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Abstract-Recent
measurements
indicate the transatlantic
extent of the Namib Co1 Current at
depths of 1300-3000 m near Lat. 22”s in the South Atlantic Ocean. This current forms a continuous
circulation structure from the Namib Co1 on the Walvis Ridge to the western trough. though its
characteristic
change as deep water with varying properties enters and leaves the current owing to a
meridional flow component.
Transport estimates from hydrographic
sections on the Walvis Ridge
and at 15”W near the crest of the Mid-Atlantic
Ridge indicate a strength of about 3 x 10” m’s_ ’
The current is part of a larger-scale
eastward flow at Lon. 25”W; transport estimates across the
salinity maximum core there show a similar strength.
Associated
with this high-salinity
highoxygen current is a basin-wide front in these properties of varying intensity (weaker in the east)
marking the transition to deep water whose North Atlantic characteristics
have been partly erased
by mixing with Circumpolar
Deep Water in the southwest South Atlantic. The water which finally
crosses the Walvis Ridge is supplied both by the eastward flow of this (diluted) North Atlantic
Deep Water and by a general southeastward
interior flow from the northern
Angola Basin.
Evidence suggests that this deep water continues south in the eastern Cape Basin, leaving the South
Atlantic near the African continent.

1. INTRODUCTION
Outside the equatorial band and the Antarctic Circumpolar Current, only a few cases of
concentrated deep zonal interior flow, or deep zonal jets, have been documented
(Warren, 1982; Warren and Owens, 1988; Warren and Speer, 1991). Their exact location
is evidently an accident of local topography, but their existence is likely to be due to simple
large-scale circulation constraints related to upwelling and mass conservation. It is through
their influence on property distributions, though, that such flows make themselves
apparent. In the South Atlantic Ocean, deep property distributions show patterns
suggesting eastward flow near the equator and near 25”s (Whist, 1935; Bainbridge, 1980).
Whist (1935) actually expressed the view that elevated oxygen concentrations in the deep
water of the eastern South Atlantic between 20% and 30”s were the result of eastward
flow. Defant (1941) showed broad eastward flow at 2000 m depth between 20”s and 30”s.
Zhang and Hogg (1992) found a similar flow in their analysis of climatological hydrographic data within a limited region of the Brazil Basin, west of the Mid-Atlantic Ridge
(5”-26”S, 31”-19”W). Reid (1989), on the other hand. inferred that the deep flow was
westward over the latitude range l&25? west of the ridge. and became eastward only
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south of 25%. forming an anticyclonic
circulation in the Brazil Basin and in the northern
part of the Argentine
Basin. Near 25’S, his western trough flow was dominantly
to the
north. On the other side of the Mid-Atlantic
Ridge, Reid’s (1989) circulation
showed
eastward flow near 25%.
Tsuchiya el al. (1994) emphasized
in their analysis of hydrographic
data along 2S”W
(west of the ridge) the abrupt shift in the deep vertical oxygen structure from multiple
vertical extrema north of 2.5% to a single oxygen maximum in a deeper layer farther south.
The lateral structure of dissolved oxygen concentration
and salinity distributions
on deep
water isopycnals displayed by Reid (1989), and more recently Tsuchiya et al. (1994), shows
higher values in the interior of the western basin from roughly 20-3O”S, with maxima near
22”s. They explained the high oxygen and salinity in the interior as a result of Reid’s (1989)
deep anticyclonic
gyre in the Brazil Basin. However,
as Reid (1989) showed mainly a
northward flow across these oxygen and salinity maxima, the question of their origin and
relation to the gyre remains unclear. Is a simple deformation
of the anticyclone
adequate
to explain the property distributions.
and are transport calculations
at 25”W consistent
with such flow?
Warren and Speer (1991) observed an eastward-flowing
current near 22”s east of the
Mid-Atlantic
Ridge in the Angola Basin they called the Namib Col Current.
They
estimated a geostrophic
transport to the east of 2.2 x 10” m” s-’ over the depth range
1300-3200 m, and described the role of this current in shaping deep eastern South Atlantic
property distributions.
The current was thought to extend from the Namib Co1 (a saddle on
the Walvis Ridge of depth 3000-3250 m) west at least to the Mid-Atlantic
Ridge (Fig. 1).
In the course of F.S. Meteor Cruise 15, nominally along 19”S, it was possible to occupy a
number of stations across the Namib Cal on the Walvis Ridge to check for the presence of
this current. Another short hydrographic
section was occupied at lS”W, above the western
flank of the Mid-Atlantic
Rrdge. This report is concerned
with these and other recent
measurements
in order to determine
the extent and strength of the Namib Cal Current
located near 21-22”s. A motivation for further measurement
was the apparent dynamical
necessity for the pressure anomaly associated with zonal flow, and hence the zonal flow
itself, to penetrate west of the Mid-Atlantic
Ridge in the absence of a solid barrier there at
the depths of the current.

2. DATA
Hydrographic
measurements
come from leg 3 of F.S. Mrkwr Cruise 15. JanuaryFebruary 1991, and leg 4 of the R.V. Melville HYDROS expedition,
March-April
1989.
Full details of the logistics and operations
can be found in Sicdler and Zenk (1992) and
HYDROS
(1992); only a brief summary is given here. A discussion of the full set of
properties along the entire 2S”W HYDROS section may be found in Tsuchiya et cd. (1994).
Results from the AJAX Expedition
(1985) Stas 23-37 near I-2”E as described by Warren
and Speer (1991) are used here as well (see Fig. 1 for station locations).
All hydrographic
stations were occupied with a Neil Brown Mark III CTD O? and 36
bottle rosette for collecting water samples. Each cast extended to within 10-15 m of the
bottom. unless the bottom depth signal was poor. in which case the cast was somewhat
shallower. Station spacing averaged 65 km (100 km on the portion of AJAX used here),
with higher resolution over steep topography.
Salinity samples were analysed with a Guildline
Autosal X400 A salinometer
using

The Namib Cd Current

&““““‘~“”

4

““A”“’

~2

a

1935

1936

K. G. Speer et al.

standard seawater batches P112 (Meteor) and P108 (Melville). Oxygen was analysed
according to the Winkler-Grasshoff
method. Temperature, salinity, pressure and dissolved oxygen measurements are thought to be accurate to +O.O02”C, -tO.O03%0,+3 dbar
and +O.OS ml 1-l.
3. FLOW SCHEMATIC

Before discussing individual sections, an overview of deep water salinity on an isopycnal
surface near 2200 m depth is provided for reference (Fig. 2). The overall salinity
distribution on this surface agrees quite well with the newer data, though some of the
structure is lost to smoothing. Arrows representing flow along and across isohalines are
displayed as a schematic of how in the Namib Co1 Current and nearby currents only; their
relation to transport estimates will be discussed in section 5.
An important observational fact concerning deep water currents is that in contrast to
strong thermocline or western boundary currents, properties often evolve significantly
along a current. This evolution can be purely advective if water enters the current from one
side and leaves it on the other side, after undergoing a displacement within the current.

6O”W

40°W

200

0”

2O”E

of salinity on the isopycnal surface 36.98 kg m-s in potential
density
Fig. 2. Distribution
anomaly. adapted from Reid ( 1989). The depth of this surface ranges from 2200 m in the tropics to
2400 m near 405. Stations arc shown from Meteor cruise 15 at 15”W and the Namib Co1 (larger
dots), and a portion of a hydrographic
line along the Rio Grande Rise used in transport calculations
(dotted line). Arrows indicate schematically
the direction of flow based on transport calculations
(xc text).
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When a range of water types does this the properties
of the current can change by
substitution.
This effect explains the greatest property changes along the Namib Co1
Current:
those across the Mid-Atlantic
Ridge. but it also operates all along its length.
Lateral and vertical mixing change the properties
of water parcels themselves
allowing
flow across isopleths. In the flow scheme cross-isohaline
flow is admitted, at least in the
western trough (see e.g. Zhang and Hogg, 1992), where lateral mixing may be the
dominant mixing mechanism in a narrow tracer tongue.
Much like Reid’s (1989) circulation
for this region, deep water leaves the western
boundary south of 20% and moves northeast more or less following isohalines (Fig. 2).
Unlike Reid (1989), more water crosses the Mid-Atlantic
Ridge before turning north in a
current above the eastern flank. Northward flow above the entire eastern flank of the ridge
in the depth range 2400-4000 m was described by Warren and Speer (1991), and thought to
be fed by deep water flow from the western boundary in Lats 30-35”s. They also noted that
at 24%. the ridge flank current extends to shallower depths as well (1300-2400 m), whereas
at 1 l”S, on the contrary, there is southward flow at depths near 2000 m across the Angola
Basin. The salinity distribution
(Fig. 2) supports the idea that at depths near 2200 m the
ridge flank current flows north only part way up the basin, that is, up to about 15”S, before
joining a southward interior flow, and that moreover at these shallower depths it is fed by
zonal tlow in Lats 25-30”s west of the ridge.
This flow is more than a simple deformation
of Reid’s (1989) anticyclonic gyre, because
it implies a net eastward tranport of deep water out of the Brazil Basin and across the MidAtlantic Ridge, whereas his gyre confines (between 10-35”s) deep water to be west of the
ridge. However, as Reid (1989) was addressing the circulation of the entire South Atlantic,
and not just (schematically)
a portion of it, a general similarity to his flow pattern should bc
emphasized.

4. PROPERTY

DISTRIBUTIONS

The structure of deep water below 1000 m depth and above 4000 m depth is described in
the order from west to east using the three meridional profiles of hydrographic
properties
at 25”W, 15”W and across the Namib Co1 of the Walvis Ridge. Within this depth range
three major water masses are usually distinguished:
North Atlantic Deep Water, concentrated roughly between 2000 m and 3000 m depth, and Upper and Lower Circumpolar
Deep Water. The latter two are old, oxygen-depleted.
deep water mixtures that enter the
South Atlantic through the Drake Passage, with an antarctic component
that makes them
relatively
fresh and nutrient
enriched,
compared
to the deep water from the North
Atlantic.
The distribution
of properties
in the North Atlantic
Deep Water layer is
emphasized,
consistent with the outline of flow in the previous section.

4.1,

25”W sectiorz

Dissolved
oxygen concentration
and salinity at 25”W were discussed in detail by
Tsuchiya et al. (1994); these properties are displayed here over a reduced latitude range
(Fig. 3). The overall vertical structure of the oxygen and salinity maxima between 20” and
30”s changes from a thick layer with a salinity maximum near 2000 m depth in the north to a
thinner, smoother shape in the south with oxygen and salinity maxima closer to 3000 m
depth (Fig. 3; see also Tsuchiya et cd., 1994). This front between southern and northern
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vertical structure occurs all across the South Atlantic (Whist, 1935; Reid, 1989), though it is
weaker east of the Mid-Atlantic
Ridge.
The front is due to the eastward flow, and northward excursion, of North Atlantic Deep
Water (Fig. 2), which has had its upper layers most strongly modified by lateral and vertical
mixing with Circumpolar
Deep Water in the southwest
South Atlantic.
Reid (19X9)
considers that it is the Circumpolar
Deep Water which, after mixing with North Atlantic
Deep Water, undergoes this excursion, extending north to 105 before turning east and
flowing back south. The point is somewhat a matter of water mass definition
and the
particular isopycnal or level in question, but again the flow scheme here simply implies that
otz this isopycnal, more deep water crosses the Mid-Atlantic
Ridge before turning north,
and that the deep water which does flow north in both the eastern basin and the western
basin comes from the western boundary current rather than the Circumpolar
Current; that
is, the North Atlantic Ocean rather than the Pacific Ocean.

1939

The Namib Cot Current

(b)

HYDROS 4 OXYGEN 500
STATION No.
352

34s

340

335

330

325

320

314

0
2.2

4000

6000
0

1000
I

10%

I

I

I

I

I

15”

I

,

,

,

2000 km
,

20”

,

/

,

,

,

25”

,

,

,

,

,

,

,

30”

At 25”W a maximum
in salinity occurs at Sta. 331,22”S, near 2000 m depth, within the
generally high salinity North Atlantic Deep Water between 20”s and 35%. Oxygen values
are highest near this latitude as well, though the signal is noisier and a single outstanding
maximum is difficult to identify. Following Reid (1989), Tsuchiya etnl. (1994) explain this
structure as the result of anticyclonic
flow in the Brazil Basin, carrying high salinity and
high oxygen deep water around the basin from the western boundary.
Transport
calculations at this longitude (Section 5) show zonal flow consistent with anticyclonic
motion,
but indicate an additional net eastward transport across the salinity maximum.

4.2. 15”W
During Meteor Cruise 15 a short meridional
section at 15”W was placed just west of the
ridge crest, spanning the latitude range of the Namib Co1 on the Walvis Ridge (Fig. 1).
Within this latitude range. the ridge crest is cut by two deep fracture zones near 21”s and
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22”s (Heezen and Tharp, 1978) which show up as the deepest points on the 15”W section
(Fig. 4).
Profiles of potential temperature and salinity (Figs 4a,b) show the three principal deep
water masses: the Antarctic Intermediate Water salinity minimum near 800 m depth, the
North Atlantic Deep Water salinity maximum centered at about 2000 m depth, and the
cold, low salinity Antarctic Bottom Water usually defined as water colder than 2°C.
Despite the very limited meridional extent of this section, significant property variations
occur within the deep and intermediate water masses. A temperature inversion between
these two water masses exists at Stas 168-169, but disappears to the south. On level
surfaces or isopycnals in the depth range 1000-2000 m, water generally cools and freshens.
A striking exception to this trend is the relatively warm and salty water centered near 2000
m depth at Sta. 172 (close to 22”s). Salinity reaches a maximum greater than 34.93 which is
about 0.03 above its surroundings. This salinity maximum is correlated with high oxygen
concentration (Fig. 4~). Both of these characteristics indicate purer North Atlantic deep
water from the west.
Also at Sta. 172, oxygen concentration attains a maximum value of 5.75 ml 1-l. For
comparison, Warren and Speer (1991) reported oxygen concentration as high as 5.6 ml I-’
at AJAX Sta. 29 near 1”E (Fig. 1) in a similarly isolated maximum. The decrease in oxygen
to the east (and that of salinity) is consistent with the schematic circulation field described
by Warren and Speer (1991). in which water moving eastward through 15”W (see Section
5) is absorbed by northward flow above the flank of the ridge. The water supplying the
Namib Co1 Current to the east of the ridge is therefore older, lower oxygen, lower salinity
deep water partly from this flank current and partly from the interior of the basin.
4.3. Namib Co1 section
Eight stations were occupied across the Namib Co1 on the Walvis Ridge near 22”s (Fig.
1). Maximum salinity values between 34.90 and 34.91 were found at the saddle (Fig. 5b),
agreeing with values found at the same location on GEOSECS Sta. 104 (Bainbridge,
1980). Warren and Speer (1991) noted that at depths greater than 2250 m high salinity
water flowing through the Namib Co1 was the only possible source for water of similarly
high salinity to the east of the Walvis Ridge in the Cape Basin. The relatively strong
variation of salinity across the current observed in the AJAX section (and present in the
Namib Co1 section) was explained moreover as a confluence of interior water feeding the
current from the north, with somewhat fresher water from the ridge flank current. The
same salinity variation persists to the Namib Co1 itself (Fig. 5b), implying that water from
both the interior of the Angola Basin farther north, as well as water from the Mid-Atlantic
Ridge, flows through the passage.
Maximum salinity at the Namib Co1 is lower than at 15”W by about 0.03, but very close
to maximum values on the AJAX section (Warren and Speer, 1991). This supports the
idea of essentially continuous zonal flow within the Angola Basin.
Oxygen concentrations (Fig. 5c) reach a maximum at depths near 2200 m on Sta. 223 and
at the bottom on Stas 220-219. at the co1 itself. The maximum concentration of 5.4-5.5 ml
I--’ is somewhat less than the 5.5-5.6 ml I-’ maximum found on the AJAX section and
substantially less than that at 15”W (Fig. 4~). The explanation for this follows that for
salinity: that the Namib Co1 Current east of the Mid-Atlantic Ridge is fed by older deep
water than the current west of the ridge.
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Potential density (Fig. 5d) shows a rather sharp horizontal variation in deep water above
the deepest part of the col. A net drop to the south in isopycnal depth across the section
signals eastward transport,
with a reference
level above the bottom-intensified
flow
(Section 5).
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5. TRANSPORT
Warren and Speer (1991) used a 1300 dbar reference
level to estimate geostrophic
transport in the Namib Co1 Current on the AJAX section in the depth range 1300-3300 m.
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Such a choice is natural in our Namib Co1 section as it produces eastward flow through the
passage. It also gives consistent results at 15”W: eastward flow where salinity and oxygen
are highest. At 25”W the choice is less obvious, but produces equally satisfying results.
That is. a general eastward flow from 21-30”s (Fig. 6), as found by Zhang and Hogg
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(1992), and similar to (but extending somewhat farther north than) Reid (1989). At Lats
19-21’S the transport reverses direction. This westward transport is interpreted below as a
component of flow “around” the salinity tongue (Fig. 2).
At 15”W there is a net eastward transport of 2.2 x 10' m’ s-’ in the depth range
1300-3200 m and station range 170-174 (Table 1). This transport is located mainly above
the two fracture zones in the section (Stas 170-171 and 172-173) and corresponds to those
stations with the highest salinity. The width of the current as suggested by property fields is
about 300 km. Warren and Speer (1991) inferred a broader current, 500 km, in the AJAX
section, but also calculated a transport of 2.2 x lo6 m3 s-’ (Stas 28-33, Fig. 1).
The net eastward transport across the Namib Co1 is 3 X 10hm3 SK’(Table l), which fits
in with the results at other longitudes. From the southernmost station, 216, the current
builds up to nearly 7 x 106 rn3 s-’ at Sta. 222, half of which is cancelled by the following
station pair 222-223. Considering only those stations covering the main passage, 218-22 I.
the eastward transport is 4.2 x 10h m3 s-‘.
According to the flow scheme (Fig. 2) deep water flows northeast from the western
boundary toward the Mid-Atlantic Ridge, some of which crosses the Rio Grande Rise near
30”s. Using data from a hydrographic section situated on the rise (Speer and Zenk, 1993),
the northward deep water transport offshore of the front to 26”W (Fig. 2; their Stas 23-89
with a 2°C reference surface) is 6 x lo6 m” s-‘. Their section lacked horizontal resolution
right at the eastern flank of the central Rio Grande Rise (Speer and Zenk, 1993), where an
additional 3 x lo6 m3 s--r or so may exist, based on extrapolating isopycnal slopes near
topography. That leaves 7 x 10h m3 s- ’to be supplied from the western boundary north of
about 3o”S, in order to explain all of the observed 16 x 10”m3 s-l transport from 21-30”s
at 25”W (Fig. 6). About 2-3 x 10" m3 s-’ of this total (across the salinity maximum at
21-23”s) constitutes the Namib Col Current. Taking the 5 x lo6 m3 ss’ of westward
transport between 19”s and 21% (at 25”W) to represent water expelled to the north of the
current, flowing back west and reducing the net eastward transport, about 11 x lo6 rn.‘s~ ’
crosses the Mid-Atlantic Ridge. There it enters and turns north in the ridge flank current
(8 x 10hm3s-’ at 24”S, Warren and Speer. 1991), which subsequently supplies the Namib
Co1 Current and interior flow in the southern Angola Basin.
To make qualitatively the connection between these estimates and the flow scheme,
transport along isohalines and across isohalines is crudely distinguished by interpreting the
net transport across the core of the salinity maximum as a cross-isohaline component. (In
other words, a residual mass transport into an area bounded by a mean isohaline. There
could be an eastward salt transport even without a net flow, because of a correlation
between velocity and salinity.) Thus, it is the small net transport across the salinity maxima
of the western basin meridional sections that is the Namib Co1 Current west of the MidAtlantic Ridge, and which is marked on the flow scheme by small arrows. Larger
transports occur over subsets of station pairs in a sense roughly consistent with flow along
isohahnes; this is how these larger transports are interpreted, and marked by larger
arrows. An origin close to the western boundary between 20”s and 23”s is consistent with
salinity and dissolved oxygen distributions (Fig. 2; Tsuchiya et al.,1994, Fig. 15) and
geostrophic shear (Reid, 1989. Figs 26 and 27), but the water entering the Namib Col
Current at these latitudes would be replaced by water emanating from the western
boundary farther south before it could reach 2O”W.
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Table I. Volume transports ( 10h m3 s-‘) by station pair in the interval
13OS3200 m for Meteor Stas 168-174 at 15”W and 216-223 at the Namib
Col. These transports are summed cumulatively from south to north in the
following

row

I 5”W
168-169
1.7
1.0

169-I 70
-2.9
-0.7

170-171

1.3
2.2

171-172
0.3
0.9

172-173
0.7
0.6

173-174
-0.1
-0.1

Namih Col
223-222
-3.9
3.0

222-221
2.1
6.9

221-220
2.3
4.8

220-219
0.3
2.5

219-218
1.6
2.2

218-217
0.1
0.6

217-216
0.5
0.5

dynamics of this water mass involves the manner in which it leaves this ocean south of
Africa. What is the contribution of flow from the northern Cape Basin along its eastern
boundary compared to more zonally direct route from the western boundary current off
South America? The maximum salinity of water entering the South Atlantic through the
Drake Passage is about 34.74 (Gordon et al., 1982)) so the higher salinity deep water found
east of Africa (Reid, 1989, Fig. 33b; Toole and Warren, 1993) must be North Atlantic
Deep Water carried there by eastward flow below the Subtropical Front (Whitworth and
Nowlin, 1987)) in the South Atlantic Current (Stramma and Peterson, 1990), or flow down
the eastern side of the Cape Basin. Both options were described by Gordon et al. (1992)
and discussed by Toole and Warren (1993), and both were thought likely to be delivering
North Atlantic Deep Water to the southwest Indian Ocean. The latter may be guided by
the Agulhas Current and Agulhas Return Current to nearby basins, while the former
would, if it does not turn back into the South Atlantic, supply deep water to the Indian
Ocean directly from the western boundary current near 40”s.
The existence of southward flow near the boundary is illustrated by its impact on
dissolved oxygen, phosphate. and silica distributions near 2200 m depth (Reid, 1989, Fig.
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32), which imply a northern Cape Basin origin for the deep water rounding the southern tip
of Africa. In a box model of the Indian Ocean circulation, Metzl et al. (1990) emphasized
the role of oxygen and nutrient fluxes in setting an 11 x lo6 m3 s-l deep water inflow to the
Indian ocean in their box nearest the African continent, when they included biological
sources in their model.
That a significant fraction of the North Atlantic Deep Water outflow might occur via the
eastern Cape Basin route seems surprising, but is suggested by recent flow calculations.
Reid (1989, Fig. 23) has roughly one third of the deep water flow (2500 db) of salinity
greater than 34.8%0 in the eastern boundary region of the Cape Basin (at 3000 db the
fraction near the continent is even higher). Some evidence for a significant eastern
boundary current comes from direct current meter measurements of a deep southward
motion for a period of several months on the eastern boundary near 30”s (Nelson, 1989).
Saunders and King (1995) incorporated this evidence into their solution for total flow near
this latitude, and inferred a southward transport of about 7 x lo6 rn3 s-’ in the deep water
(1500-4000 m) concentrated east of 1O”E. The amount of North Atlantic Deep Water
flowing east near 40”s and continuing into the Indian Ocean is not yet completely clear, but
Saunders and King (1995) calculated a further deep water transport of about 15 x IO’m3
S -’
across Lats 35-45”s on their diagonal section above the eastern flank of the
Mid-Atlantic Ridge (15”W-5”E). Over the rest of the section from the ridge crest to the
western boundary the net deep water transport was zero.
The role of the Namib Co1 Current as a source of deep water to the northern Cape Basin
is clear, and the ultimate connection of this source to flow around the southern tip of Africa
seems probable. Adding together the tranport of this current and a comparable southward
interior flow component (as observed at 24”s; Warren and Speer, 1991), the total (5 x 10h
m3 sP’) may be enough to explain the apparently large contribution of the eastern Cape
Basin deep water route.
With a transport of roughly 3 x lo6 tn.’ C’, the Namib Co1 Current barely rises above
uncertainties associated with deep transient motion. Nonetheless, the measurements
reported here give a consistent picture of a transatlantic eastward current correlated with
tracers over a wide span of time, supporting a mean flow interpretation. Water mass
contributions from the north and south change the water mass properties of the current
along its route. Despite the relative weakness of this current compared to the major South
Atlantic deep western boundary currents, it manages to have an important impact on the
large-scale property distributions in the deep water. This tits its role as a pathway for North
Atlantic
Africa.
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