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Tracing Lower North Atlantic Deep Water Across the Equator
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Waler whose ultimate soorce is the overflow at the Denmark Strait can be traced using maps of
salinity, dissolved oxygen. and silica concentration on deep density surfaces south along the American
continent to at least 53"S. Several property extrema whose resolution is at the limil of accuracy of the
measurements occur on these density surfaces, which nevertheless may indicate areas of stronger
mixing along the crest of the Mid-Atlantic Ridge. Transport cstimates [or thal part of the southward
flow within 600 km of the western boundary near 10°N suggest that 10+ 3 % [0 m¥ s 7' of Lower
North Atlantic Deep Water moves south there. The total southward deep water transport near 10°N

is estimated to be close to 25 x 108 m¥ & !

1. INTRODUCTION

Dense water formed in the Nordic seas between leeland,
Scotland, and Greenland spills out across the Denmark
Strait and the Iceland-Scotland sills to form bottom water at
the northern end of the Atlantic Ocean. Swiff [1984] recently
discussed property distributions near the sills and has traced
this overflow water to 30°N. Jenkins and Rhines [1980]
presented evidence for the southward fow of this water in a
narrow (30 km wide} western houndary current at 30°N on
the Blake-Bahama Outer Ridge. While this water has been
shown to flow as far south as 13°N [Fine and Molinari, 1988],
the expected continuation of this current into the Socuth
Atlantic has not been evident in previous work. despite the
unambiguous presence of this water south of the equator
te.g., Warren, 1981]. Clear indications that some of this
water must penetrale farther south are also apparent in the
properties of water near 4000 m along the equalor [Bain-
bridge, 1980], which show the characteristics of overftow
waltcr: relatively high oxygen concentrations and low nutri-
ent concentrations.

A notable characteristic of the tnitium core used in the
Jenkins and Rhines 11980] study to identify the overflow
water is its potential temperature, 1.9°C. Ofsorn er al. [1986]
also found tritium at this temperature farther south along the
boundary at 26"N and 22°N. with maximum values occuiring
at a potential temperature of 2.5°C. It may be anticipated,
then, that the characteristics of water on deep isopycnal
surfaces near these temperatures vary beiween those of
northern and southern origin, and their distribution should
provide an indication of the southward penetration of the
overflow water. Several properties on decp density surfaces
arc presented here lo demonstrate the continuation of this
boundary current into the South Atlantic. The density sur-
faces chosen are roughly 3500 m and 4200 m deep and span
the high freon concentrations illustrated by Fine and Moli-
nari [1988] at 13°N. The deeper of the two surfaces usually
ars between 1.8°C and 1.9°C in the western trough of the
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North Atlantic, while the shallower surface is closer 10
2.2°-2.26°C and intersects a part of the tritium maximum at
22°226°N {Olson et al., 1986].

Wright [I1970], using geostrophic transport calculations
with International Geophysical Year (IGY) data determined
that about 9 x 10* m* s ' of North Atlantic Deep Water
flows south at 16°N, 88, and 32°S. lc did not distinguish
lower from upper componcenis, although these have different
North Atlantic origins and thus merit individual atlention.
Transpor calculations using the more recent data are being
prepared scparatcly. but some preliminary resulis are pre-
sented here (0 indicate the size ol the flow. This is of
importance net only for the long-range influence of deep
walcr, but also for its local cffects: south of the region where
the overflow water lics on the hottom, it receives directly the
upwelling Antarctic botlom water, buffering, in a sense. the
middepths trom the cooler, fresher water of southern origin.

2. DaTa

Most of the lemperature and salinity data used here (Tuble
1) were processed by the Woods Hole Occanographic Insti-
tution (WHOI) conductivity-temperature-depth (CTD) group
using their standard practices [Miffard. 1982|. The expected
accuracy of the measurements is =0.002°C. =0.002%.. and
*+2 dbar [or lemperature, salinity, and pressure.

Oxygen and nutricnt measurements were also made on the
WHOI cruises. These data are expected to be accurate o
+0.05 mL/T. [or oxygen and 195 for the nutrients (only silica
is used here).

Other data used here are from the Geochemical Ocean
Section Study (GEOSECS) program (July 1972 to April 1973
for Atlantic stations [Beinbridge, 1980]) and the Transient
Tracers in the Ocean (TTO) program (North Atlantic study,
April 1981 to October 1981; Tropical Atlantic study. Decem-
ber 1982 to Fcbruary 1983 |Brewer ef ai., 1985]). The
accuracy of these data is not reported but is expected o be
similar to the WHOI measurements. A few values from the
Levirus [1982] atlas are used where noted.

Salinity values were corrected for differences between
standard seawater batches used for calibration zccording to
Mantyla’s [1987] Table 2. The corrections (AS) are displayed
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TABLLL 1. Data Sources and Correction to a Uniform Standard {P93).

[.ocation Time ship and Cruise Batch AS
36N June 1981 Atdantis T1 109 leg 1 PHI +(.001
24°N Aug. 981 Atlantis 11 109 leg 3 P81 F0.001
13"N Jan. 1983 Oceanns 133 legs 2 P30 - 0.002
23°8 Feb. 1983 Oceanus 133 leg 4
11°8 March 1983 Oceanns 133 lep 5 P93 o
SI°W April 1983 Creeamix 133 leg 7 P93 0
ISW July 1983 Knorr 104 P93 0
64°W April 1985 Endeavor 129 P93 0
TTO 1981-1983 Knorr P80 +0.004
GEOSECS 19721973 Knorr

with batch numbers in the table given here. During the TTO
program, both standard seawater batch P8O and batch P90
were used to calibrate the salinometer measurements, but
the reported data are relerenced to batch PRO [Manrvia,
1987]. A mcan offset on a deep isopycnal surface between
WHOI data and the TTO data of +0.004%. (with a standard
deviation of 0.002%.} was found in places where they over-
lapped. so this value was added to TTOQ data used here in
agreement with Mantvla's [1987] differences. (Note that any
discrepancy between these dala sets is slightly exagerated on
a decp isopycnal surface becausc for nearly linear Atlantic
deep T-5 curves the salinity offsel is somewhat greater
along a curve of constant density than it is along the salinity
axis. To illustrate the magnitude of this difference, the
standard deviation of the 24°N eastern basin CTD data was
computed relalive to Saunders’ [1986] reference 8-5 rela-
tion. The result was a standard deviation of 0.002%. along the
S axis and 0.003%. along constant o curves.) These correc-
tiens improved the consistency of salinity measurements
between the different data sets. A comparison of GEOSECS
salinity with TT( salinity in nearby siations on an jsopycnal
surface revealed a standard deviation of 0.008%. of the
difference. Some of this variability may be real, from
changes in time and spatial gradients; however, the better
agreement betwcen the other data setls suggests some other
problem, and the GEOSECS salinity was not used here.

Not all stations in a given cruise were used for making the
horizantal maps of properties an constant density surfaces
because of computer time and cost constraints. This was
justified by a few plots that were made with al] the stations,
which did not show any new structure. The locations of
missing stations arc easily visible in the maps as portions of
cruise track with unusual spacing.

3. DISTRIBUTION OF SaLiviTY, OXYGEN, AND SILICA

Plots of salinity of isopycnal surfaces are used to examine
variations in the #-$ relation, since advection occurs prima-
rily along a constant density surface. Most of the variation of
salinity is expecled 1o be caused by the mixing of salty deep
waler from the northern North Atlantic with fresh bottom
water from the South Atlantic. Other possible causes of
variation include vertical mixing along the boundaries such
as the Mid-Atlantic Ridge. perhaps caused by local heating
or mechanical mixing. The speed required of deep flow to
make mechanical mixing important, several tens of centime-
ters per second, seems unrealistically high cxcept perhaps
along the western boundary.

Deep isopycnal surfaces oy = 45.85 kg m ™~ (Figure 1) and

oy = 45.90 kg m~ (Figure 2; calculated using the 1980
equation of state} have been chosen to emphasize the Lower
North Atlantic Deep Water (LNADW). Also displayed on
both surfaces are oxygen concentration and dissolved silica.
These densities correspond roughly to a potential tempera-
tre of 2.2°C and 1.9°C, and to depths of 3500 m and 4200 m
in the western trough. The (otal variation of salinity on these
surfaces is small, about 0.04%e.. and it was nccessary to make
corrections owing to salinity differences in the standard
seawater used to calibratc the salinometers, which in turn
are used to calibrate the CTD profiles [Manryia, 1987]. The
correcled data are presented.

In the western trough the basic pattern of the salinity
distribution on both surfaces is of relatively salty water in
the north and west and fresh water in the south and east.
High-salinity water extends south along the western bound-
ary past the equator, and throughout this path of over 55° of
latitude the salinity varies by only about 0.005%. (Figure la).
South of 3°S the salinity decreases sharply by more than
0.01% to values less that 34.91%c at 11°8. This salinity
distribution confirms, at slightly better resolution, the pic-
ture provided by Worthington and Wright [1970] at 2.2°C and
1.9°C. In addition to being relatively salty, the water in the
west is more highly exygenated (Figures 15 and 254) and has
a lower dissolved silica concentration (Figures le and 2¢),
which is also characteristic of Lower North Atlantic Deep
Water, These property distributions all result from the
southward flowing deep western boundary current.

In addition to the tracer evidence, the continuity of this
current is becoming apparent from recent direct measure-
ments as well. For example, yearlong direct current mea-
surements near 8°N at the western boundary by Johns et al.
[1990] show the presence of a rather uniform southwestward
flow above the continental rise at 4600 m depth. The mean
speed of the near-bottom flow over the measurement period
was about 20 cm s 7.

Along the western boundary near 10°N a salinity maxi-
mum appears on the lower, 4590 kg m ° isopycnal. This
isolated stretch of high salinity is correlated with low silica
values as well (Figure 2¢). Although oxygen concentration
shows no particular high there (Figure 25), individual station
values do continue to increase toward the western boundary
up to 6.05 mL L ! near 10°N, and somewhat higher near
7°N. In general, vertical mixing between bottom water and
deep water should on the contrary reduce salinity and
oxygen concentration in the LNADW. This isolated feature
thereforc seems to be an cffect of sampling: inadequate
sputial resolution or time-dependent property distributions.
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TABLE 2. Volume Transport Estimates Close to the Western Boundary
Stations 1w~
AAIW UNADW [.LNADW {Widih, nDw DW
L.atitude 4001200 m 12002900 m Stations 29004400 m km?} Sum Sum
13N 4.3 -16.8 2-6 -8.4 411 630 - 25.2 -20.9
T-10°N 13.1 —12.6 215221 -13.2 218226 {450) -25.9 12.8

Units are 10" m? s 7!, positive is north. AAIW is Antarctic Intermediale Waler, UNADW is Upper North Atlantic Deep Water, and
LNADW is Lower North Atlantic Deep Water. DW is the sum of the deep water transports, [W + DW includes intermediate water.

Near the Mid-Atlantic Ridge, waler is less saline. Fairly
uniform property values above the castern flank of the ridge
(Figure 1) are consistent with a northwest flow there. sug-
gested by Mann et al. 11973) on the basis of both silica
profiles and also the salinity distribution on potential tem-
perature surfaces produced by Worthington and Wright
[1970]. Mannt et al. [1973] remarked on the uniformity of
propertics across the ridge from east to west between 2.47
and 2.6°C, but this clearly applics to somewhat deeper levels
as well. This raises the issuc of a deep western boundary
current in the eastern trough, which according to Srommel
and Arons’” [1960] prescription ought to flow north up to
mid-latitudes where it reverses as part of the recirculation at
the poleward end of a closed basin. The Mid-Atlantic Ridge
is a very uneven boundary, though, and it is unclear whether
or not the model should be applied, not 10 mention the
ill-defined location and strength of a southern source.

The only other way salinity could be decreased near the
ridge is through vertical mixing, producing a downward flux
or sink there, On the upper density surface in the latitude
range of roughly 10°N (o 20°N, there is a salinily minimum
that is isolated from surrounding watcr by about a 0.005%.
change in salinily, A minimum of similar amplitude alseo
appears on the lower surface (Figure 2a). In each case the
extrecmum is defined by several stalions [rom two different
cruises. Furthermore, where other ship tracks cross the
13°N section, the salinitics agree. Thus shifting one section
or another by 0.005%. to remove the extremum would not
scem 10 be justified.

On the deeper surface the distribution of oxygen has the
same basic shape as the salinity. with low oxygen correlated
with low salinity (Figure 25). The oxygen distribution sup-
ports the isolation, but again the amplilude (from western
trough to eastern trough) is marginal. about 0.05 mL L I
Finally, on the upper surface, both oxygen and silica are
extreme at the eastern boundary. On this surface, eastern
boundary sources and sinks together with lateral advection
and diffusion seem o overwhelm any potential vertical
mixing effect.

These Mid-Atlantic Ridge extrema. if real, would be direct
evidence of mixing between the Antarctic Bottom Water and
Lower North Atlantic Deep Water and may represent the
regions of strongest vertical mixing along the crest of the
Mid-Adantic Ridge. However, they can only be regarded al
this point as a hint of such an elfect, whose large-scale signal
is weak compared to thal of the basic flow.

4. GrosTROPHIC VOLUME TRANSPORT

Geostrophic transport calculations were madc using some
of the stations necar the western boundary to cstimate the
strength of the southward ow there. The general northward

flow of Antarctic Bottom Water and Intermediate Water
below and above North Atlantic Deep Water suggests two
possible reference levels, onc at about 4000 m depth and the
other at roughly 1000 m depth. To estimate the northward
flow of bottom water, Wright |1970] chose a zero velocily
surface near 2°C, or about 4000 m depth in the interior, but
shallower near the boundary by several hundred meters.
While this choice is acceptable for bottom water transport
cslimates, it is clearly wrong for those of deep water. since
water of this temperature 1s flowing south along the bound-
ary north of the equator.

A shallower reference level choice, on the other hand,
produces the correct sense of intermediate and deep flow at
the boundary. The most important guide 1o the upper refer-
ence level choicc is the salinity distribution, which has a
minimum in the Intermediate Waler, above a maximum in
deep watcr. A reference level of 1200 m depth (or the
bottom, where shallower) scemed to be best as a uniformly
valid choice throughout the latitude range of the sections
which lics between the two extrema, and this value was used
in all calculations (Table 2). This choice is meant to be valid
only in the restricted latitude range shown below and only
close to the boundary. Bottom triangle transports were
approximated by multiplying the deepest velocity common
to a station pair by the area below the decpest common level.

Tao allow comparison, the deep water was divided inte
both upper and lower components. The contribution of
Antarctic Intermediale Water was dlse estimated, but Ant-
arctic Boltlom Water transport is not considered here. Far-
ther offshore, new reference level choices arc required to
arrive at basin-wide cstimales. The depth range defining the
components and calculated transports are given, together
with their sum showing the net southward movement of
waler in each depth range (Table 2). The error implied by
moving the reference level down by several hundred meters
amounts lo less than 10%. Moving il up into Iniermediate
Water changes the estimates substantially. In addition. these
estimales suffer from a inexact definition of the offshore edge
of the current. The 6.0 mL L ' contour is used here as the
cdge (Figure 2k); variations trom one station pair to another
at the offshore edge can amount 1o 50%.

Considering the result al 7°-10°N and 13°N, the calculation
shows a southward LNADW transport of about 10 = 3 x 10°
m?s . The deep water sum is nearly the same, 25 x 10° m?
s ', at both scctions and is almost triple the cstimate of
Wright |1970] and Fine and Malinart [1988]. probably be-
cause of their deep reference level (and therefore weaker
deep velocities). The wider station spacing of the data used
by Wright 11970] must play a role too, but Roemmich's
[1983] inverse method transport calculation using the same
data with an initial reference level choice at 2(H0 m resulted
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Bathymctry of the western cquatorial Atlantic region, simplificd from GEBCO chart 5-12 of the South Atlantic

(Ocean. Mid-Atlantic Ridge areas shallower than 3000 m depth are shaded, tuck marks indicate deeps.

in 2 LNADW (similarly defined) transport of 15.1 x 10% m”
s ' to the south at 8°N. This result, though. seemed to
depend more on the mass conservation constraint in deep
layers than on the 8N hydrography. His combined decp
water transport was 23.7 X 0% m* s ! to the south at 8N,
and by construction the same figurc obtains at 85, 24°S, and
24°N weo.
The division of the deep water into depth intervals ignores
J¢ tendency for water to flow along isopycnals. Alterna-
tively, transports could be divided inlo different temperature
or density classes o define the various companents., but the
substantial change of temperature, salinity, and other tracers
with latitude on the deep density surfaces show such a
division to be arbitrary and problematic as well. Evidently,
some kind of lateral discrimination could be made when
choosing boundaries between water masses, in addition to
the usual vertical divisions.

5. CONCLUSION

The greatest change in the salinity of Tower North Atlun-
tic Deep Water along the western boundary on two deep
isupycnals occurs between 3°S and 118, This indicates that
the Lower North Atlantic Decp Waler current has crossed
the equator without substantial modification. The modifica-
tion of its tracer characteristics south of the eguator. in the
Brazil Rasin, is understandahble because here the Antarctic
Bottom Water is a western houndary current teo, and so the
two currents lie next to one another.

Gieostrophic transport calculations obtained using a refer-
ence level chaice of 1200 m next to the western houndary
support the tracer evidence ot the southward extension of
the deep western boundary current across the cqualor.

The oxygen distribution in particular supports the picture
ol cross-equatornial flow which branches in the Brazil Basin,
some continuing south and some turning east. The oxypgen
aistribution south of the equator is aligned with an eastward
—extension of the continental rise ncar 3°5, cast of the
Parnaiba Ridge (Figure 3). This topographic feature scems
too broad and deep 1o be much of a4 guide toward the
entrance to the Chain Fracture Zone at 2°20'S or the

entrance to the Romanche Fracture Zone at 0°45'S. Never-
theless. the LNADW water does make its way across the
Brazil Basin and Mid-Atlantic Ridge, as the high oxygen
concentrations at 4000 m depth (and 45.87 kg m ) on the
cquator cast of the Chain Fracture Zone and Romanche
Fracturc Zonc cexits attest {Bainbridge, 1970].

Although the high oxygen concentrations cast of the
Mid-Atlantic Ridge occur near the equator, thal water cer-
tainly cannot have moved east precisely along the equator
becausc this path is blocked by the ridge itself near 25°W
{Figurc 3). Morcover, the two main fracture zones are tilted
with respect to the zonal direction, and water thercfore
enters them at the off-equatonial latitudes mentioned ahove.
All these factors support a path for the lower deep water
somewhat south of the equator and suggest that the more
southerly Chain Fracture Zone may be more of a guoide than
was previously thought.
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