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ABSTRACT

In its general northward flow along the western trough of the Atlantic, Antarctic Bottom Water (AABW)
must pass over several sills separating the various abyssal basins. At the equator, the western trough is deformed
by major east-west offsets of the Mid-Atlantic Ridge and the continental margin of Brazil, forming a nearly
zonal abyssal channel about 250 km wide, centered at the equator, and extending approximately 1000 km along
its axis, in which the AABW is confined. Thus, the general northward flow of AABW is topographically constrained
to be westward as it crosses the equator. A hydrographic section across this channel at 37°W shows the AABW
isopycnals to be “bowl"” shaped within and beneath the level of the channel walls. The equatorial geostrophic
relation permits us to compute a zonal velocity from the well-defined parabolic distribution of dynamic height,
relative to a reference level at the transition between AABW and the overlying deep water. Here 4.3 X 108
m?s™! is estimated for the westward—and ultimately northward—transport of AABW. Although this value
exceeds previous estimates of net northward transport in the Brazil and Guiana basins made from International
Geophysical Year data of the late 1950s, it fits well into an overall scenario constructed from transport estimates
made from section data collected during the 1980s. This scenario includes a flow of approximately 7 X 10°
m® s~ of AABW into the Brazil Basin from the south. The magnitude of the northward flow diminishes as it
moves toward the equator indicated by estimates of 6.7 X 10° m®s™! at 23°S and 5.5 X 105 m®s~! at 11°S.
At the equator, 4.3 X 10® m3? s™! exits the Brazil Basin to continue northward across the Guiana Basin, and an
unquantified amount flows through the Romanche Fracture Zone into the eastern basin. The northward decrease
in AABW suggests an upwelling across isotherms. The difference in transports between 11°S and the equator,
1.2 X 10® m3 8™, is an estimate of the combined amounts of AABW being upwelled and exiting the basin
through the Romanche Fracture Zone. In the Guiana Basin at 4°N, AABW transport is estimated at 4.0 X 10°
m® s~ This flow subsequently splits into two approximately equal flows: continued northward flow through
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the Guiana Basin, and eastward flow through the Vema Fracture Zone at 11°N to the eastern basin.

1. Introduction

The abyss of the Atlantic Ocean is divided into two
north-south trending troughs by the Mid-Atlantic
Ridge. Cold dense waters enter the western trough from
sources in the polar and subpolar seas of both hemi-
spheres and flow toward the opposite hemisphere as
deep western boundary currents (DWBC). The north-
ern source waters and their progressively altered forms
to the south are collectively and loosely defined as the
North Atlantic Deep Water (NADW). The southern
source waters and their progressively altered forms are
likewise referred to as the Antarctic Bottom Water
(AABW). Progressive alteration reflects the entrain-
ment/detrainment of heat, salt, mass, and other phys-
ical and chemical properties along the path of the flow.
Mixing between the vertically superimposed NADW
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and AABW contributes greatly to their alteration.
Where the influence of southern source waters can be
recognized, the AABW is, in general, locally more
dense, situated between the NADW and the seafloor.
As a result, the topography of abyssal basins and in-
terconnecting passages strongly influences the lateral
distribution of AABW properties.

Estimates of the AABW net transport have been
made from various sections crossing the western and
eastern troughs. Because conventional geostrophic es-
timates cannot be made directly at the equator, the
transequatorial transport of AABW has only been in-
ferred in the western trough from sections located sev-
eral degrees to the north. This paper takes advantage
of a topographic peculiarity in the equatorial zone of
the western trough to make a direct geostrophic esti-
mate of the transequatorial exchange of AABW using
a section that crosses the equator near the western
boundary. Abyssal ridges, zonally oriented north and
south of the equator, constrain the AABW to flow
westward along the equator as it crosses from the
Southern Hemisphere to the Northern Hemisphere. A
meridional hydrographic section across this east-west
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channel reveals parabolic isopycnals centered on the
equator in the AABW. By assuming a predominantly
zonal flow in the channel, the equatorial geostrophic
expression for the zonal flow produces a velocity profile
and a transport estimate of 4.3 X 10® m3s™!.

The structure of the remainder of this paper is as
follows. Section 2 discusses the general distribution of
the AABW in the Atlantic Ocean. Section 3 describes
the basic property fields of the 1983 CTD section
crossing the equatorial channel, the selection of a ref-
erence level, and the application of equatorial geostro-
phy to produce an estimate of the transequatorial
transport of AABW at the equator. In section 4, we
present an overall picture of AABW transport through
the western Atlantic.

2. Background

The global distribution of bottom water character-
istics has been charted and discussed by Mantyla and
Reid (1983), and here we briefly review their chart of
bottom potential temperature, 5, in the Atlantic Ocean
(Fig. 1). A gradual northward increase in 6z values
characterizes each of the major abyssal basins in the
western trough, while steeper 8 gradients are delineated
in the constricted passages and silled channels con-
necting these basins.

From the Weddell Sea, typified by 83 values between
~0.9° and —0.8°C, to the Argentine Basin, where val-
ues range between —0.3° and —0.2°C, a 0.5°C rise
occurs in 85. Tongue-shaped isotherms, for example,
0z = —0.5°C, trace the flow of AABW through the
South Sandwich Trench and the Georgia Basin, under
the Antarctic Circumpolar Current, and into the
southern Argentine Basin. Whitworth et al. (1991 ) have
published current meter measurements of this flow into
the Argentine Basin, reporting a DWBC transport of
8.2 X 10°m3 s~ for AABW colder than 0.2°C.' Water
warmer than this temperature cannot be differentiated
from water entering the basin through the Drake Pas-
sage. The relation of this DWBC transport to the net
meridional transport of AABW in the Argentine Basin,
however, remains unclear. Although it exceeds Wright’s
(1970) geostrophic estimate of 5.2 X 10 m> s~ at the
International Geophysical Year (IGY) 32°S section,
the lower estimate may reflect poor positioning of sta-
tions at the western boundary.

From the Argentine Basin, AABW transits the Rio
Grande Rise (near 32°S, Fig. 2a) through the Vema
and Hunter channels and flows into the Brazil Basin
where g values rise slightly to between 0.0° and 0.3°C.
Hogg et al. (1982) reported a transport of 4.1 X 10°
m? s™! through the Vema Channel for AABW colder
than 1.58°C. The net northward flow into the Brazil
Basin is believed to be larger than this due to additional

! All temperatures referred to in this paper are potential temper-
atures.
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FIG. 1. The distribution of near bottom potential temperature
in the Atlantic Ocean (from Mantyla and Reid 1983).

flows along the continental slope west of the Vema
Channel and through the Hunter Channel. AABW exits
the Brazil Basin at its northern boundary via two routes:
part is diverted to the eastern trough through the Ro-
manche Fracture Zone at the equator, while the re-
mainder crosses the equator into the western trough
of the North Atlantic.

Proceeding northward in the western trough, AABW
enters the North Atlantic Basin, which is dominated
by the Nares Abyssal Plain and is separated from the
Brazil Basin by a series of abyssal plains collectively
called the Guiana Basin. Between the equator and
18°N, AABW flows through the narrowed western
trough passing successively over the Ceara, Para, De-
merara, and Barracuda Abyssal plains. The Ceara
Abyssal Plain is, in actuality, a regional topographic
rise, shoaling to a sill depth < 4500 m near 3°N, com-
pared to depths > 5500 m in the northern Brazil and
northern Guiana basins. Whitehead and Worthington
(1982) estimated the transport of AABW colder than
1.9°C at 4°N (between the Ceara and Para Abyssal
plains) to be 0.8 or 2.0 (X 10% m?®s™!); McCartney
(1993a) disputes these estimates and claims 4.0 X 10°
m? s™! at this location. About one-half of this flow is
diverted into the eastern trough through the Vema
Fracture Zone at 11°N (McCartney et al. 1991). The
remainder spreads northward in the western trough,



1266

fading in intensity, but is recognizable as 0 values near
1.7°C northeast of Bermuda (Sohm Abyssal Plain) and
near 1.8°C in the Newfoundland Basin [distinguishable

from northern source waters by its higher silicate;

McCartney (1992)].

The largest increase in fp between adjacent basins
(1°C) occurs across the equator. The mechanism for
this warming is the topographic restriction of colder
water from northward flow in at least one, possibly
two, locations (Fig. 2). The first is a topographic sill
located at the entrance to the equatorial channel in the
northwest corner of the Brazil Basin. Formed by the
eastward broadening of the continental slope and the
westward extension of the Mid-Atlantic Ridge, it pre-
vents water deeper than 4500 m—and colder than
0.6°C—from entering the Guiana Basin. A second
barrier, although not sharply defined, is formed by the
Ceara Abyssal Plain, which gradually shoals to a depth
of less than 4500 m between 1°N and 4°N. Near this
rise, fp is about 1.0°C (Whitehead and Worthington
1982), compared to 0.6°C in the equatorial channel
and 1.2°C in the northern Guiana Basin (Demerara
Abyssal Plain, depths > 5500 m). Whitehead and
Worthington (1982) described this still as a barrier
preventing the deeper (and colder) AABW from further
northward flow while permitting only AABW warmer
than 1°C to spill over the sill and continue its north-
ward flow.

This paper focuses on the equatorial zone through
which the AABW transits from the Brazil Basin into
the Guiana Basin and makes some estimates of the
magnitude of the northward AABW transport. Al-
though the ability to use geostrophic methods to com-
pute meridional transport normally breaks down at
the equator, the topography in this particular region—
detailed in Fig. 2b—presents us with a special case.
The north-south trending Mid-Atlantic Ridge yields
to a series of westward offsets between 5°S and 15°N
that incline the ridge axis to trend NW-SE, paralleling
the South American coastline. At the equator, fracture
zones and other tectonic features combine to create
topography with a nearly east-west trend: the Parnaiba
Ridge projects eastwards from the continental slope of
Brazil towards the Pernambuco Abyssal Plain near 2°S,
while another narrow ridge projects westward from the
midocean ridge onto the southern Ceara Abyssal Plain
near 1°N. The latter ridge originates in the neighbor-
hood of the St. Peter and St. Paul Rocks and forms the
north wall of the St. Paul Fracture Zone. Neither of
these ridges completely blocks the western trough, but
they do overlap for the longitude range between 35°
and 40°W. The result is a zonal channel at the equator,
open to the northwest at 40°W and open to the south-
east at 35°W. The overall northward flow of AABW
is thus topographically constrained to approach the
equator from east of 35°W, turn westward and flow
along the equator between 2°S and 1°N, finally turning
northward as it exits the channel west of 40°W. The
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crest height of the north wall represents the vertical
limit for this topographic constraint. Our potential
temperature section indicates all water colder than
2.0°C lies beneath this crest height; however, breaks
or gaps in this wall could conceivably permit AABW
to leak across the equator unconstrained by this
channel.

A section of CTD stations with supportive water
sample work was made in 1983 across this equatorial
channel (locations on Fig. 2). This report uses that
section to estimate the westward transport of AABW
geostrophically, implementing the latitudinally differ-
entiated form of the more familiar midlatitude geo-
strophic balance. This equatorial geostrophic formu-
lation relates the product of the planetary 8 and the
zonal flow speed to the latitudinal curvature of the dy-
namic height field. It is the channeling of the AABW
to westward flow along the equator for a limited lon-
gitudinal range—and an element of luck—that permits
this application of the equatorial geostrophic relation.
The luck factor involves the situation of the abyssal
current almost directly on the equator at the time of
the CTD work: the dynamic height field is of nearly
perfect parabolic form with zero slope at the equator.
The serendipitous nature of a single section yielding
such symmetry is evidenced by two points. First, the
symmetry in the dynamic height field deteriorates sig-
nificantly above the AABW,; it is common in ther-
mocline applications of the equatorial geostrophic for-
mulation to have to average together several sections
to achieve a field symmetric about the equator. Second,
a subsequent reoccupation of this section in 1989
showed an AABW dynamic height decidedly asym-
metric about the equator.

3. Antarctic Bottom Water at the equator and an
estimate of its transequatorial transport

In the summer of 1983, the R/V Knorr occupied a
long section of CTD stations near 35°W between
Greenland and Brazil. After some focused work on the
deep and bottom water flow at the Vema Fracture Zone
(McCartney et al. 1991), the section crossed the Mid-
Atlantic Ridge extending southward across the western
trough of the Atlantic to Capo de- Sao Roque, the
northeast extremity of the South American continent.
The equatorial channel was crossed near 36°45'W and
included stations at latitudes +1.25°, +0.75°, +0.33°,
and 0.0°. The data collected included CTD profiles of
temperature, salinity, and oxygen, and up to 24 water
samples per station. The water samples were processed
for salinity and oxygen content, for calibration of the
CTD instrument, and for the three nutrients, silica,
nitrate, and phosphate. In April 1989, after completing
a transect of the South Atlantic near 25°W, a partial
repeat of the section across the equatorial channel was
obtained from the R/V Melville, with a similar suite
of measurements. Territorial water technicalities
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FIG. 2a. Locations of the primary transequatorial R/V Knorr section from 1983 and the 1989 R/V
Melville repeat occupation at the equator, both used in Figs. 3 and 4. Sections near 11°S and 23°S, from
R/V Oceanus in 1983, are shown in Fig. 5; and the Oceanus stations near 4°N collected in 1977 are the
focus of studies by Whitehead and Worthington (1982) and McCartney (1993a). Shading indicates depths
shallower than 4000 m, and the 4500-m contour is included in the tropics to delineate the equatorial sill
[bathymetry from the “Etopo5” database, National Geophysical Data Center ( 1988)].
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FIG. 2b. An expanded view of the equatorial zone, as in (a). Depths shallower than 4000 are

shaded, with 3000- and 3500-m contours within the shading. The clear area includes the 4250-
(dashed) and 4500-m (solid) contours.
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moved the location of this section slightly east of the
original to 36.5°W and limited its extent from 0.66°S
to 1.17°N. The property fields for this repeat section
are included as panels with the primary section figures.

Figure 3 depicts the fields of potential temperature,
potential density, and salinity. The 85 values are uni-
formly 0.62°C in the equatorial channel, accounting
for about one-half the transequatorial warming of bot-
tom temperatures between 0.19°C of the northern
Brazil Basin to 0.98°C at the Ceara Abyssal Plain sill.
No significant change in near-bottom temperature was
observed in the two occupations of this site. Compar-
ably situated stations from both sections yield averaged
0 values 0of 0.626°C (1983) and 0.628°C (1989). Bot-
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tom temperatures at the equator were recorded as
0.617°C and 0.612°C, respectively. The AABW is
characterized by a relatively homogenous layer, 0.62°-
1.2°C and 100-200 m thick, overlain by a layer of
steeper gradients where temperatures range from
1.2° to 1.9°C.

Structure in the temperature and density fields in-
dicates a degree of dynamical activity, which is surpris-
ing for this latitude. The isopleths oscillate 100-200 m
over horizontal distances of 100-300 km, which con-
verts to significant geostrophic shear given the dimi-
nuitive nature of the Coriolis parameter. Because sig-
nificant geostrophic shear emerges only where isopyc-
nal slopes are coherent over a considerable depth range
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FIG. 3. Property distributions along a quasimeridional section near 37°W (position shown in Fig. 2a) made from
the R/V Knorr in August 1983. The smaller panels show the partial reoccupation from R/V Melville in April 1989.

(a) Potential temperature (°C).
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FIG. 3. (Continued) (b) Potential density anomaly (EOS80, g kg™').

(or where the vertical density gradient is steep), the
actual shear is considerably less than the temperature
and density fields suggest. We do note, however, several
small shear reversals within a few hundred kilometers
of the equator. Possibly these represent the edges of
deep equatorial jets characterized by high vertical mode
number on which Ponte et al. (1990) reported. The
water mass layering visible in the NADW within the
channel (Fig. 3) also suggests high vertical mode
number.

Although the 1989 CTD survey did not fully cross
the equatorial channel, the partial section depicts a sig-
nificant deviation from the symmetry of the 1983 sec-
tion. Because its abyssal dynamic height field is sloped
at the equator, the special form of the geostrophic
equation cannot be applied to this section by itself. It

appears that this is the more usual case in oceanogra-
phy: other investigators implementing this method in
the upper ocean report it is often necessary to average
several profiles in order to obtain a symmetry suitable
for use in this equatorial geostrophic computation (cf.
Moum et al. 1987). We consider the 1983 section a
fortuitous occurrence indeed, presenting us with an
opportunity to estimate transport from a synoptic,
rather than averaged, set of data.

We will make use of the equatorial geostrophic re-
lation that has seen much application in the upper wa-
ter column the last few years (e.g., Hayes 1982; Lukas
and Firing 1984; Moum et al. 1987). The conventional
midlatitude geostrophic relation is derived from the
equations of motion under the assumptions of steadi-
ness, linearity, negligible stress, and hydrostatic balance.
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It relates the velocity components to the slope of dy-
namic height and, for the eastward velocity component
U, is, in conventional oceanographic units:

SLU(p) = U} = —10dD/dy, (1)

where the velocity is at a pressure level p, fis the Co-
riolis parameter, D the dynamic height relative to the
pressure of a reference level, U, is the velocity at that
reference level, yis the northward coordinate, and dD/
dy the northward slope of the dynamic height, with
the factor of 10 required to convert the units of dynamic
height to MKS units. At the equator the resulting
expression for U(p) is either singular, if the observed
dynamic height slope is not zero, or degenerative, 0
+ 0, if that slope is zero.

The equatorial version of the geostrophic relation
for Ueq(p), the zonal velocity at the equator, is

BlUe(p) — U] = —10d°D/dy?, (2)

where 8 = df/dy. There are at least three ways to arrive
at this equation. Joyce (1988) used the same starting
point that leads to the conventional expression (1) and
applied a Taylor series expansion in y centered on the
equator, which, retaining terms independent of y and
linear in y, yields (2) and simultaneously the consis-
tency requirement:

[dD/dyleq = O. (3)

If this is not satisfied by the measured field, then a
neglected term must be important. Joyce considers
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stress as one possibility; other possibilities are time de-
pendence and nonlinearity. Another approach (Reid
1948) differentiates ( 1) with respect to y, which gives
(2), but implicitly assumes (3) because otherwise (1)
would be an inequality. A third approach (Montgom-
ery and Stroup 1962) asserts a y-independent zonal
speed at and near the equator, which by (1) requires
that the dynamic height slope is proportional to f,
yielding (3). Having avoided the singularity by the as-
sumption of uniform U, the conventional formulation
(1) yields the same result as the equatorial formula-
tion (2).

There is a philosophical point to be raised here. The
methods all share (3). In our opinion, a necessary con-
dition for the use of (2) is that the dynamic height field
observed satisfy (3). If the observed field does not have
the required symmetry to allow the sensible fitting of
a parabola centered on the equator, we believe that the
calculation should not be made. It would be possible
to force fit a parabola to satisfy (3) for an arbitrary
dynamic height distribution that is not parabolic in
appearance, but we think that it is inadvisable. In the
common applications to the equatorial undercurrent,
this issue is apparent: it is normal to average many
realizations of the dynamic height distribution and di-
rect measurements of the zonal velocity before they
converge to the same answer ( Lukas and Firing 1984),
and even then a residue of higher order effects may
appear, for example, the nonhydrostatic correction de-
scribed by Joyce et al. (1988). As will be seen below,
the dynamic height along our first section satisfies (3),
so we implement (2) and use the resulting velocity to
estimate the transport of AABW westward along the
equator. The dynamic height observed along our sec-
ond section does not appear to satisfy (3), so the cal-
culation is not made, and we assume some neglected
term in the meridional momentum equation, like time
dependence, is therefore not negligible.

The implementation of (2) at the equator is some-
what more difficult than (1) at midlatitude. A mini-
mum of three stations is required to define the cur-
vature of dynamic height. The five stations centered
on the equator in the 1983 section are used. These
(Fig. 4a) define a smooth parabola, which is charac-
terized by applying a least squares parabolic fit to de-
termine the curvature as a function of pressure at 20-
db intervals. Application of (2) yields a profile of west-
ward speed relative to a reference level of 4000 db where
we have assumed zero speed, U, = 0. This profile is
interpreted as the meridional average profile over the
width (167 km) of the station group defining the cur-
vature. Multiplying by this width, and integrating
downwards from the 4000-db (3940 m) reference level
to the deepest common level of the stations, 4520 db
(4448 m), yields a westward transport of 4.3 X 10°
m?3s~! of AABW colder than about 1.93°C, the average
temperature at the reference level.

First used by Wright (1970), the choice of 1.9°C as
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areference level has been conventionally used in studies
of the abyssal circulation of the Atlantic. It marks the
top of the transition layer between the AABW and
NADW and we assume this to be a level of no motion.
In the South Atlantic this assumption of a level of no
motion is reasonable, for it yields northward flow of
AABW and southward flow of NADW in the DWBC
and for the net transport in basin-crossing sections. In
the North Atlantic, Wright (1970) used this level of no
motion to obtain northward net transports of AABW
in the western basin. This is probably an incorrect
choice (McCartney 1993b; Molinari et al. 1992), for
at many locations along the western boundary of the
low-latitude North Atlantic this choice gives northward
flow of NADW in the DWBC. Instead, the level of no
motion there is above the NADW, which gives south-
ward flow of AABW in the DWBC, with the net north-
ward flow of AABW achieved by the larger northward
flow of AABW in the basin interior.

Before discussing the transport estimate in the con-
text of other estimates of AABW flow, we note the
following caveats regarding certain details.

First, our transport estimate through the equatorial
channel does not incorporate bottom triangles, but in-
stead uses only the area above the deepest common
level of the five stations. By applying the speed com-
puted at the deepest common level to the area beneath
it, we could infer an additional 0.44 X 10° m®s™' of
AABW transport.

Second, a zero reference level velocity is used. There
is, however, evidence that the NADW above the ref-
erence level may also be moving west (McCartney
1993b). Imposing a reference level speed, U,, would
correspond to shifting the speed axis right/left by that
amount in Fig. 4b. In this case, the sensitivity to a
reference level speed is considerable: the effect of im-
posing a westward U, of 1 cm s~ is to add 0.9 X 10
m?>s~! to the westward transport. Exploring this im-
portant issue further, however, is beyond the scope of
this paper.

Third, this five-station group does not constitute
complete coverage of the equatorial channel; in fact
there is additional AABW to the north and south of
this group depicted by stations 92-93 and 97-98-99
in Fig. 3a. The isotherms in each of these two station
groups reverse their trend away from the core of the
equatorial current, sloping downward toward each of
the channel walls. This is the shear signature of east-
ward AABW flow. The nature of the Coriolis parameter
at these latitudes and a difficult bottom triangle situ-
ation preclude us from attempting any transport esti-
mates here. These possible eastward flows at the north-
ern and southern edges of the equatorial channel would
act to reduce the net AABW transport, thus acting in
a sense to compensate for the effects described in the
first two caveats.

Fourth, the representativeness of the AABW prop-
erty fields over time is uncertain. The 1989 realization
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of the AABW dynamic height in the equatorial channel ing an overall slope at the equator, in violation of the
(Fig. 4c) shows a narrower parabola defined by three constraints of the equatorial geostrophic formulation.
stations at the equator, but with the five stations show-  Ignoring the slope, the curvature is about double that
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of the first realization, and the width about half; perhaps
the transport would be about the same. But lacking
the robustness of the full five-station parabola, we have
not made the calculation for the 1989 data.

Fifth, there remains a possibility that the north wall
of the equatorial channel may have a gap deep enough
to allow some flow of AABW through the wall, so that
our estimate at 37°W would not represent the total
transequatorial AABW flow. Our bathymetry database
(averaged on a 5-minute grid) depicts a gap in the north
wall between 36° and 37°W where depth exceeds 4000
m. Bathymetry recorded on each of the CTD cruises,
however, places the crest above 3800 m in this sup-
posed gap.

These caveats notwithstanding, the estimate of 4.3
X 10° m> s~! of transequatorial AABW transport fits
rather well with other Atlantic AABW transport esti-
mates, detailed next. In September 1992, an array of
six moorings separated by 55 km was deployed across
the equatorial channel near 36°W for two years, each
mooring instrumented with three to seven current me-
ters in the AABW and lower NADW. Our hope is to
quantify directly the AABW transport and by also
monitoring temperature validate the equatorial geo-
strophic relationship by comparing the meridional dis-
tributions of zonal speed and temperature.

4. Antarctic Bottom Water transport in the western
trough of the Atlantic Ocean

Several difficulties complicate an attempt to con-
struct a cohesive picture of AABW transport through
the western trough from existing estimates. Differences
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in methodology among investigators, for example, se-
lection of level of no motion (LNM), bottom triangle
approximation, and station placement, often lead to
discrepancies of the same order as the transport esti-
mate itself. McCartney (1993a) illustrates the depen-
dence of transport estimates in the southern Guiana
Basin on the LNM showing that a variation of £0.2°C
an LNM results in a change of +0.8 X 10* m*s™! or
20% of an estimated 4.0 X 10° m?> s™! for AABW below
an LNM = 1.9°C at 4°N. Using the same LNM, White-
head and Worthington (1982) had previously esti-
mated only 2.0 X 10°® m®s™! for the same data. The
discrepancy is caused (McCartney 1993a) equally by
computational flaws in the Whitehead and Worthing-
ton original calculations and by differences in bottom
triangle approximations. Another complication inhib-
iting intercomparison of existing transport estimates
lies in the definition of AABW. Because it is an ad-
vective—diffusive system, over long distances AABW
characteristics change, while the counteracting pro-
cesses of vertical advection and downward diffusion
cause the top of the AABW layer to be ambiguously
defined. As the AABW characteristics evolve from ba-
sin to basin and between hemispheres, investigators
vary on how they define and where they choose to place
that boundary.

In the Brazil Basin, 1983 CTD surveys located at
23° and 11°S (Fig. 5) yield net northward AABW
transports of 6.7 X 10 m*s~!and 5.5 X 10 m?*s™!,
respectively, for AABW below an LNM = 1.9°C. For
purposes of comparison, Wright (1970) provides us
with a treatment of sections crossing the western trough
during the IGY. From sections located in the Brazil

DEPTH (m)

40° W

200km
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FIG. 5. Potential temperature ( °C) along a zonal section made from R/V Oceanus (a) near 11°S (position shown on Fig. 2a) in March
1983 and (b) near 23°S (position shown on Fig. 2a) in February 1983.
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Basin at 24°S, 16°S, and 8°S, he reports transports of
6.4 X 10°m3s™', 2.3 X 10 m*s™!, and 2.8 X 10°
m? s}, respectively—a somewhat troublesome scatter.
Significant improvement in station resolution at the
western boundary, the quality of CTD technology, or
a change in intensity of the AABW system between
the 1950s and 1980s may account for some of the dis-
crepancy between the two sets of estimates. Certain
other differences are noted in methodology, again con-
cerning bottom triangle approximation and choice of
LNM. Wright used the Helland-Hansen (1934)
method of extrapolating dynamic height in the bottom
triangle. This essentially extrapolates dynamic height
horizontally from a deep station to a shallow station
everywhere below a level representing the greatest
common depth. We compute the shear between station
pairs above the greatest common depth and extrapo-
late downward, weighted by the vertical density gra-
dient. For an LNM, Wright defined the AABW/
NADW interface as the sharp break in temperature
and salinity gradients that he noted in station profiles
from the IGY sections. He asserted that because
NADW moves south and AABW .moves north, this
interface represents a level of no motion. It is unclear
at what scale he applied this assertion, defining the
LNM at the slope change for individual stations or
defining the slope change in terms of a temperature for
an entire section. He only noted that this reference
level corresponds “roughly” to the 2.0°C isotherm and
34.89 psu isohaline and slopes from about 3400 m at
32°S to 4400 m at 16°N. Although we cannot specif-
ically pinpoint causes for the large discrepancies be-
tween transport values, we believe our methods are
valid and hope that the quality of these estimates has
at least been improved.

Our estimates in the central Brazil Basin indicate
transport values that average about 6 X 10 m> s~! for
AABW below an LNM of 1.9°C and decline north-
ward. From moored current meter data and CTD sur-
veys, Hogg et al. (1982 ) estimated an AABW transport
of 4.1 X 10® m?s™! entering the basin through the
Vema Channel using a reference level near 2.0°C (their
reference level is actually defined by a density surface
o4 = 45.91). Speer and Zenk (1993) suggest an addi-
tional flow of 2.0 X 10® m?s™~! occurs over the con-
tinental slope west of the Vema Channel. Speer et al.
(1992) estimate 0.7 X 10°® m3 s~ passes northward
through the Hunter Channel between the Rio Grande
Rise and the Mid-Atlantic Ridge. Combining these
produces an estimate of about 6.8 X 10 m3 s~!, only
slightly larger than our estimate at 23°S.

The northward decline of AABW transport in the
Brazil Basin suggests vertical motion of water across
isotherms. The uneven nature of the decline may reflect
the roughness of the transport estimates: almost no
decline between the southern inflow and 23°S and a
sharp decline from 23°S to 11°S. We can estimate the
upwelling velocity between 23° and 11°Sas 3.4 X 107>
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cm s~' by dividing the difference in transports, 1.13
X 108 m®s™!, by the area between the sections. This
is virtually identical to the upwelling velocity across
4000 m estimated by Warren and Speer (1991) south
of 11°S in the eastern basin; however, we agree with
their comment that these speeds seem “‘suspiciously
high.” Our estimate of upwelling velocity is extremely
sensitive to several factors. Had the decline in transport
between 11°S and the Brazil Basin inflows near 30°S
been considered, the upwelling transport would have
increased to 1.4 X 10° m®s™!, accompanied by a sig-
nificant decrease in upwelling velocity to less than 2
X 107 cm s™! due to the larger area of upwelling.
Similarly, using a slightly colder reference level of 1.8°C
alters the 23° and 11°S transport estimates only slightly
(a few percent each)t0 6.6 X 10°m?3 s~ and 5.8 X 10°
m? s~! but reduces the apparent upwelling transport
by 33% to 0.74 X 10°® m® s™! and the estimated up-
welling velocity to 2.2 X 107 ¢cm s~!. Thus, the up-
welling speed, found from the differences in transports
between successive sections, is rather more sensitive to
the transport estimate uncertainties than the individual
estimates since it involves subtracting two transports
of nearly equal size.

Antarctic Bottom Water exits the Brazil Basin to the
north across the equator and to the east through the
Romanche Fracture Zone. Our estimate of the trans-
equatorial transport in the western basin is 4.3 X 10°
m? s™!, and the difference between this and the 11°S
estimate of 5.5 X 106 m3s™', namely 1.2 X 10 m3s~!,
is therefore an estimate of the sum of the eastward flow
through the Romanche Fracture Zone and the up-
welling across the 1.9°C isotherm between 11°S and
the equator. There presently exists no direct estimate
of the Romanche flow. Warren and Speer have made
an indirect estimate by combining their estimated
southward deep western boundary current transport at
11°S in the eastern basin, 0.70 X 10° m> s~!, with an
abyssal circulation model that shows the required
equatorial source (the Romanche flow) to be roughly
three times that value, about 2 X 10 m*® s~!. But they
note that this “is probably an overestimate because its
basis also led to the suspiciously high upwelling veloc-
ities.”

In the Guiana Basin, 63 values trace the AABW as
it spreads northward and delineate its passage into the
eastern basin through the Vema Fracture Zone at 11°N
(Fig. 1). McCartney et al. (1991) quantify the flow
through the Vema Fracture Zone for water colder than
2.0°C as 2.2 X 10°m?®s™'. For comparison purposes,
it is reported here that the flow recomputed for AABW
colder than 1.9°C is about 1.9 X 10° m3 s™'. At 4°N,
in the Ceara Abyssal Plain south of the Vema Fracture
Zone, the transport is estimated at 4.0 X 10° m?®s~!
(McCartney 1993a). Siphoning the estimated transport
of AABW through the Vema Fracture Zone leaves
slightly more than 2.1 X 10° m® s~! to continue north-
ward in the western basin. An energetic abyssal cyclonic
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gyre (McCartney 1993b) complicates the recognition
of the net northward AABW transport in the Guiana
Basin, which is achieved as the differences between a
northward transport in the basin interior and a south-
ward flow of AABW in the DWBC of the basin. It
ap3pea1rs that this net flow is on the order of 2 X 10°
m’s .

5. Discussion

We have described a zeroth-order transport scheme
for the Brazil and Guiana basins, roughly defining the
net AABW transport at several locations, and note a
northward decline of AABW transport, which suggests
upwelling into the overlying deep water. About 7
X 10® m® s™! enters the Brazil Basin from the south,
of which about 4.3 X 10® m3 s™! crosses the equator
to continue northward in the Guiana Basin. The dif-
ference, 2.7 X 10% m3s™!, is an indirect estimate of
the combined upwelling and the eastward flow out of
the northern Brazil Basin into the eastern basin. It is
zeroth order for a number of reasons but predominately
due to the nature of geostrophic calculations, equatorial
or midlatitude. The unresolved bottom triangles be-
neath the deepest common levels of the hydrographic
sections are particularly troublesome for the AABW
overlying the bottom. We have used the boundary be-
tween the AABW and NADW as an LNM, a choice
that seems to give consistent AABW and NADW
transport directions and magnitudes in the South At-
lantic. But that choice is known to be inappropriate in
the Guiana Basin of the North Atlantic. Whether the
equatorial geostrophic estimate is sensible and accurate
will hopefully be determined by the equatorial moored
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array mentioned earlier, while a second array now in
place in the Romanche Fracture Zone may sharpen
the estimate there. Additional hydrographic sections
have been made across the Brazil Basin in 1988-91,
and a major study of the abyssal circulation of that
basin is now under way (the Deep Basin Experiment
of the World Ocean Circulation Experiment). Soon,
therefore, we hope the scheme we describe here will be
refined and replaced with a first-order scheme where,
for example, a net vertical flow upward from the
AABW to the NADW can be recognized and quantified
as a difference between inflow and outflow transports
or as the difference in net transport between two basin-
crossing sections.

In our present zeroth-order budget the northward
decline in transport is suggestive of the effect of up-
welling across the 1.9°C isotherm. The transport esti-
mates are not, however, adequate to allow the sub-
traction of successive transport estimates to determine
a distribution of upwelling, and the lack of a direct
transport estimate at the Romanche Fracture Zone
further clouds the interpretation of the transport resi-
dues. Upwelling is intimately tied to warming of the
AABW along the flow: if there is upwelling, then there
must be downward diffusion of heat to maintain a
steady state (since there is no evidence in historical
data for basin-scale evolution of the AABW in the Bra-
zil Basin). Figure 6 shows distribution of the total
transport of AABW in temperature classes for several
of the locations. While the mass balances are inade-
quate to allow a detailed interpretation of the fluxes in
each layer and the upwelling between layers, these dis-
tributions do show the warming of the dominant
transport contributions moving from 32°S? through
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the Brazil Basin across the equator to 4°N in the
Guiana Basin. The figure mirrors the 65 chart of Fig.
1 by showing a rather more gradual increase of the
transport mode temperature within the Brazil Basin
compared to the transequatorial warming of the trans-
port mode in passage over the equatorial sill. Thus,
our zeroth-order budget does demand a significant up-
welling of the colder AABW classes into warmer ones,
and, for a steady-state heat balance, a downward dif-
fusion of heat. This is consistent with the classical image
from Wiist (1933) of the progressive warming of the
AABW following its flow from the southern source
through the western basin of the North Atlantic.
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