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ABSTRACT

The dilute Antarctic Bottom Water of the North Atlantic eastern trough is supplied from the western trough
through fractures in the Mid-Atlantic Ridge. In particular, the influence on eastern trough property distributions
of flow through the Romanche and Vema fracture zones, near the equator and 11°N, respectively, has been
noted previously.

Here, new observations are reported that document the abyssal circulation of the northeastern Atlantic basins
(Gambia Abyssal Plain, South Canary Basin, and North Canary Basin) in particular, the dominance of Vema
influence, the absence of Romanche influence, and the existence of a system of deep western boundary currents
and estimated transports.

Deep isopycnals slope steeply across the Vema’s eastern end near 39°W, corresponding to a geostrophic
transport through the Vema of 2.1 to 2.3 (X 10 m®s™!) colder than 2.0°C. This is half or more of the estimated
Bottom Water that flows north across the equator into the subtropical western North Atlantic.

This transport in the Vema debouches into the Gambia Abyssal Plain. A deep western boundary current
with 1.3 to 3.0 (X 10® m? s™') transport colder than 2.0°C flows eastward. This current subsequently bifurcates
into 1) a nearly zonal eastward current (<1.0 X 10¢ m3s™! transport) along the plain’s southern boundary, the
Sierra Leone Rise, and 2) a northward western boundary current along the flank of the Mid-Atlantic Ridge
(1.8t0 3.9 X 10° m? s~ transport).

Property and shear fields indicate that, for water colder than 2.0°C, basically none of the eastward flow along
the rise passes southward through its deepest passage, the Kane Gap, nor does Romanche-derived water flow
north there. The poleward Mid-Atlantic Ridge flank flow in the plain continues northward across the Cape
Verde Ridge into the South Canary Basin and from there poleward into the North Canary Basin.

1. Introduction spreading northward from the Antarctic zone as far as
By the 1930s, sufficient abyssal water mass mea- the northern subtropics. Along the spreading path, he

surements and depth soundings in the North and South founc} the COId.CSt bottom potential temperagurq Op in-
Atlantic had accumulated for Wiist (1933, 1935) to S{eas;ng Steidﬂ}l r;lorthward, from < —0.8 OC rmme-
construct charts and sections of deep and bottom waters lately north of the Weddeoll Sea, to +0.6°C at the
and to infer circulation pathways and topographic equator, and finally to +1'§ C near Bc}'muda.

constraints from them. In the western trough, he found In the eastern ‘.mugh’ Wust found a different bottom
western-intensified Weddell Sea influence (later named water configuration, with the coldest bottom tem-

1
“Antarctic Bottom Water” or simply “Bottom Water”) peratures _locateq near the equator and bottqm tem-
peratures increasing from equator to pole in both

hemispheres. Wiist (1933) attributed this to eastward
* Woods Hole Oceanographic Institution Contribution Number  flow through the Romanche Fracture Zone, followed
5858. by poleward spreading. Later studies (Metcalf et al.
- 1964) confirmed the presence of cold water in the Ro-
Corresponding author address: Dr. Michael S. McCartney, Dept.
of Physical Oceanography, Woods Hole Oceanographic Institution,
Woods Hole, MA 02543. ! All temperatures in this paper are potential temperatures.
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FIG. 1. A lexicon of names for bottom topography features in the eastern trough of the Atlantic Ocean,
and selected isobaths from the GEBCO topography charts (Searle et al. 1982).

manche and its influence on the abyssal water of the
Guinea and Sierra Leone basins of the equatorial and
southeastern Atlantic (Fig. 1 shows regional bathym-
etry and bathymetry names). Hobart et al. (1975) re-
ported distinctly warmer water at the sill of the Kane
Gap, the deepest passage from the Sierra Leone Basin
north to the Gambia Abyssal Plain.

A second eastward flow through the Mid-Atlantic
Ridge, near 8°N and weaker than that through the
Romanche, was later suggested by Wiist (1935) based
on new depth soundings and observations of an isolated
0z minimum east of the ridge at 12°N (8 = 1.74°C
at Meteor station 305 near 34°W). Heezen et al. (1964)
later described seven fractures between 7° and 13°N,
including one at 8°N, Wiist’s preferred location. The
deepest of Heezen et al.’s fractures is the Vema Fracture
Zone at 11°N; they inferred an approximate depth
(4500 m) and location for its sill from a west-to-east
jump in 0z across 41°W, which was later confirmed
and sharpened by the Seabeam bathymetric survey of
Vangriesheim (1980).

Since Wiist’s time, the relative impact of Vema and
Romanche fracture zones’ flows on the eastern trough
has remained unclear, despite the accumulation of new
hydrographic and bathymetric data. The Worthington

and Wright (1970) atlas [ based on the earliest Atlantic
data with salinometer salinity determinations, the IGY
data (summarized by Fuglister 1960) plus a few ad-
ditional 1960s stations] shows an isolated pool of cold
water (05 < 1.8°C) over the Gambia Abyssal Plain,
but does not resolve its connection path to the western
trough parent water mass (Fig. 2a). At the next tem-
perature boundary, § < 1.9°C, they indicated a con-
nection of this pool south through the Kane Gap to
the Sierra Leone Basin, inferred from the 8°N IGY
section (Fuglister 1960) that passes just south of the
Kane Gap sill. The broad goal of the program we un-
dertook in the early 1980s was to examine the alter-
native possibility of the Vema Fracture Zone being the
principal connection path from the western trough to
the Gambia Abyssal Plain. .

In a comprehensive review of the world ocean’s deep
circulation, Warren (1981) wrote:

. . . the principal inflow of water below the general
crest of the Mid-Atlantic Ridge (3500 m depth, say)
occurs from the western Atlantic through the Ro-
manche Fracture Zone on the equator (e.g., Drygalski,
1904; Wiist, 1933; Metcalf, Heezen, and Stalcup,
1964). No estimate of the rate of this inflow has been
made. Silica values on the surface where potential
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potential temperature is colder than the indicated value. (a) Data limited to the early high-precision salinity datasets
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temperature is 2°C increase northward (Metcalf 1969),
as well as southward (Chan, Drummond, Edmond and
Grant, 1977), indicating further that the deep water
*“‘ages” poleward. Many additional fracture zones cut
across the Mid-Atlantic Ridge, but the existing evidence
suggests that there are only three others through which
noticeable deep water transport may take place . . .
Indications of eastward flow through the Vema Frac-
ture Zone near 11°N were shown by Heezen, Gerard,
and Tharp (1964), but the flux must be much less
than that through the Romanche Fracture zone, given
its much smaller influence on property distributions
in the eastern Atlantic . . .

In contrast, Mantyla and Reid (1983), drawing on
much the same literature and data as Warren and writ-
ing only a couple of years later, say:

Evidently, the Romansche Gap is the primary passage
for bottom water flow into the eastern equatorial and
southeastern Atlantic Basins, while the Vema Fracture
Zone is the main passage for bottom water flow into
the northeastern Atlantic basins.

Another matter for debate has been the existence of
deep western boundary currents in the northeastern
Atlantic basins (specifically the Gambia Abyssal Plain,
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the South Canary Basin, and the North Canary Basin).
Of this area, Warren (1981 ) states:

The dynamical fact that poleward movement from an
equatorial source can be accomplished by an interior
flow may explain to some extent why no deep boundary
currents along the western margin of the eastern trough
(Mid-Atlantic Ridge) have been observed in transat-
lantic sections (Fuglister, 1960). On the other hand

. the budgetary function of western boundary cur-
rents is not only to transport deep water into low lat-
itudes, but also to correct imbalances between interior
flows and upward fluxes; and it is not easy to see how
continuity can be maintained in the eastern trough of
the Atlantic without recirculation boundary currents.

The new high-quality CTD hydrographic transects
reported here (Fig. 3)—part of a set whose collection
began while Warren and Mantyla and Reid were writ-
ing their reviews—in large measure settle the question
of the relative importance of Romanche and Vema
flow on the abyssal characteristics of the eastern trough.
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The new data rather firmly support Mantyla and Reid’s
inference that eastward flow through the Vema Frac-
ture Zone is the dominant influence governing the wa-
ter mass characteristics of the abyssal northeastern At-
lantic basins. The Gambia Abyssal Plain is extensively
overlain by waters from the Vema, at some locations
exceeding 1000 m thickness. The isolated cold pool
over the Gambia Abyssal Plain in the Worthington
and Wright (1970) charts (Fig. 2a) thus is connected
through the Vema Fracture Zone to the cold water of
the western trough, as sketched in Fig. 2b. Romanche-
derived water is not evident north of the Kane Gap.
The new data also document the northeastern Atlantic
basins’ deep circulation, including their deep boundary
currents (Fig. 4). The flow exiting the Vema supplies
a cyclonic circulation over the Gambia Abyssal Plain,
which, in turn, supplies a northward flow across the
Cape Verde Ridge to the Canary Basin. This northward
flow is western-intensified over the ridge and in the
Canary Basin.
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Fracture Zone into the northeastern Atlantic basins. Numbers are transport estimates in 10® m?
s~!, for an isothermal reference level of 2.2°C. The flow axes are estimated from bottom tem-
peratures (Fig. 13b) and pass through station groups used for the transport estimates. The axes
widths are not significant. The curled tips indicate flow across the 2.0° isotherms. The dashed
arrow is the transport of 2.0° to 2.05°C water across 36°N.

2. The Vema Fracture Zone
a. Early observations

1) DISCOVERY OF THE VEMA FRACTURE ZONE
AND PRIMARY SILL

Heezen et al. (1964) observed that a succession of
fracture zones offsets the Mid-Atlantic Ridge axis pro-
gressively westward in the northern tropics. They noted
that these fractures are easily recognized in echo-

sounding transects because they are floored by exten- -

sions of the western trough abyssal plain: returns from
the flat floors stand out from the generally noisy back-
ground signal of the rough ridge topography. Heezen
et al. proposed that Wiist’s postulated low-latitude
eastward leak of Bottom Water across the ridge occurs
through the deepest of these tropical fractures, the
Vema Fracture Zone at 11°N.

As Heezen et al. described, the Vema offsets the Mid-
Atlantic Ridge axis west from roughly 41° to 43.5°W.
The Demerara abyssal plain of the western trough ex-
tends eastward into the Vema to about 41°W with
about 5200 m depth and 8 to 20 km width. The Vema’s
bounding scarps west of 41°W rise steeply above the
floor by a few hundred to 3000 m. East of 41°W the

distinguishing flat floor disappears, making their iden-
tification of the fracture in isolated transects more ten-
tative, but with indications that the maximum depths
there also exceed 5000 m. Their echo-sounding tran-
sects east of 41°W suggest that the bounding scarps
deepen eastward, with the northern scarp descending
more rapidly, dropping below 4500 m by about 38°W.

Heezen et al. inferred the existence of a sill between
41° and 40.5°W at approximately 4500 m depth, from
a jump in near-bottom (about 5200 m) temperature
between these two longitudes. At this depth, the same
near-bottom temperature (1.27°C) was observed in the
western trough and in the Vema at 41°W, while farther
east in the Vema at 40.5°W a significantly higher tem-
perature (6 = 1.48°C) was observed. This warmer
temperature corresponds to the temperature at 4500
m depth and 41°W, thus their inference of a sill depth.

The inferred sill configuration was corroborated by
a 1977 Seabeam survey (reported by Vangriesheim
1980; data collected by D. Needham). The sill is a triple
one, with depths of 4690, 4650, and 4710 m (all + 10
m), at 41°01'W, 40°55'W, and 40°53'W, respectively.
The minimum observed sill depth is about 150 m
deeper than the Heezen et al. estimate, and the observed
near-bottom temperature immediately east of the sill
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FIG. 5. Near-bottom temperature in the Vema Fracture Zone west of primary sill (distance
< 0), east of primary sill (positive distance < 240 km), and in the eastern basin downstream of

the exit sill.

correspondingly colder at 1.40°C. Considering the
sparseness of temperature and echo sounding data on
which it was based, the Heezen et al. inference was
impressively accurate.

2) SECONDARY SILL AND DOWN-CHANNEL
CHANGES IN BOTTOM TEMPERATURE

Heezen et al. speculated that the Vema also has a
secondary sill, which would account for Wiist’s obser-
vation of warmer (1.74°C) near-bottom temperatures
nearby in the eastern trough than those downstream
of the primary sill. Observed bottom temperatures in
the Vema (shown in Fig. 5) evolve down-channel from
a remarkably uniform value? west of the sill (1.30 to
1.34°C) to a sharply higher value just east of the pri-
mary sill (1.40°C). Proceeding eastward from there,
temperatures warm at a rate of about 0.1°C per 100
km. The available bottom temperature observations
by themselves do not reveal if the 0.1°C per 100 km
warming east of the sill occurs gradually or in jumps
at (an) additional sill(s). We present evidence below
that Heezen et al.’s speculation regarding a secondary
sill is essentially correct.

b. 1983 obervations

We first occupied seven CTD stations near the Vema
in early 1983 while aboard the R/V Oceanus, after
completing a 20-station transect of the western trough
near 13°N. These seven stations cross the Mid-Atlantic

2 This illustrated range is warmer than the single Heezen et al.
(1964) thermoprobe measurement west of the sill (1.27°C). This dif-
ference could reflect decadal warming or an accuracy limitation of
the thermoprobe.

Ridge eastward, then cross the Vema southeastward
about 240 km east of the primary sill, following the
ridge’s eastern flank from 13° to 10°N (Fig. 3).

Very cold Bottom Water (65 = 1.66°C at 43800 m
on station 26) was found, 0.08°C colder than Wiist’s
observation some 500 km farther east, at a station in
a deep north of the Vema and separated from it by
4600 m topography (Fig. 6);-the station missed the
deep’s maximum depth by at least 200 m. A station
was not obtained in the maximum depths of the Vema,
due to time restrictions and a deteriorating echo-
sounding system between stations 25 and 27.

To investigate further the distribution and flow of
Bottom Water near and through the Vema, we returned
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FIG. 6. The deep potential temperature distribution for a section
between Barbados and the Mid-Atlantic Ridge along 12°30'N to
station 22, and along the east flank of the ridge on a southeast course
(station locations Fig. 3) across the Vema Fracture Zone.
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on the R/V Knorr during a north-south Atlantic tran-
sect near 35°W in late 1983, deflecting the cruise track
to intersect the Vema near 38°30'W (Fig. 3). We first
ran the Knorr on a triangular reconnaissance survey
(Fig. 7a) of the Vema’s eastern end; the only other
bathymetric data at the time was a low-resolution chart
(Searle et al. 1982). Without time for any real reflec-
tion, we placed a station (station 76) near the crest of
the northern wall of the Vema in 4765 m depth, and
worked a line of stations (Fig. 8) to the east-southeast
across the floor of the Vema, which exceeds 5200 m
at this longitude. The north wall descends sharply to
the floor of the Vema, and our first station over the
floor (77) exceeded the apparent echo sounding depth
by over 860 m. Two more stations were made over the
floor, and one part way up the less steep southern wall
in 4630 m. The line then rejoins the primary transect
at station 81, well up the Mid-Atlantic Ridge in
4240 m.

At this longitude the Bottom Water was found in a
thick layer with low vertical gradients separated from
the overlying Deep Water by a layer of strong gradients.
Vangriesheim (1980) and Eittreim et al. (1983) found
a similar structure farther west in the Vema, but at our
location the near-bottom temperature is considerably
warmer than at or west of the primary sill (Fig. 5).
Temperature, o4, nitrate, and silicate sections are
shown in Fig, 8. The bottom temperature at station 76
on the north wall in 4760 m was found to be as cold
(1.58°C) as that at the floor of the Vema 600 m deeper.
The coldest waters within the Vema at this longitude
are thus escaping from the Vema over the northern
wall at a depth near 4700 m. The cold water in the
Vema is piled up against the north wall, as illustrated
by the steeply sloped 1.6°C isotherm in Fig. 8. In the
small region between our Vema section and the pri-
mary Knorr section farther north in the eastern trough
there is a pathway exceeding 4700 m depth, indicating
free access to the eastern trough of the waters passing
over the north wall. This region then is the Heezen et
al. secondary sill, which we will call the Vema exit sill.
Our hydrographic section immediately upstream of this
sill (Fig. 8) shows sloped isotherms consistent with
geostrophic transport of water across the sill, and al-
lowing a transport estimate. We consider first the details
of the exit sill, second the implications of the down-
stream warming of the bottom temperature (Fig. 5),
and third the estimation of transport.

1) VEMA EXIT SILL TOPOGRAPHY

The echo-sounding track between Knorr station 76
on the north wall of the Vema and station 75 in the
eastern trough show depths exceeding 4700 m almost
everywhere (Fig. 8). About 4 km northeast of station
76, a 2 km-wide shoal reached as shallow as 4580 m,
and as we steamed east-southeast from station 76 across
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the floor of the Vema, another narrow shoal was
crossed, rising above 4510 m before depths descended
to the floor. On the basis of these data alone a sill be-
tween 4500 and 4600 m would be possible. But there
are other bathymetric transects nearby that suggest that
the deepest pathway between the Knorr stations over
the Vema floor (77-79) and the open eastern trough
(station numbers < 75) exceeds 4700 m.

A specific trackline along 39°W (trackline B, Fig.
7a) shows the north wall cresting at 4739 m just north
of our station 77, which has a temperature of 1.598°C
at that depth. This trackline continues north past 11°N
with depths exceeding 4739 m. A nearly zonal trackline
along the north wall (Fig. 7b) shows a 14 km passage
exceeding 4700 m (and as deep as 2768 m at two lo-
cations) at the intersection with the 39°W trackline,
and a second broader passage to its east, reaching
deeper than 4800 m at two locations. We include on
this transect a ghost image of our Vema hydrographic
section (Fig. 8) to illustrate the relationship of the iso-
therm depths within the Vema to the topography of
this exit sill trackline. We include the 1.659°C isotherm,
as this was the near-bottom temperature observed at
our Oceanus station 26 north of the north wall. Also
recall from Fig. 5 that the Roemmich and Hall section
along 11°12’'N shows an extensive region of temper-
atures just colder than 1.7°C extending east from
38°14'W. The superposition of the isotherms and the
north wall bathymetry show that within the Vema well
above the floor at the depth of the sill immediately to
the north, temperatures are as cold as those at the bot-
tom north of the sill. Together these data lend credence
to the idea that the coldest temperature north of the
north wall can be well estimated from the projection
of the sill depth onto the temperature profile south of
the north wall. After completion of this exit sill dis-
cussion we will return to the question of the relationship
of the temperature structure upstream and downstream
of a sill.

Figure 7c is the contouring of the exit sill topography
using the tracklines indicated in Fig. 7a. The data come
from several sources: our own Knorr and Oceanus
cruises, a later Oceanus track at 11°12’N (Roemmich
and Hall, personal communication 1990), and a La-
mont-Doherty Geological Observatory database (D.
Martinson, personal communication 1986). The in-
dicated quasi-zonal trackline on Fig. 7a was rejected
as totally inconsistent with the rest of the data. The
cross-over disagreements of the remainder of the
tracklines reflect navigation uncertainties of a few miles
at most and are thus contourable with minimal
smoothing. For clarity only three depth contours are
shown: 4500 m to define walls and bounding scarps
that penetrate through the Bottom Water and thus
confine it; 5000 m to define the principal deeps ex-
tending west into this region from the eastern trough
and the Vema deep penetrating east into the region
from the west; and 4700 m to define the possible path-
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FiG. 8. The deep potential temperature distribution at the eastern exit of the Vema Fracture Zone (station locations Fig. 7a).

ways connecting the Vema deep to the eastern trough
deeps. We have included near-bottom temperature
values in the sill region. There seems no ambiguity in
contouring a continuous pathway exceeding 4700 m.
It is tempting also to contour a continuous pathway
exceeding 4800 m, but this is precluded by the quasi-
zonal trackline explicitly illustrated in Fig. 7b: its two
observations of 4768 m near 39°W are the controlling
depths, and thus are our best estimate of the sill depth
within the overall resolution of the data.

A summary description of the topography of Fig. 7¢c
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is as follows. The Gambia Abyssal Plain of the eastern
trough extends westward into this region at three lo-
cations: 10°40’, 11°15’ and 12°N. All three of these
are zonally trending linear fractures included in the
Heezen et al. description of the Vema Fracture region.
The Vema enters this region from the west near
10°45’'W trending just south of eastwards. There are
two salient aspects of the Vema structure in this region
between 40° and 38°W. First, the north wall deepens
east of 39°W, giving a pathway exceeding 4700 m along
which the Bottom Water that enters the region in the
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Vema from the west can escape the Vema into (most
directly) the southern pair of westward extensions of
the Gambia Abyssal Plain. This pathway appears to
have a sill depth near 4770 m. Second, the floor of the
Vema has a major disruption east of 38°40'W. West
of there, six tracklines well define the continuity of the
floor exceeding 5000 meters. East of 38°15'W such
depths again are found at about the same latitude, and
these have been contoured elsewhere as extending far
eastward (Heezen et al. 1964; Krauss 1964; Egloff 1972;
Searle et al. 1982). But between 38°15'W and 38°40'W
there is no indication of a deep corresponding to the
Vema. The sill we have described then is a control sill
for the total flow of water in the Vema, not just for a
leak of some of that flow across the north wall. Below
we will estimate the total flow in the Vema at 39°W.
This total flow is required to flow into the Gambia
Abyssal Plain along the silled passage just described,
because there is no eastward continuation of the Vema
across 38°30'W due to the major disruption of the
floor at that longitude.

2) DOWNSTREAM WARMING OF BOTTOM WATER

In Fig. 5 bottom temperatures are very uniform west
of the primary sill and east of the exit sill. The essence
of the highly successful Heezen et al. sill inference is
the first-order approximation that the sill blocks the
water colder than that found upstream of the sill at the
depth corresponding to the sill. This actually is dy-
namically implausible, for it implies motionless fluid
below sill depth and moving water above, which would
require shear, which in turn would require a geo-
strophic signature of sloped isotherms at the level of
the sill depth. Vangriesheim and FEittreim et al. show
temperature profiles at 11 stations upstream of the pri-
mary sill. These show that the low gradient Bottom
Water extends upward well above the sill depth. Since
vertical shear requires a vertical density gradient as well
as the horizontal isotherm slope, the weak vertical gra-
dient in the Bottom Water precludes significant vertical
shear across that layer. These authors do show strong
vertical gradients between 4400 and 3700 m in the
transition layer between the Bottom Water and the
Deep Water, roughly 1.5° to 2.0°C. If this layer slopes
across the Vema, then significant shear would result.
Eittreim et al. do show two station groups aligned
roughly cross the Vema at 44° and 43°35'W. Calibra-
tion problems preclude their use for geostrophic com-
putations, but they do show that the layer slopes down-
wards to the north, the same as our section farther east
(Fig. 8). This is the geostrophic signature of bottom-
intensified eastward flow (relative to a mid-depth ref-
erence level), not of eastward flow in the transition
layer decreasing towards the Bottom Water layer
(which requires the opposite slope). We conclude then
that some of the cold Bottom Water west of the sill
flows up and over the sill.
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If indeed the cold Bottom Water west of the sill flows
up and over the sill, then why are the observed bottom
temperatures at and immediately east of the sill warmer
(Fig. 5)7 Vertical mixing is the likely reason, and its
signature is hinted at in the Vangriesheim CTD profiles.
Her stations 2 and 3 near the sill, while having the
same three layer overall structure as stations west of
the sill, show two differences besides the warmer bot-
tom temperature. First, the Bottom Water layer de-
velops steppiness over the sill and second, the transition
layer exhibits a sharp gradient—a jump of more than
0.1°C—near its top (1.9° to 2.0°C). Her station 195
km east of the sill shows a thick Bottom Water layer
just warmer than 1.50°C, with very weak gradients ex-
tending over 700 m, and an increased vertical gradient
over the next 300 m, culminated by a sharp increase
from 1.6 to 1.8°C. Such jumps occur as the product
of mechanical mixing homogenizing a layer in a strat-
ified fluid. We believed that the warming trend illus-
trated in Fig. 5 reflects the turbulent overturning and
mixing of the Bottom Water as it cascades down the
east side of the sill and continues eastward along the
Vema. By 200 km downstream of the sill, our Knorr
section across the Vema (Fig. 8) shows the mixing
having warmed the thick Bottom Water layer to about
1.58°C. These stations also show the jump at the top
of the Bottom Water layer at temperatures between
1.65° and 1.95°C.

A similar process presumably occurs in the flow over
the exit sill. The section just upstream of the sill (Fig.
8) shows substantial transport (discussed in the next
subsection ) of Bottom Water deeper than the sill depth
and colder than that observed downstream of the sill.
The piling up of the coldest water on the north side of
the Vema against the sill, and the presence at station
76 of a thin layer (250 m) of this cold water atop the
north wall, demonstrates the exiting of Bottom Water
up and over the sill. Our Oceanus station 26 down-
stream of the sill has a steppy profile in the Bottom
Water layer, capped by a sharp jump in temperature
near 1.9°C.

3) TRANSPORT AT THE VEMA EXIT SILL

It will be argued in this section that the cold (6
< 2.0°C) water transport exiting from the Vema is
most likely between 2.08 and 2.24 X 106 m3s™!, based
on geostrophic calculations with reference levels be-
tween 2.17° and 2.49°C. These transport values are of
clear significance to both eastern and western trough
abyssal circulations, representing a bleeding-off of
about a third or more of the estimated Bottom Water
(8 < 1.9°C) supply to the western tropical Atlantic,
which is estimated as 2.3 t0 2.8 (X10° m3s~') at 16°S
to 8°N (Wright 1970) and 3.5 to 4.5 (X10° m* s™")
at 13°N (McCartney and Speer, 1991).

Water mass characteristics are an aid to constraining
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flow directions. We define four layers to aid our de-
ductions of reference levels:

1) Bottom Water: <2.0°C, net eastward flow de-
manded, and eastward flow of all sublayers most plau-
sible, because there is no source of cold water to the
east, and because coldest temperatures increase west
to east (Fig. 8).

2) Transitional Layer: 2.0° to 2.3°C water, net
eastward flow most plausible because net eastward flow
is demanded in bracketing layers 1 and 3 and water
mass evidence for westward layer 2 flow is lacking.

3) Deep Water: 2.3° to 4.5°C water, net eastward

(m)

DEPTH

(m)

OEPTH

30°N 20° 10°

McCARTNEY ET AL.

1099

flow demanded and eastward flow of all sublayers most
plausible because the associated nitrate minimum must
come from western trough.

4) Intermediate Water: 4.5° to 9.0°C water, net
westward flow demanded and westward flow of all sub-
layers most plausible, because the associated nitrate
maximum must come from near Africa.

Net flow means are summed over the layer temperature
range and over all stations. We will refer to the sublayers
within a given layer as “strata.”

The Deep and Intermediate Water layers are defined
and their flow directions constrained by the nitrate field
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FI1G. 9. Property distribution along the 1983 Knorr quasi-meridional section near 35°W (Fig. 3). (a) Potential temperature (°C).
(b) Density parameters ay, 02, and o4 (g kg™"). (¢) Dissolved oxygen (ml17"). (d) Nitrate (zmol 17').
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(Fig. 9d). Two laterally isolated vertical nitrate extrema
are seen at the Vema stations. The colder extremum,
a minimum with values falling below 20 pmol 17},
extends from 8 = 2.6° to 3.9°C (1600 to 2800 m). This
is western basin Deep Water, and its isolated position
in the section, surrounded by higher nitrate eastern
basin waters, requires that it flow eastward from the
western trough. The second extremum, a maximum
with values exceeding 40 pmol 17!, extends from 6
= 5.5° t0 9°C (400 to 900 m). This seems to be a form
of Antarctic Intermediate Water (broadly speaking)
that has nitrates exceeding 37 pmol 17! and is found
in the eastern trough off western Africa. In the Knorr
35°W section, it is found only within the Vema. There
is no western source of such high nitrate, and thus it
must be flowing westward from the eastern trough.
The potential temperature / nitrate relationships for
the Vema station group and for the nearest station
group to-its north are shown as mean curves and stan-
dard deviation envelopes (Fig. 10). The standard de-
viation envelopes are distinct for two potential tem-
perature ranges: 2.3° to 4.2°C, part of our Deep Water
layer, and 4.7° to 9.0°C, part of our Intermediate layer.
For simplicity, the intervening 4.2° to 4.7°C layer is
split at 4.5°C and added to the Deep and Intermediate
Water ranges. In what we have defined as the Transi-
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F1G. 10. Average nitrate~potential temperature relation and stan-
dard deviation envelopes for two station groups from the 1983 Knorr
section near 35°W (Fig. 9). Stations 76-80 fall in the Vema Fracture
Zone, stations 69-73 immediately to the north in the Gambia Abyssal
Plain.
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tional Layer (2.0 to 2.3°), the nitrate characteristics
are not distinct, and thus do not constrain the flow
direction.

The deep vertical shear field (proportional to iso-
pycnal slope times the vertical density gradient) is
dominated by isotherms in the upper part of the Bot-
tom Water layer rising about 400 m to the south, in-
dicative of eastward flow relative to a shallower refer-
ence level. The vertical temperature gradient and thus
vertical shear are greatest near § = 1.9°C. The reversed
slope of the 1.6°C isotherm contributes little reversed
shear because the vertical density gradient at that level
is small. More significant shear reversals are found
above the Bottom Water layer, giving an “S” shape to
the velocity profile in the Deep Water. For a range of
reference levels (see below) it is possible (though ar-
guably implausible ) for parts of the Transitional Layer
and Deep Water Layer to flow westward, vertically
sandwiched between eastward flowing Bottom Water
and Deep Water.

Given the observed shear field, transports in each
layer hinge on the choice of reference level (which will
be taken as a level of no motion). The flow direction
constraints are derived from the water mass charac-
teristics, and are best dealt with as functions of tem-
perature rather than depth. Thus, isothermal reference
levels are considered rather than isobaric; Fig. 11 shows
the dependence of the four layers’ net transports on
the reference level temperature. Vertical lines num-
bered I through V indicate a succession of reference
level limits developed in the next few paragraphs.

As the reference level is raised from the bottom into
the Bottom Water, the Bottom Water flow initially is
the wrong way, westward, because most of the shear
in the layer is above the reference level. The net Bottom
Water transport turns eastward for reference levels
warmer than 1.83°C, but the warmer strata of the Bot-
tom Water continue to have westward transport until
the reference level reaches 1.86°C. This (line I, Fig.
11) is the initial lower bound on the reference level,
which in turn gives an initial lower bound on the net
Bottom Water transport of 0.46 X 105 m3s~!.

The next constraint we consider is the requirement
of net westward flow of the Intermediate Water. Ref-
erence levels warmer than 4.79°C give net eastward
transport in this layer—not allowed. Requiring the in-
dividual strata with distinctly elevated nitrate (warmer
than 4.7°C, Fig. 10) to flow east reduces this upper
reference level limit to 4.7°C, with a corresponding
Bottom Water transport of 3.48 X 10° m?® s™'. Re-
quiring all the individual strata of the Intermediate
Water to move west, that is, all the water warmer than
4.5°C, reduces the upper reference level limit a bit
more, to 4.5°C (line I1, Fig. 11), with the corresponding
Bottom Water transport of 3.05 X 10® m? s~!. This
last step seems shaky at this point, as there is no water
mass contrast near 4.5°C to justify it (Fig. 10), but
other evidence supports it, as discussed next.
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