consumption term is

Q. To this equation boundary conditions are added, which are different

for the different models and geometries.

Wyrtki's Model

Wyrtki developed his model to explain the vertical distribution of

oxygen near minima. He assumed that within these low oxygen layers,

horizontal advection and diffusion are negligible, and that the vertical

velocity is constant. Thus the oxygen equation becomes

wOz = KOzz -Q. 4-
4-2
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Upper and lower boundary conditions on the oxygen concentration are

prescribed at depths where horizontal advection dominates, and the equa-

tion breaks down. Oxygen minimum layers form because the presence of

consumption allows the right-hand side of the equation to be zero. At

this depth the curvature is positive, i.e., a minimum. In these layers a

steady state balance exists between vertical advection, diffusion, and

consumption. The vertical velocity and diffusion coefficient occur as a

ratio in the solution. This ratio times the length scale is the vertical

Peclet number (Pe). This parameter occurred in the model for the temper-

ature and salinity distributions discussed previously, and will be com-

pared to the best value for the oxygen distribution below.

The oxygen minimum in the Angola Basin between 3500 m and 4000 m

intensifies toward the eastern boundary by about 0.1 ml 1-1 every 200

to 300 km. Therefore Wyrtki's model must be examined to look for ways in

which it could account for this horizontal variation. Rewriting equation

4-2 in nondimensional form,

0z = Pe~0zz -J, 4-3

Pe 1 = Kv /woH

Here z is scaled by H, and Q is scaled by Hw~1, where w is
00

the vertical velocity, assumed constant. The scaled consumption term is

J. The oxygen concentration is scaled by 1 ml 1~-. The model has two

parameters, Pe and J. Variations in these parameters and the boundary
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conditions are the only way horizontal differences can occur. The

strength of this model has been its applicability without ad hoc

variations in the parameters. Bennekom and Berger's (1984) summary of

productivity estimates in the region west of about 80E indicates

generally high values as far west as 4'W. The generally higher

productivity in this region has been taken into account by the choice of

Q. In addition, vertical velocity might be expected to vary because of

the continental rise. However, as long as f/H, where H is the thickness

of the bottom layer, increases northward near the eastern boundary, u is

positive (the SA model with topography is not developed here). Then a

positive vertical velocity of order wo is induced at the bottom, for a

bottom slope of about 2x10-3. W still must change linearly to wo at

the top of the bottom layer, so the assumption of uniform w in the oxygen

minimum layer near the top of the bottom layer is probably good, insofar

as the assumption of w0=constant in the SA model is good. Therefore

there is no clear basis for varying these parameters horizontally in the

interior. So the only alternative is a variation in the boundary

conditions.

The upper boundary condition is chosen to be at the oxygen maximum,

where horizontal advection dominates the oxygen equation. There the

value is 0=5.3 (figure 4 ). The lower boundary condition is also chosen

to be in a layer which has higher oxygen values owing to horizontal

advection. There the value is 0=5.45 at 4800 m, which is approximately

along the 45.875 isopycnal. The boundary conditions for the oxygen

minimum do not vary, and so the Wyrtki model cannot account for the
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distribution of oxygen in the Angola Basin. Instead, the Wyrtki model

will be found to be one component of the solution.

The Kuo and Veronis Model

Models fashioned after Wyrtki's have been used to explain quantita-

tively the large-scale structure of oxygen in some regions of the deep

ocean. For example, Warren (1973) applied the model to the South Pacific

Ocean and Warren (1981a) similarly applied the model to the South Indian

Ocean. However, in the eastern basin of the South Pacific Warren (1973)

noted the low oxygen near the eastern boundary and added horizontal dif-

fusion to the model, so that the oxygen structure determined near the

eastern boundary by other physical balances became the eastern boundary

condition. This structure subsequently dominated the interior solution.

The traditional explanation for the low-oxygen values near the

eastern boundaries of the oceans relative to the western boundaries is

contained in the Kuo and Veronis model, and is discussed below. In this

model it is the horizontal advection, horizontal diffusion, and interior

consumption which determine the oxygen distribution. They neglect the

vertical terms in the oxygen equation. The horizontal velocity comes

from the SA model. Thus the distribution depends on the horizontal

Peclet number and consumption term. They found that their model gave

good agreement with the global distribution of oxygen. However, because

the model is vertically averaged, it cannot explain why the oxygen

minimum is most intense on the upper rise. To emphasize the importance

of eastern boundary consumption, a further discrepancy between the model

and observations in the eastern tropical Atlantic is suggested below.



-68-

To derive the model, the oxygen equation is vertically integrated.

The appropriate layer in the Angola Basin is from 3000 m to the bottom,

which extends through the deep oxygen minimum. As by Kuo and Veronis,

the bottom is assumed to be flat. The region is the area east of 100W,

bounded to the north and east by Africa. Since the model is flat bottom,

there is no Mid-Atlantic Ridge, and the western boundary is open. The

southern boundary near 200S is also open without the Walvis Ridge. The

SA model with a meridional eastern boundary will be used to represent the

deep flow in the eastern tropical Atlantic, since this discussion is for

water at low latitudes (50N to 20*S). The region and flow are

illustrated in figure 23. Observations show that oxygen is fairly

uniform at 5.5 ml l~ at the western boundary of this region near the

Mid-Atlantic Ridge (Reid, 1981). Close to the equator values of oxygen

concentration increase to near 5.7 ml l~1 at this longitude. This

range is not large and the values are substantially higher than

concentrations in the minimum. Therefore 5.5 ml 1~ will be taken as

the western boundary condition. At the northern boundary at 5'N a

boundary current is predicted by the SA model which would absorb the

interior flow and leave the region. So the northern boundary is

effectively open. At the eastern boundary there is a no-flux boundary

condition.

Vertically averaging 4-1 gives, assuming the horizontal velocity to

be independent of z,

u+ + w - 0 4-4x +o y 0(00 H +v z-Q
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The overbar denotes a vertical average. From the assumption that u

and v are independent of z, the continuity equation requires w to be

linear in z. Let wo be the velocity at the top of the layer. The

third term represents the effect of this horizontal convergence on the

distribution. 00 is the oxygen concentration at the top of the layer,

and K 00 is the diffusive flux there. Following Kuo and Veronis,v z

the vertical terms are assumed to balance (they do not try to justify

this assumption, and they acknowledge that it may be wrong), leaving

uO + v0 = KH 0

Scaling x and y by L, and u and v by Lw0/H gives

uO + = Pe- 2 f -J 4-5
x y H

PeI= KH /wH .

The scaled velocity field from the SA model (as by Kuo and Veronis) is

u = -2x

v= y

where the origin of the coordinate system is at the intersection of the

eastern boundary and the equator. In terms of an initial value problem,

the oxygen will be advected into the region from the west, decay, and

diffusion will become important near the eastern boundary. By balancing



-70-

advection and diffusion one obtains the scale for which diffusion will

become important (note that u goes as x). This is for the region east of

x=-Pe-1/2. Therefore the oxygen distribution will have the large

length scales of the interior flow initially, and as a first

approximation diffusion can be ignored. Then equation 4-5 becomes

-2xOx + yOy = -J 4-6

The characteristics (streamlines) of this equation are the curves

(-x)1/2 y= c.

Integrating along a characteristic from a point on the western boundary

of the region gives

0(x,y) = 5.5 + J ln[(-x1/2)] 4_7

So the interior distribution is independent of y. The oxygen decreases

logarithmically towards the eastern boundary because of aging. This is

the essential explanation for low oxygen values near the eastern bound-

aries in this model. Diffusion will become important in the region east

of x=-Pe-1/2, and will remove the unboundedness and satisfy the no flux

condition.

Because the boundary conditions are independent of y and the inter-

ior flow with a meridional eastern boundary does not generate variations
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in the y direction, the full solution is independent of y. It satisfies

2x0 x= Pe 1 0 - J.

The solution is

0 = 5.5 + Jw/8 [erf2( Pe1/2x) - erf 2 (-Pe1 2 ) ]. 4-8

where erf is the error function. This solution is plotted in figure 24,

for J=4.3 and Pe=3.4, which Kuo and Veronis decided were optimum values

in their numerical model (their model was for the entire globe). Thus

the model predicts a low oxygen region given by the above solution all

along the eastern boundary, with a value there of 4.7 ml 1~1.

However, the deep oxygen minimum in the Angola Basin does not

extend northwards toward the equator, into the Guinea Basin (figure 25).

In this figure, there is low oxygen in the Angola Basin at 8'S and 110S

near 2.0*C. On the equator and at 60N there is no low oxygen layer. The

data are from Crawford stations during the I.G.Y., in addition to GEOSECS

and Oceanus stations. This simple prediction and disagreement indicates

that while the model can explain a tendency for lower oxygen concentra-

tions in the eastern Atlantic, it cannot explain the vertical or

horizontal structure of the deep oxygen minimum in the Angola Basin. It

suggests the need for a different mechanism or physical process.

There are several possibilities. One is that the SA flow field is

wrong and that eastward flow along the equator greater than that in the
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SA model wipes out the low oxygen near the eastern boundary. This is

unlikely since the zonal flow is zero at the eastern boundary. Second,

as with the Wyrtki model, the parameters should not be varied to produce

a special region of low oxygen without physical justification. Finally,

there is the possibility that some process is left out. Previous

sections have presented evidence for a boundary-flux term in the oxygen

equation for the Angola Basin. The effect of this term is discussed next.

A Model with Boundary Flux

Starting with the oxygen equation 4-1, the goal is to arrive at a

simpler model relevant to the oxygen minimum layer in the Angola Basin.

The upper boundary condition is at the oxygen maximum, where horizontal

advection dominates the oxygen equation. There the value is 0=5.3

(figure 4 ). The lower boundary condition is also in a layer which has

higher oxygen values owing to horizontal advection. There the value is

0=5.45 at 4800 m, which is approximately along the 45.875 isopycnal.

This model is for the region east of x=-Pe-1/ 2, which turns out

to be about 2'W for the range of Pe used here, and so zonal advection is

neglected as discussed above. Owing to the flux at the eastern boundary,

horizontal diffusion is necessary. Only zonal diffusion is allowed since

the interior flow does not generate y-variations (equation 4-8). The

western part of this region between about 20W and 30E is within the

longitude range where the meridional velocity is thought to be zero near

3600m, the approximate level of the minimum there (section 3.4).

Therefore the western boundary condition is the Wyrtki solution. The
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eastern boundary condition is a flux of oxygen into the boundary

representing consumption centered near 4000m (given below). Thus in the

western part of the region, meridional advection is thought to be a small

term in the equation for this layer. In the eastern part, the fairly

uniform v (a high estimate is 0.1cm/s) and 0 (of order 10~9ml/l/cm)
y

act as a basically constant source term counteracting Q (J in the scaled

equation). Since a fairly wide range of Q does not change the results

significantly, meridional advection is neglected for simplicity. Thus

4-1 gives

wOz = KvOzz + KHxx Q 4-9

Nondimensionalizing as before and scaling x by (H/L)(KH/KV)1/2 gives

0z = Pe-1 (0zz + 0 ) - J . 4-10

For simplicity let the flux boundary condition be F sin(nz)ePez/2

where F = H(KHKv)-1/ 2 F, and F is chosen to be 10-6 ml cm-2 s1 at its

maximum. This is the value for flux estimated in section 4.3. This form

is supposed to represent enhanced flux on the upper continental rise, as

discussed previously. Equation 4-10 is well known, but the inclusion of

a boundary flux term is new.
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Then the solution is

0 = A Pe~ ePez - Jz + B + Fo/a eax + Pez/2 sin(z) 4-11

A = Pe(O.15-J)

e~ Pe- = (r 2 + Pe2 /4)1/2

B= 5.3 - A/Pe

With H = 2 x 105 cm, w =5 x 10-5 cm s~ , and K =3 cm2s~

(section 3.5), then J=0.4 , a=3 . 6, and Pe=3.3. Solutions for several

values of Pe and J=1 are plotted in figure 26. Variations in J between

0.4 and 3 are not important. The solution for Pe=1.5 (26b) is in better

agreement with the oxygen section (figure 4), judging by the value at the

boundary and the penetration of the 5.15 and 5.2 isopleth. The

horizontal scale for these parameters and KH=10 5 is about 500km.

This value for KH is within the range of KH suggested by the model

(see below) and seems low, but might be appropriate in the deep water of

the Angola Basin, since it is a region away from intense upper layer

flow. Note also the upward displacement of the core of the minimum in

figure 26 and figure 4. This is due to the different decay scales at the

boundary from those in the interior. That is, the western part of the

solution has a minimum at a different level from the eastern boundary

part, and they merge across isopycnals. It is much weaker than observed,

but note that the displacement across isopycnals is somewhat less than

the displacement across level surfaces. Perhaps a better representation

of the vertical structure of the boundary flux (more confined vertically)
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would help reproduce this feature.

One can use the model to put bounds on the physical processes

parameterized in the model. This is important because if more elaborate

models, for instance a model including zonal or meridional flow, also

stay within these bounds, then one can be confident that the model's

basic assumptions are reasonable. For this model to agree reasonably

well with observations, horizontal diffusion should be in the range 105

to 106 cm2s~. A higher KH allows too much diffusion of oxygen

towards the boundary, raising the values there unacceptably. The Peclet

number should be in the range 1.5 to 2.5. Higher Pe numbers do not

reproduce the tongue-like character of the pattern. Although one might

argue about which values were best, the restriction to the above ranges

is fairly strong.

A lower bound for the boundary flux was estimated in section 4.3,

and used in this oxygen model. The model suggests that the notion that

the boundary flux has an influence on the large-scale distribution of

oxygen in the Angola Basin is quantitatively correct. Recall that for

the salt and potential temperature distributions the best value of Pe in

the model was 2. Together the models suggest a consistency between

source strength, vertical velocity, and meridional velocity (related by

SA physics), and temperature, salinity, and oxygen variations in and near

the bottom layer in the Angola Basin. The relation is indirect because

Pe is a free parameter, that is, because the real velocity field (at all

scales) is not known. This makes their usefulness for determining the

true velocity field practically nil. It is hoped that once an idea of
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the mean flow is gotten from general considerations of the property

distributions, the models can be useful for understanding the important

physical balances in some limited region. The consistency between the

two models is satisfying and suggests that the important component of the

flow and the important physical balances are both represented.
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Final Remarks

Summary

A summary of the basic features of the property distributions at

110S and their interpretation as discussed in the text is given next.

1) A layering of properties influenced from the north and west, and

eastward flow along the equator indicates a general southward component

of flow at 110S.

2) A large scale isopycnal slope above the Mid-Atlantic Ridge is

identified with a deep western boundary current below a zero velocity

reference level of 3600m.

3) Property values in the bottom water indicate a northern source

alone. It is suggested that a ridge near 30'S forms the true seperation

between the Angola and Cape Basins.

4) A low-oxygen-high-nutrient feature near 4000m on the eastern

boundary is suggested to be maintained by boundary flux.

A preliminary summary of basic features at 24*S in the Angola Basin

is given next.

1) Bottom water is cooler in the east, consistent with the

Stommel-Arons circulation scheme.

2) An oxygen-maximum-salinity-minimum layer exists near 3000m. An

oxygen-minimum-silica-maximum layer near 20C is quite uniform (deviations

less than measurement accuracy) in the interior. From this and

consideration of surrounding property values it appears that horizontal

mixing is important throughout the depth range 2500m to 4500m.
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3) Both an increasing northward component of flow toward the bottom

and low salinity above the Mid-Atlantic Ridge are consistent with

northward flow there, as in the SA scheme, but the higher oxygen and

lower silica there are not. The analysis is incomplete pending

calibration of the data.

A simple model for the change in e-S properties in the bottom layer

from 110S to 240S, using the horizontal velocity from the SA model and an

estimate of the vertical fluxes, suggests that Kv is about 3cm2/s for

the optimum Peclet number of about 2. An oxygen model suggests that

boundary flux is important for maintaining the deep oxygen minimum in the

Angola Basin. An optimum Peclet number near 1.5 together with an

estimate of boundary flux resricts KH to be between 105cm2/s and

106cm2/s. The above vertical turbulent diffusion coefficient agrees

with other studies. KH and the Peclet number are somewhat less than

typically quoted values (e.g. by Kuo and Veronis, 1973) and presumably

reflect generally weaker velocities in the region.

Some suggestions for field work and some unanswered questions are

offered next.

Further hydrographic and bathymetric measurements betwwen the

Walvis Ridge and Mid-Atlantic Ridge are needed to determine the nature of

the seperation between the Angola and Cape Basins. At the same time it

would be possible to determine if flow actually exists in the Walvis

Passage.
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A zonal section of radiocarbon measurements in the Angola Basin is

necessary to see if low values, which typically are used to infer old

age, are due to a flux into deep water on the eastern boundary, as with

oxygen. Note that Freon measurements taken approximately along 10E in

the Angola Basin, which could also be used to infer age, are probably at

or below the noise level (R. Wiess, personal communication).

In general a method of distinguishing boundary fluxes from interior

sources would be useful in tracing the influence of the fluxes. Eastern

boundary fluxes also seem to occur from about 10'N to 20'N in the eastern

North Atlantic, an area with relatively few modern deep observations, and

perhaps have a large scale influence. Direct measurements of oxygen flux

in profile across the continental margin in the eastern Atlantic at more

locations are needed.

The assumption of no eastern boundary currents at any level is a

basic assumption of the SA circulation scheme. Direct current and

hydrographic measurements which resolve scales less than 10km

perpendicular to the boundary (i.e. the deformation radius) along the

eastern boundary of the tropical Atlantic are needed to test this

assumption. This need is emphasized by the eastward flow at the equator

and near 210S, since the flow eventually reaches the eastern boundary and

must turn.

Dynamical questions

Some deficiences in the SA model have been discussed previously,

most importantly the assumption of uniform density. The connection

between source T-S characteristics, T-S advection, and the thermal wind

has been noted, but a consistent development of the dynamics with
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nonuniform density has not been given. Similarly, for the deep boundary

current the combined effect of stratification and topography is not well

understood. Both need to be included since isopycnal and topographic

slopes are of the same magnitude.

Another point is simply dissatisfaction with the limitations of the

SA model. Once property distributions were used to infer a reference

level and calculate transport, the SA model was then able to provide an

estimate of the source strength. One should be able to determine the T-S

distribution and velocity in the boundary current (including a reference

level, if it exists) from the T-S structure upstream or in adjacent

basins, with a knowledge of bathymetry and the dynamics. More simply the

desire is to have a theory for velocity, not its vertical integral.

The last comment is about eastward flow along the equator. It is

not known how deep flow is established and maintained along the equator,

and how it satisfies the eastern boundary condition (e.g. with a narrow

or broad flow off the equator).

These dynamical questions could be summarized in one sentence: a

theory for large-scale mean flow in the tropics which includes

stratification, and hence vertical structure, is lacking.
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Appendix

There are no modern studies of the deep or bottom circulation in

the Angola Basin. For this reason I have included this appendix which

summarizes the significant oceanographic history of this region.

Historical Remarks

The modern oceanographic history of the eastern basin of the South

Atlantic begins with the prediction by Thomson (1878) of the existence of

a connection between the mid-Atlantic Ridge and the African continent

"probably near 250S" (pg. 249). He based his prediction on the evidence

of bottom temperatures gathered by the Challenger, and presumably some

other measurements as well since the track of the Challenger did not lie

in the eastern South Atlantic at all. For instance, his bathymetry chart

shows several soundings lying on a line between St. Helena and the Cape

of Good Hope, away from the Challenger track, and he mentions the use of

previously acquired data but not his source. According to WUst (1933), a

number of expeditions have provided reliable data from the Angola Basin

(sometimes called the Congo Basin before Wst, 1933). WUst lists the

following ships in his sources: the Gazelle, 1874-76; Waterwitch,

1894-95; Valdivia, 1898-99; Gauss, 1901-03; Planet, 1906-07; Mowe,

1914-15; Meteor, 1925-27. Only the first ship, the Gazelle, could have

provided reliable data to Thomson, but there is no mention of this expe-

dition as his source. This barrier was named the Walvis (Whale) Ridge by

Supan in 1899, but the confirmation of its existence as a continuous

ridge was not well established until 1907 after several expeditions had

visited it.
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Thomson believed that the deep water, approximately defined as being

that water below the thermocline and above a potential temperature of

1.50C, was part of the Antarctic water mass and was also moving northward.

This water was apparently supplied evenly along the southern boundary of

the South Atlantic, and flows northward unobstructed in the western

trough. However in the eastern trough he postulated a ridge sufficiently

shallow to block the northward passage of water at a temperature less

than 1.90C to 2.0'C. He made no mention of any southward flow above,

and, on the contrary, thought that the flow of deep water was balanced by

evaporation in the northern portions of the Atlantic, which was subse-

quently carried south as water vapor.

Somewhat later Buchanan (1888) postulated two sills surrounding the

Guinea Basin, one connecting Ascension Island to northwest Africa, and

one between the Guinea and Angola Basins connecting St. Helena to Annobon

or Pagalu on the basis of bottom temperatures he measured during the Buc-

caneer Expedition to the Gulf of Guinea. As discussed by WUst (1933) his

measurements were made with thermometers that couldn't detect the tem-

perature inversion in the northern Angola Basin, but they were helpful in

shedding light on the problem of the passage of water from the western to

eastern troughs. The northern sill he postulated doesn't exist to the

extent that he suggested -- this topographic feature is now called the

Ivory Coast Rise. The southern sill is now called the Guinea Ridge.

Measurements in the area of the eastern equatorial Atlantic were

helping to establish the presence and propagation of Antarctic Bottom

Water (AABW) in the eastern trough. It apparently was a matter of some
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controversy whether or not a deep passage existed between the eastern and

western troughs and where it was located. This is demonstrated by a

chronology of opinion extracted from WUst (1933): Murray, 1899 - yes;

Drygalski, 1904 - yes; Krummel, 1907 - no; Groll, 1912 - yes; Schott and

Schultz, 1914 - yes; Drygalski, 1926 - no; Schott, 1926 - no. Bohnecke

(1927) showed, on the basis of Meteor observations, that a break in the

Mid-Atlantic Ridge must occur at a depth of 4100 m to 4400 m in the

region of the Romanche Fracture Zone. Thus, AABW from this depth enters

the Guinea Basin from the west. WUst (1933, 1935) in his studies traces

AABW north and south in the eastern trough by its low potential tempera-

ture, extending its influence out of the Guinea Basin poleward. He was

not able to determine, on the basis of temperature measurements and

soundings then available, the depth and extent of the gaps in the

Romanche Fracture Zone region, but he did believe that the sill depth

ranged from 4500 m to 4800 m, which was deeper than Bohnecke's estimate.

A-more recent estimate is 3800 m (Metcalf, Heezen, and Stalcup, 1964).

WUst (1933) traced AABW over the Guinea Ridge, of sill depth

4500 m, into the Angola Basin, on the basis of Meteor data, "...filling

its depression where the depth exceeds 5000 m with a homogeneous water

(9 = 1.86*-1.99*)". He also stated that the shape of the isotherms in

his bottom potential temperature chart (WUst, 1933, pg. 58) showed that

the flow was deflected eastward by the Coriolis force, entering the

Angola Basin in its northeastern corner.

WUst (1933) defined the oxygen maximum "layer" (in quotes since it

does not exist throughout the Angola Basin) as Middle NADW. This defini-



-84-

tion is based on Wattenberg's (1929) conclusion that the oxygen distribu-

tion indicates that the main mass of NADW is formed north of 40'N in the

western trough of the Atlantic, and on Wst's observation of two deep

oxygen maxima at many of his stations. He called the lower oxygen maxi-

mum the core of Lower NADW. Upper NADW was denoted by the salinity maxi-

mum. This classification proved useful in characterizing water of dis-

tinct origin in the western trough. However the terms are meaningless in

the eastern South Atlantic: For example, Middle and Upper NADW, which are

distinct layers in the western trough, are coincident in the Guinea Basin,

while only slightly farther south, in the Angola Basin, they again lie at

different densities. Another unsatisfactory situation is that Lower NADW

in the Angola Basin has the AABW-like characteristic of lower salinity.

The confusion occurs simply because oxygen has strong horizontal and

vertical structure near the eastern boundary. WUst (1933) noted the

lower oxygen content of Middle NADW in the eastern trough, but his data

could not adequately resolve the deep oxygen minimum (see e.g.

Wattenberg, 1939 and 1957). In the South Atlantic he attributed the

difference to age. With turbulent diffusion and geographical variations

in consumption, however, one cannot strictly equate age with decreased

oxygen concentration (chapter 4).

In his discussion of vertical profiles WUst mentioned that the

curvature of the potential temperature profile with depth increases

between 3000 m and 4500 m and that this was due to AABW influence. Wast

also commented on the salinity distribution in the Angola Basin, especi-

ally its "remarkable uniformity" (WUst, 1933, pg. 72). Sixteen of twenty
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measurements he uses to discuss salinity there were the two values

34.88*/oo and 34.890/00. He presents this as another hint of the

presence of AABW, regarding S = 34.900/co as "the threshold value, in

which the last traces of Antarctic water are noticeable..." Summing up

his discussion of the thermohaline features of the water of the Angola

Basin, W~st states that

"complete vertical homothermal and homohaline conditions exist in

the actual bottom water between 4500 m and 6000 m of the Angola,

Cape Verde, and Canary Basins. Here the water masses are in a

weakly stable, at places even indifferent, equilibrium."

Wst presented sections of various water properties along the

middle of the eastern and western troughs of the Atlantic. His purpose

was to emphasize the different thermohaline structure and the propagation

of water masses. Commenting on the profiles he made a curious statement

regarding the eastern trough: "A complete stagnation of the water masses

is observed at the Walvis Ridge below the depth of 3000 m" (WUst, 1933,

pg. 109). He made a similar but less direct statement in The Stratosphere

of the Atlantic Ocean (WUst, 1935) when he said that the relation between

salinity and oxygen "...becomes unsteady due to the build up (Stau) of

water masses in the Angola Basin." These remarks are meaningful only if

we note the way in which WUst used the term water mass. In the last few

sentences of The Stratosphere of the Atlantic Ocean, Wust acknowledged

"Our scheme is designed to demonstrate the meridional spread-

ing of the stratospheric core masses. It was not possible to
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create with current lines or arrows a closed circulation for

the entire water column. To do so would cross the boundaries

set by the qualitative analysis of the thermohaline structure,

since the spreading of water masses in the ocean is not ident-

ical with the water motions."

Thus WUst's statements about the water masses in the Angola Basin

refer to the distribution of properties only and are not a pronouncement

of no motion. In fact WUst (1933) did describe the sloping of isotherms

in zonal sections as evidence of motion of the bottom water there, albeit

weak. Finally, WUst (1955) presented geostrophic velocity calculations

in a section crossing the Angola Basin with nonzero deep velocities. It

is impossible to be content with these calculations, however, because of

the paucity of data and the required accuracy, and the arbitrary assump-

tion of a 1000 m zero reference level, even though they may be satisfac-

tory in other regions.
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List of Figures

Geographical place names and the position of the section at

11'S. The triangles are GEOSECS stations, the squares are

Atlantis I.G.Y. stations. The 4km isobath is drawn heavy.

Section of potential temperature (*C) at 110S in the South

Atlantic, from the Mid-Atlantic Ridge to the coast of Angola.

Same as figure 2 for salinity (0/0o).

Same as figure 2 for oxygen (ml 1 ).

Same as figure 2 for nitrate (pmol 1~1.

Same as figure 2 for phosphate (pmol 1~1). The maximum

above the eastern flank of the Mid-Atlantic Ridge is generally

between 1.60pmol 1~ and 1.62pmol l1 .

Same as figure 2 for silica (pmol 1~ 1

Same as figure 2 for potential density referred to 4000 dbars

(g/cm3 ).

Same as figure 2 for specific volume anomaly (computed with

the 1980 equation of state, cm3 /g).

Salinity versus potential temperature for stations in the

Guinea, Angola, and Cape Basins. The density is referenced to

4000 m. Oceanus stations are OC, GEOSECS stations are GS,

Atlantis stations are At.

Expanded salinity-potential temperature plot. Bottom values

are marked with an X. The dashed line is the envelope of all

values.



-95-

Figure

Figure

Figure

12: a) Oxygen, silica, and phosphate versus potential temperature

for bottom water in the Guinea, Angola, and Cape Basins (CTD

oxygen values at 110S). The I.G.Y. oxygen values have been

corrected by adding 5*/o. b) Meridional variation within

the Angola Basin. AJ 29 is at 21 0S, 10E, about 100km southwest

of GS 105 in figure 1, which is closer to the property extrema

in deep water near this latitude discussed in the text.

13: Oxygen-silica relation for potential temperature less than

2.5'C.

14: Pattern of circulation for bottom water. The transport of the

western boundary current is indicated to the left. The open

circles are placed at equal intervals of time since leaving

the boundary current.

15: Section of potential temperature for bottom water at 240S in

the Angola Basin.

16: Same as figure 15 for salinity (uncalibrated).

16b,c: Salinometer data for the interior at 24*S.

17: Predicted pattern of potential temperature and salinity south

of 110S in the basin.

18: The character of the deep oxygen minimum across the basin at

11'S.

19: Silica-salinity relation for stations in and surrounding the

Angola Basin.

20: Oxygen-salinity relation.

21: Total dissolved carbon dioxide concentration and carbon-14 at

GEOSECS station 107 at 120S (about 40/o accuracy).
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Figure 22:

Figure 23:

Figure 24:

Figure 25:

Figure 26:

From Suess (1976). Schematic representation of the relation-

ship among (A) oxygen, (B) phosphate, (C) the amount of

organic matter at the sediment surface, and (D) the nutrient

concentration gradients within the sediment column. The

low-oxygen-high-phosphate concentrations, high surface organic

carbon, and high nutrient fluxes in the sediment column are

vertically aligned with the upper continental rise. A deep

oxygen minimum exists near 2000m on the upper cont. rise, but

does not penetrate the interior. Sections are from Weichart

(1974), at 200N.

Circulation pattern for the flat bottom SA model, extending,

approximately from 50N to 200S.

Zonal variation of oxygen concentration.

Oxygen profiles at four stations along the eastern boundary of

the tropical Atlantic. The scales are different and are offset

to illustrate the vertical profiles. Station CF 446 is from

Crawford cruise 22, station CF 92 is from Crawford cruise 10,

both during the I.G.Y..

Predicted oxygen distribution for the model with boundary

flux. The vertical scale is z, the horizontal is x, with x=O

at the eastern boundary. In figure 26a, Pe=1; 26b, Pe=1.5;

26c, Pe=2; 26d, Pe=3.
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second box), and two component mixing solutions (in */o, third

box).
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two depths and for different Peclet numbers (left), in the

station group 150 to 140.
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