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Abstract—A long CTD/hydrographic section with closely-spaced stations was occupied 1n July—
August 1988 from Iceland southward to 3°S along 4 nominal longitude of 20°W The section
extends from the surface down to the bottom, and spans the entire mid-ocean circulation regime of
the North Atlantic from the subpolar gyre through the subtropical gyre and the equatoral currents
Vertical sections of potential temperature, salinity and potential density from CTD measurements
and of oxygen, silica, phosphdte and nitrate, based on discrete water-sample measurements are
presented and discussed 1n the context of the large-scale circulation of the North Atlantic Ocean
The close spacing of high-quality stations reveals some features not described previously The more
important findings include (1) possible recirculation of the lightest Subpolar Mode Water into the
tropics, (2) a thermostad at temperatures of 8-9°C, lying below that of the Equatorial 13°C Water,
(3) the nutrient distribution 1n the low-salinity water above the Mediterranean Outflow Water that
supports the previous conjecture of northern influence ot the Antarctic Intermediate Water, (4) a
great deal of lateral structure of the Mediterranean Outflow Water, with a number of lobes of high
salimity, (5) an abrupt southern boundary of the Labrador Sea Water at the Azores—Biscay Rise
and a vertically well-mixed region to its south, (6) a sharp demarcation in the central Iceland Basin
between the newest Iceland-Scotland Overflow Water and older bottom water, which has a
significant component of southern water, (7) evidence that the Northeast Atlantic Deep Water s a
mixture of the Mediterranean Outflow Water and the Northwest Atlantic Bottom Water with very
littie input from the Iceland-Scotland Overflow Water. (8) an 1solated core of the high-salinity,
low-silica Upper North Atlantic Deep Water at the equator. (9) a core of the high-oxygen, low-
nutrient Lower North Atlantic Deep Water pressed against the southern flank of the Mid-Atlantic
Rudge just south of the equator, (10) a weak minimum of salimty, and well-defined maxima of
nutrients associated with the oxygen minimum that separates the Middle and Lower North Atlantic
Deep Waters south of the equator, (11) a large body of nearly homogeneous water beneath the
Middle North Atlantic Deep Water between 20°N and the Azores-Biscay Rise, and (12) a deep
westward boundary undercurrent on the southern slope of the Rockall Plateau

1 INTRODUCTION

LonNG lines of deep, closely-spaced hydrographic stations with vertically continuous or
high-resolution discrete measurements of water properties are of utmost importance to the
study of the large-scale ocean circulation Such a hine has been completed recently in the
Atlantic Ocean along a quasi-meridional transect extending from Iceland (63°N) to South
Georgia (54°S) One of the objectives for making this transect was to investigate in detail
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the mid-ocean zonal circulation at all depths of the Atlantic Ocean, a pursuit severely
hampered in the past by a lack of long meridional sections

Because of the extreme length of the transect, the field work was divided into two parts.
The first was carried out in the North Atlantic in 1988 and the second 1n the South Atlantic
in 1989. The purpose of this paper is to present vertical sections of properties observed
during the first part and to describe and interpret various features of the property
distributions 1 terms of the large-scale ocean circulation A companion paper based on
data from the second part will be published at a later date.

The North Atlantic part of the transect (Fig 1) was occupied by R.V. Oceanus (OC202)
in July-August 1988 with M. S. McCartney as Chief Scientist. The transect began at the
shelf break immediately south of Iceland and extended along 20°W southward to 36°N
northwest of Madeira. It then deflected to the west toward 20°N, 29°W, following the
deepest portion of the eastern basin. After completing Sta 65 (33°19'N, 21°36'W), the
observations were interrupted for 5 days by a port of call at Funchal, Madeira. From 20°N
it ran due south along 29°W to 11°N, where 1t turned back to the southeast toward 1.5°N,
25°W. The equator was crossed along 25°W, and the southernmost station was occupied at
3°S. Except near its southern end. where it crossed the Mid-Atlantic Ridge, the section hes
essentially in the eastern basin.

The station spacing was generally 56 km north of 30°N as well as between 1-3°S, and
83 km from 30 to 1°N It was reduced to 8-37 km over the slope south of Iceland and to
37 km over the steep topography just north of the Rockall Plateau, also within 1° of the
equator On each station a rosette sampler equipped with a CTD was lowered to the
bottom, and water samples were collected from 24 levels throughout the water column,
except on a few shallow stations where the number of samples was reduced Frequent
malfunctions of the closing mechanism of the rosette sampler during the first half of the
cruise resulted 1n a loss of water samples at a considerable number of stations. Neverthe-
less, the vertical resolution of the discrete samples was generally satisfactory in water
depths of <4000 m, but was coarser than desirable for the deeper stations which reached
5000-6000 m. Because of a problem with the autoanalyzer at the beginning of the cruise,
no nutrient measurements (sihica, phosphate, nitrate and nitrite) were made at Stas 1-6

Vertical sections of potential temperature, salinity and potential density (o, and o+/0y),
based on the CTD data, are presented in Figs 24, and those of dissolved oxygen, silica.
phosphate and nitrate from bottle samples are presented in Figs 8-11 CTD oxygen was
used sparingly to resolve a few features The CTD salinity was calibrated against the bottle
sahnity standardized with reference to P-108 standard seawater. The accuracies of the
CTD pressure, temperature and salinity are better than 2-3 dbar, 0.002°C and 0.002 psu,
respectively. Precision was I dbar, 0.001°C and 0.001 psu The accuracies of discrete
measurements were 0.03 ml 17! (0.5%) for oxygen, 2% for silica, and 1% for phosphate
and nitrate; the fractional values are relative to the highest concentrations found in the
regional water columns. The vertical exaggeration of the full-depth sections 1s 500, while
that for the top 1.5 km, repeated in the upper panel, is increased to 1250. Potential
vorticity (f/p) (9p/dz), shown in Figs 5-7, was calculated as described by TALLEY and
McCarTNEY (1982) using the Vaisala frequency, and hence, a reference density at each
depth, the vertical derivative was calculated from a least-squares staight-line fit to the
density profile with Gaussian weighting over a 60 dbar interval.

In the following sections, various features in the distributions of the properties
illustrated 1n Figs 2—4 and 8-11 are described and interpreted in the context of the large-
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40°W 20° 0°
Fig 1 Station locations along the 20-25°W section occupied from north to south by RV

Oceanus (OC202) between 23 July and 24 August 1988 The section was broken mnto two legs
separated by 5 days between Stas 65 and 66

scale circulation of the North Atlantic Ocean The topics are arranged primarily by depth
(surface to bottom) and secondarily by latitude (north to south). All density-anomaly
values (04, 01,0, etc.) quoted in this paper are calculated according to the International
Equation of State (EOS80), with the units being kg m >, All salinity values are on the
Practical Salinity Scale (PSS78). Table 1 lists the abbreviations of the water-mass names
used 1n the text



»Iep Q1D U0 paseq T

D0 woy (),) aampeasdwa pyuatod Jo uondads [eontdp

oy

NG

ON NOILYLS

Jig




PIPP (1L UO PASPY *T(T, )0 WOy AUIES JO UOTIRS [PONRA - € 3

N.Ob NG

o

.
| _E:_: .__f, __

B NI T AN , A

09 NN NOEETLS




w ()00E < syadap 103 Yo pue w gppc—0 10J <o smoys uondds yidap-jny

ayy, % smoys ‘w psT do sy FULIDA0D *U01103s Jaddn ayy ®iEp (11D U0 paseq ‘tHzDO Woil ATE 39) Ausuop [enudjod jo UonIAS [BONIIA  + i

N.OS NOE

e
Ty T 111 T VI T T v T
o2

009

oor

Wi =Sy

L S A B B R A N
2



An eastern Atlantic section from Iceland southward across the equator 1891

B LA SR I S o o e e BB IR
T A-
i x " * . . :;?“K ';V’&x:!‘&,v",‘& . 1
e - o ]
5° : ", ]
C o ]
274l -
L oy ]
et e e
14 B
— 12 :_ < . ::x:,{\g‘xlwi.’:\”:\tﬂ"&' —:
g 10 ,lx” | N."""vnl‘a- =
S E . Pl 5
s L Bt 3
r x " ey ]
> 6 -
e 10 OB T e 0 B N M S
o~ H . -
= o 3 e C B
@ o - " M 4
O v Xx
>7 [ ] T
o E S0 . .
<I<ro . "‘x"x{x}(. 4
—_ - . » x U B
i i kg
z QO F ool J
= L i
B P . T I B U WP 0 SEP A
a 10°S o° 10° 20° 30° 40° 50° 60° 70°N
LATITUDE

Fig 5 (A)gy. (B)potenual temperature (°C), and (C) potential vorticity (107 Hem™' s ) in the

Subpolar Mode Water and equatorial and tropical pycnostads, as identified by a vertical mimmum

n potential vorticity calculated trom CTD profiles along 20°W Stations used in Fig 7 are indicated
with solid circles

2 SUBPOLAR MODE WATER

The Subpolar Mode Water (SPMW) 1s formed 1n the surface layer of the northern North
Atlantic by deep winter convection. MCCARTNEY and TALLEY (1982) described its distri-
bution and circulation, and changes in 1ts temperature and density along the circulation
path The SPMW first appears near 40-50°N, 38°W in its warmest form, and flows
castward with the North Atlantic Current. Part of 1t recirculates 1n an anticyclonic gyre
east and south of the North Atlantic Current (McCARTNEY, 1982), while the remaining
water turns to the north to circulate counterclockwise in the northern North Atlantic The
bulk of the latter portion ends up in the Labrador Sea, where it becomes the coldest,
densest and thickest SPMW observed (This is the Labrador Sea Water discussed 1n
Section 8.) The present section cuts through both of these circulation regimes.

On the vertical section of gy, the pycnostad of the SPMW between 40 and 50°N 15
apparent at 11-12°C (04~27.1; salinity ~35.5; depth ~100-500 m) and in the Iceland
Basin at 7.5°C (o, ~ 27.5, salinity ~35.15; depth ~100-700 m), with a monotonic
transition between. Using 1ts vertical potential-vorticity minimum as an 1dentifier (F1g. 5),
the SPMW can be defined in more detail. SPMW of 11-12°C (g,~27.1) 1s found south of
47°N, extending all the way to about 27°N (Fig 5A), although vertical profiles of potential
vorticity show only a weak pycnostad south of 40°N. From 47 to 60°N, the SPMW density
mcreases to 27.35 o, and potential vorticity remains uniformly low A sudden transition to
27 5 g, occurs 1n the central Iceland Basin, with a concomitant drop in temperature from
8.5t07.5°C

On isopycnals that intersect the denser SPMW (e.g o, =27.3 and 27.5 1n Fig 6). a
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Fig 6 Potential vorticity (107" ecm™' s7!) along 1sopycnals intersecting the Subpolar Mode
Water calculated from CTD data along 20°W 27 1 g, 27 3 g4, and 27 S gy

lateral minimum of potential vorticity occurs where SPMW is identified at that density. On
the other hand, although the SPMW at 27.1 g, occurs everywhere south of 47°N, a lateral
minimum at this density occurs only at the northern end. This suggests that this SPMW
forms in the north (McCARTNEY and TALLEY. 1982) and that 1t 1s this lowest-density SPMW
which circulates into the subtropical gyre.

Although SPMW 15 the remnant of the winter mixed layer (McCARTNEY and TALLEY,
1982), summer stations do not usually show a well-mixed layer, in contrast to winter
stations (ELLETT and MARTIN, 1973). At Sta. 22, however, we found a dramatically
uniform mixed layer in the local SPMW density range (Fig. 7). SPMW potential vorticity at
this station is also the lowest in the section (Fig. 5A). Station 22 is located at the southern
edge of the Rockall Plateau, so the persistence of the mixed layer well past winter might be
linked to the topography, for instance 1n a topographically-controlled eddy.

North of about 30°N, there 1s a general southward deepening of the upper-layer
isopycnals, which indicates a broad eastward flow. This pattern is most notably interrupted
by westward flows at 52-56°N and near 43°N. Superimposed on this background trend are
vertical fluctuations of small horizontal scale, suggesting a high level of eddy activity in the
region. Of course, 1t 1s not possible to infer the meridional motion of the SPMW from the
present data

3 SUBTROPICAL AND TROPICAL HIGH-SALINITY WATERS

The highest salinities (>37.3) over the entire section are observed at the sea surface near
23°N, 1n a region of excessive evaporation Waters having salinities higher than 36 stretch
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Fig 7 Vertcal profiles of (A) g4. (B) potental temperature (°C). (C) oxygen (ml I 1), and
{D) potential vorticity (107" em™" s7!) from CTD data collected at Stas 21 (— — — 54°59'N),
224 S4°29'N), and 23 (- —— - - 53°59'N) along 20°W

northward along the sea surface as far as 40°N, while exhibiting gradual decreases in
temperature and salinity. Beneath this is a weak but clear indication of a 17-18°C
thermostad (o, ~ 26.5) between 28 and 33°N. This thermostad may be 1dentified as the
Madeira Mode Water, formed by winter convection in the vicimity of Madeira, and
separated from the 18°C Water of the western North Atlantic (SIEDLER ef al., 1987). The
high-salinity water also extends southward as a subsurface tongue along g, ~ 25.5 to about
12°N, where the sea-surface temperature reaches its highest value of ~28.2°C. (Another
tongue extending southward from 9°N is not a direct continuation of this tongue and will be
described separately ) There are at least three 1solated high-salinity cores 1n the tongue,
suggesting bands of alternating zonal flows, but the 1sopycnal slopes n the upper 500 m
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Table 1 Abbreviations of the water-mass used in the text

Abbreviation Full name
AABW Antarctic Bottom Water
AAIW Antarctic Intermediate Water
ISOW Iceland-Scotland Overflow Water
LNADW Lower North Atlantic Deep Water
LSW Labrador Sea Water
MNADW Middle North Atlantic Deep Water
MOW Mediterranean Qutflow Water
NADW North Atlantic Deep Water
NEADW Northeast Atlantic Deep Water
NWABW Northwest Atlantic Bottom Water
SPMW Subpolar Mode Water
UNADW Upper North Atlantic Deep Water

indicate only a broad westerly flow of the North Equatorial Current, and hence that the
saline cores are drifting with the large-scale flow

In the domain of this high-salinity water, the oxygen field exhibits a clearly defined
vertical maximum at 30-100 m, with the water above 1t being supersaturated (generally
~103%, but up to 110% in some places) This shallow subsurface maximum of oxygen has
been observed in summer in both Atlantic and Pacific Oceans (REiD, 1962) and can be
explamed by photosynthetic production of oxygen that remains trapped beneath the
strong density gradient created by summer warming of near-surface water (SHULENBERGER
and REID, 1981 JEnkINS and GoLbMAN, 1985, CraliG and HAYWARD, 1987).

Another high-salinity tongue begins at the sea surface near the northern boundary of the
North Equatorial Countercurrent, which 1s indicated by the equatorial deepening of the
pycnochine from 9 to 3°N. The tongue extends equatorward to 2°N along gy ~ 24.5 1n the
sharply developed pycnocline, and contains salimities >36.1, with the highest value
(~36.3) being at 40 m near 8°N. The high-salinity core 1s overlain by low-salinity equatorial
surface water (<<35.8) associated with high precipitation in these latitudes. No salinity as
high as 1n the core is found at the sea surface just to the north where the tongue originates.
Similar high-salinity cores in the North Equatorial Countercurrent have been found mn
earlier data from the equatorial Atlantic (KoLEsNIKOV, 1973; BuBNoveral., 1979; DUING et
al., 1980; KHANAICHENKO, 1980; HENIN et al., 1986). and are consistent with the eastward
flow of high-salinity water, which appears to contain a significant amount of South Atlantic
water that crosses the equator north of Brazil (MoNTGOMERY, 1938, MERLE, 1978)

On the southern edge of the high-salimty core, salimty along 1sopycnals near this o,
(24 0-25.0) reaches a lateral minimum and increases again farther south Anisolated high-
salinity core (>36.2) 1s found to be centered at 70 m (o, ~ 24.5), slightly south of the
equator. This core 1s obviously associated with the Equatorial Undercurrent, which
transports high-salinity, high-oxygen water of South Atlantic origin eastward (METCALF
and StaLcup, 1967). The salinity maximum of the Equatorial Undercurrent is, on average.
30 km south of the velocity maximum (FAHRBACH ef al., 1986), and the current axis can
migrate by 3° either side of the equator (DUING ez al , 1975), thus accounting for our salinity
core as bemng ~75 km south of the equator. The Equatorial Undercurrent is also seen
clearly as troughs of the subthermocline 1sopycnals and isopleths of oxygen and nutrients
extending down to 300 m
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4 EQUATORIAL THERMOSTADS AND SUBTHERMOCLINE CURRENTS

The thermostad of the Equatorial 13°C Water (0, ~ 26.6) 1s well developed from 5°N to
the southern end of the section (3°S). However, the thermostad’s mean temperature varies
with latitude. It is 13°C at 3-5°N, 12.5°C at 1-3°N. and 13-13.5°C south of 1°N. As was
noted 1n previous studies (HisarD er al., 1976; KeLLEY, 1978, TsucHiva, 1986), the
thickness of the thermostad (as measured by the vertical separation of the 12 and 14°C
isotherms, for example) exhibits maxima north and south of the equator with a mimmum
at the equator

On the northern side of the thermostad 1s the subsurface (or subthermocline) North
Equatorial Countercurrent (COCHRANE et al., 1979), indicated by the steep equatorward
dip of the subthermocline 1sotherms for 9-14°C. The eastward flow of the subsurface
Countercurrent appears to extend to that of the shallower (surface) North Equatorial
Countercurrent without showing a subsurface speed maximum. However, 1t is distinctly
separated from the Equatorial Undercurrent by a westward flow described just below. The
subsurface Countercurrent is associated with an isolated subthermocline high-oxygen core
(>3 mll™") at o, ~ 26 7, which 1s consistent with the transport of high-oxygen water from
the west (CocHRANE, 1975; MERLE, 1978; TsucHIYA, 1986) The nutrient fields show only
weak minima 1n the core.

The subsurface South Equatorial Countercurrent is just barely visible in the slope of the
same subthermocline 1sotherms at the southern end of the section.

Between 1.5 and 5°N the slope of the subthermocline 1sotherms indicates that flow is
westward here. This sense of flow immediately north of the Equatorial Undercurrent 1s
consistent with an 1solated core of low oxygen (<2.2 ml1™") at 100-200 m, just beneath the
primary thermocline, because the only source of low oxygen near this density level is to the
east (MONTGOMERY, 1938; MERLE, 1978, TsucHIYA, 1986) This is also consistent with the
lateral minimum of salinity in the pycnochne (Section 3), which suggests a westward flow
from the low-salimity region in the eastern equatorial Atlantic by way of the northern
portion of the South Equatorial Current.

In the upper layer of the equatonal region, there are two other thermostads (pycnos-
tads) not noted previously (Figs 2, 4 and 5) Both thermostads are not defined as well as
that of the 13°C Water, but are clearly recognized in the present data. One occurs at 8-9°C
(0g ~ 27.05; depth ~400 m) within about 2° of the equator. It hes just beneath the
secondary thermocline which marks the bottom of the 13°C Water thermostad. Vertical
sections of temperature along 13.5 and 18.5°W, presented by METcaLF et al. (1962), and
some of the meridional sections occupied between 35°W and 6°E during the FOCAL
(Frangais Océan et Climat Atlantique équatorial) program in 1982-1984 (HENIN et al.,
1986) also show this thermostad at and near the equator. Its cause and significance are not
known

The other new thermostad is found at about the same depth between 6 and 15°N, but at a
slightly lower density (o5 ~27.0) The pycnostad temperature 1s ~9°C 1n the south and
~10°C 1n the north. A similar pycnostad was observed at o4~ 27.1-27 2 east of 25°W, in a
section along 24°N, by RoemmicH and WuNscH (1985). Because both of these pycnostads
occur in the density range of the warmest form of the SPMW (McCarRTNEY, 1982:
McCarTNEY and TALLEY, 1982), the pycnostad observed at 6-15°N in the present section
might represent the recirculation of the SPMW 1n the subtropical gyre. Further mvesti-
gation is required to confirm this conjecture
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5 LOW-SALINITY WATER OVERLYING THE MEDITERRANEAN OUTFLOW
WATER

There is a vertical minimum of salinity at about 500-800 m, embedded between the
high-salinity subtropical water above (Section 3) and the Mediterranean Outflow Water
(MOW) below (Section 7) It can be recognized most clearly between 32 and 42°N (Sta.
47-68), where the MOW is best developed, but extends farther north and south in a less
distinct form. The minimum is also well defined above the isolated Mediterranean salt
lenses or Meddies (McDoweLL and RossBy, 1978) observed at Stas 77 and 79, near 26—
27°N (Section 7).

In the region where the salinity minimum 1s well developed, the minimum occurs at
0 ~10-11°C, g4~ 27.2-27.4 and o, ~ 31 6-31 8 (Fig. 12). The minimum salinities are
35.5-35.6, and the laterally lowest salinities are observed at 32-34°N and near 41°N,
although the distribution is somewhat patchy.

North of 42°N, the mimmum 1s less clearly defined and not well depicted by the
1isohalines 1n the section; it is only barely recognizable at some stations. Nevertheless, 1t
still exists at a somewhat lower temperature (6 ~ 8-10°C; o, ~ 27.4-27 5) to as far north as
54°N (Sta. 23). This northward extension of the salinity mmimum 1s of course associated
with the overlying high-salinity water of subtropical origin and with the underlying high-
salimty MOW . which is flowing northward along the European coast (Section 7).

South of 30°N, the minimum shifts to lower temperatures. At 22°N (Sta. 84) the
minimum 18 intensified (<35.0) and located at 6 ~ 6°C (o, ~ 27.5). Southward of this
station, the minimum is identifed as the Antarctic Intermediate Water (AAIW) extending
northward from the South Atlantic (Section 6).

North of 30°N, the low-salinity water has been thought to originate in the northern
North Atlantic. WusT (1935; see his Beilage XXII1) called this salinity minimum the North
Atlantic Intermediate Water and, on the basis of very limited data, he inferred its primary
formation region to be over the Davis Strait sill. Recently, ArHaN (1990) discussed its
source and subduction into the subtropical region in the light of new hydrographic data and
the ventilated thermocline theory of LUYTEN er al. (1983), and suggested that 1t originates
in the Labrador Current. The patchy salinity distribution 1n the minimum on the present
section suggests that it may be coming from the west along zonal flows or that there are
numerous eddies 1n this region. A map of salinity on an 1sopycnal (g, = 32.0/0, = 27.48),
coinciding roughly with the salinity minimum (TsucHivA, 1989) shows low-salinity water
extending from the Labrador and Irminger Seas southward along the western boundary
and also eastward along about 50°N However, from the distribution of silica on the same
1sopycnal, he showed that the AAIW flows northward along the western boundary of the
North Atlantic and then leaves the boundary along the Gulf Stream-North Atlantic
Current It reaches 50-60°N south of Iceland. Thus 1t 1s possible that the low-salinity water
above the MOW contains a significant amount of the AAIW transported by the Gulf
Stream-North Atlantic Current along the west and north edges of the MOW. The 1solated
core of low salinity (<35.5) centered at 34°N (Fig 3) may represent another branch of
eastward flow of the low-salinity AAIW that has separated from the western boundary at a
lower latitude

6 ANTARCTIC INTERMEDIATE WATER

The low-salinity tongue of the AAIW extends as a strong feature at about 600-800 m
from the south end of the section to about 22°N At 3°S the salinity minimum 1s located at
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Fig 12 (A)oy, (B) depth (m). (C) potential temperature (°C). (D) salmty. (E) oxygen (mll™ 1),

(F) silica (#gmol kg™ '), (G) mitrate (umol kg~ 1y, and (H) phosphate (umol kg™') at all sahmty

mimima found between 31 6 and 32 25 g, ( X) and between 32 25 and 32 5 0; (O), based on discrete

bottle data South of 30°N this minimum is identified as the AAIW (Section 6) Between 30 and

—40°N, the shallower salinity mimmum overlies the MOW (Section 5) North of 40°N, the shallower

minima are 1n a strong interleaving regime above the LSW The deeper salimty minumum O)is
predominantly LSW (Section 8)
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0 ~ 5°C (0y ~ 27.3), with sahinity < 34.5 (Fig. 12). Potential temperature, salinity and o,
in the AAIW increase to the north, the latter due to the greater influence of increasing
salimty relative to potential temperature. Oxygen decreases northward to a minimum at
12-19°N, while phosphate and nitrate are nearly uniform south of 20°N The oxygen
distribution is heavily influenced by water from the well-known low-oxygen domain in the
eastern equatorial North Atlantic (e g MEgRLE, 1978) and does not show any vertical
extremum 1n the AAIW over most of our section. There 13, however, an isolated core of
high oxygen (>3.4 ml 17") centered at about 550 m (0,~27 1), slightly above the salinity
minimum just south of the equator. This high-oxygen core also is recognized as a tongue
extending eastward along the equator on maps of oxygen in the AATW (Wusrt, 1935; REID,
1989)

North of 22°N, a weak minimum continues to Sta. 80 (25°N), where its g4 1s about 27 55.
Its continuity 1s interrupted by the Meddies at Stas 79 and 77, but 1t is still visible at Stas 75
and 76 (Fig 3). Oxygen, as well as temperature and salinity, increases to the north 1n this
weak mimimum, suggesting that 1t 1s not a simple northward extension of the stronger
AAIW encountered farther south on this section. As described in Section 5, a strong
salinity minimum, which is distinct from this weak AAIW and overlies the MOW |, is first
encountered above the Meddies at Stas 77 and 79 (26°N) and is a coherent feature from
station to station between 32 and 45°N (Stas 67-41).

The AAIW 1 the equatorial Atlantic 1s characterized by relatively high silica concen-
trations (METCALF, 1969; MANN et al . 1973; BAINBRIDGE, 1980; TsucHiyA, 1989). A well-
defined tongue of high silica extends northward, approx. 150 m below the AAIW salinity
mmmmum It lies at g~ 27 4 at 3°S, and at g4 ~27.5 near 23°N, where the tongue
terminates The silica maximum associated with the AAIW is not present between 24 and
40°N, but north of 40°N a weakly defined maximum appears at g, ~ 27.6-27.7 (o, ~ 32.2),
though not revealed everywhere by the isopleths on the section. This is in contrast to that
seen in the GEOSECS (Geochemical Ocean Sections Study) western Atlantic section,
which shows a continuous high-silica tongue extending north to 50°N (BAINBRIDGE, 1980).
No coherent salinity minimum is associated with this maximum Properties at the northern
silica maximum show decreasing temperature and salinity to the north, increasing oxygen,
and nearly uniform phosphate, silica and nitrate. This northern maximum can be
explained by the transport of the high-silica AAIW from the west along the Gulf Stream—
North Atlantic Current (Section 5).

There are similar tongues of high phosphate and nitrate extending northward to about
30°N Near the equator these tongues are just beneath the salinity mimmum, but north of
about 9°N they are generally shallower. The silica, phosphate and nitrate maxima are
patchy It is tempting to interpret these patches of high nutrients as indicating eastward
zonal flows, but the patches of the three nutrients do not coincide with each other
everywhere.

Similar to silica, weak maxima of phosphate and nitrate appear again north of 40°N but
are shightly shallower than the silica maximum. The phosphate and nitrate maxima north
of 40°N are consistent with the contribution of the AAIW suggested by the silica field.

7 MEDITERRANEAN OUTFLOW WATER

The highly saline MOW is clearly seen between 30 and 42°N, with 1ts strongest
development (maximum salinity >36.1) at 37°N (Sta. 57). Its core is located at 9-10°C
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Fig 13 (A) Salimty and (B) oxygen (ml 171 1n the Meddes at Stas 77 and 79 Stas 78 and 80 are
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(09 ~ 27 7; 0, ~ 32.1, depth ~1000 m) Between 35 and 40°N a well-developed thermos-
tad (not a pycnostad) nearly 500 m thick occurs at 10-11°C in the upper portion of the
MOW. At some stations, there 1s a temperature maximum in the thermostad.

South of 30°N, a slight maximum in salmity 1s still observed at progressively lower
temperatures, though not apparent 1n the section At 25°N it is found at 6 ~6°C
(g ~ 27.7; 01 ~ 32.3; depth ~1300 m). Two isolated lenses of the MOW (Meddies) are
observed at Stas 77 and 79, at 25-27°N (Fig. 13). Salimty (>36.2) at the Sta. 79 Meddy is
the highest observed in the MOW. The MOW at both Meddy stations has anomalously
high temperature (>11°C) and low density (0,~31.8-31.9) compared with MOW at all
other stations. These Meddies are part of a general pattern of Meddy occurrences in an
elliptical region extending about 3000 km southwest from Portugal (RICHARDSON et al.,
1991), intersected by our section between 19-41°N. The oxygen content of the Meddies
that we observed is anomalously high on isopycnals (1.0-1.4 mi 1~ ! higher than neighbor-
ing stations), but is about the same as non-Meddy MOW Information on whether oxygen
15 generally higher in Meddies is lacking; the Arm1 and SToMMEL (1983) observations from
1978-1980 show higher oxygen in the Meddies, but the Armi and ZEnk (1984) obser-
vations from 1981 do not show any enhancement.

Irregular staircases in temperature, salinity and density are evident below the salinity
maximum at many stations between 29°30’'—39°N and also beneath the Meddies (Fig. 14).
The most regular staircases, with steps 20-50 m thick, occur south of the highest-salinity
MOW, over a depth range of about 500 m The density range for the staircases is
o, ~ 32.35-32.45 and 0, ~ 36.75-36.95. Density ratios for this range of o, (Fig. 15) are <2,
indicating the potential for salt-fingering (Scumitr, 1981). The large region in which
staircases are found suggests large-scale mixing between MOW and the overlying LSW,
discussed 1n the next section

Southward from 22°N the salinity maximum is again well defined at 8~ 4-5°C
(0, ~ 27 7-27 8) because of the presence of the low-salinity tongue of the AAIW 1n the
layer just above. This broad salinity maximum centered at 1500-1800 m is the Upper North
Atlantic Deep Water defined by WusT (1935). and will be described in Section 11 On the
other hand. the northward extension of the MOW 1s recognized as far north as nearly
50°N., at about the same density (g, ~ 27.6) but at a lower temperature (6 ~ 7°C). REID
(1979) has shown that the MOW extends northward along the coast of Europe as well as
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westward. However, the salinity distribution here 1s irregular and shows a great deal of
small-scale structure. A distinct maximum does not occur at every station.

A vertical mmimum of oxygen at g4 ~ 27.5 (07 ~ 32.0) 1s apparent somewhat above the
MOW. The mmimum extends all the way to the northern end of the section. Unlike
salinity, however, oxygen does not provide a distinctive signature of the MOW. On
1sopycnals intersecting the MOW, oxygen shows a monotonic northward increase n
concentration, and an area of lower oxygen extends northward along the coasts of Africa
and Europe (REID, 1979). This lower-oxygen water has its source in the oxygen-depleted
domain of the eastern equatorial North Atlantic, which is recognized 1n our section as the
core of low-oxygen water (<1.8 ml 17") just below the pycnocline between 9-18°N. The
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(36 9 0,) Positive values <2 suggest that salt-fingering 1s active (Scumirt, 1981)
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vertical minimum of oxygen apparently associated with the MOW 1s influenced by the
deep portion of this low-oxygen water.

8§ LABRADOR SEA WATER

The Labrador Sea Water (LSW) 1s characterized by a salinity minimum and a pycnostad
(thermostad) at about 1500 m, and 1s found from Sta. 7. near the northern end of the
section, to Sta. 49 (41°N) just south of the Azores—Biscay Rise. Its mmimum salinity 1s
<34.94 almost everywhere, reaches to < 34 90 at some locations, and averages 34.91 The
average potential temperature at the minimum 1s 3.55°C and is close to the value (3.5°C)
quoted by WoORTHINGTON and METCALF (1961) for the LSW north of 40°N The average o>
at the salimty mmmum along the present section 1s 36.87 (o, ~ 27.76).

Although the 8-S and 0,-S relations are tight between Stas 7 and 49, salinity of the LSW
in this region 1s marginally lowest just north and south of the Rockall Plateau, both
comnciding with highest oxygen as well These match the distribution of the LSW on
1sothermal or neutral surfaces (WoORTBINGTON and WRIGHT 1970, Plates 37 and 39; IVErs,
1975, Fig. 17) and the TALLEY and McCaRTNEY (1982) description of the main eastward
flow of the LSW across 20°W near 50°N with an additional branch as part of a cyclomc
circulation 1n the Iceland Basin. The 1sopycnal slopes (Fig. 4) also suggest a cyclonic
circulation of LSW 1n the Iceland Basin if a level of no motion 1s taken below the LSW.

The mid-depth oxygen maximum found all along the section was denoted Middle North
Atlantic Deep Water (MNADW) by WusT (1935) North of 41°N, the oxygen maximum 1s
clearly associated with the LSW's salinity minimum. The average concentration of oxygen
at the maximum is 6.34 ml 17! for Stas 1-49, with the highest value above 6.4 ml1~'. The
average density of the oxygen maximum 1s 36.89 0., which 1s slightly greater than at the
salinity minimum. The salinity minimum is also associated with weak minima of silica,
phosphate and mitrate, but these nutrient minima are less clearly defined than the oxygen
maximum and are not found south of the salinity minimum. The silica minimum 1s slightly
shallower than the salinity mimimum

Identification of the LSW as a potential-vorticity mimimum permitted TALLEY and
McCarTNEY (1982) to extend the region of identifiable LSW beyond that of the salnity
minimum, without encompassing the entire MNADW. North of 41°N, a layer of minimum
potential vorticity, centered at 36.88 0., 1s nearly coincident with the salimity mmimum and
oxygen maximum South of 41°N, the potential-vorticity mmimum remans coincident
with a slight oxygen maximum (separated from and above the MNADW) until both the
potential-vorticity mimmum and secondary oxygen maximum disappear at 38°N

The termination of the salinity minimum at 41°N is remarkably abrupt, resulting 1n a
strong subsurface salinity front with almost vertical i1sohalines over a depth range
exceeding 1000 m. It is comncident with a simular, but less striking, thermal front centered at
about 4°C, but the density (o) field exhibits no strong horizontal gradient.

South of the 41°N front, the LSW shifts abruptly to higher density, higher salinity, and
lower oxygen and underhes the northernmost strong MOW. The region of the lingering
potential-vorticity minimum between 38°N and the 41°N front is also a transitional regime
for LSW salinity (Fig. 16). On the vertical sections of potential temperature, salinity and
oxygen, this transitional regime appears as a layer, centered at o, ~ 36.9, of weaker
vertical gradients than to the south. The sharply defined northern and southern boundaries
may be related to the bottom topography at 41°N (Azores—Biscay Rise) and 37°N (East
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the distinct central group at densities 36 8-36 92 0, Fresher Stas 4149 are charactenstic of the
LSW and the saltier Stas 56-60 are characteristic of the MOW regime

Azores Fracture Zone). The absence of a salinity minimum 1s probably due to the high
salinity of the overlying MOW. A measure of mixing efficiency 1s the density ratio (Fig.
15). which has a lateral minimum on the o, = 36.7 and 36.8 isopycnals in this region. The
lowest values are 1.3-1.4, which are well within the salt-fingering regime (ScumitT, 1981).
The lowest density ratio in the region occurs at o, = 36.8 at Sta. 53, which 1s the
northernmost location of well-developed MOW, and of staircases beneath the MOW
(Section 7). The low density ratio suggests that this transitional region is a site of active
mixing between the LSW and MOW, which also may account for the downward shift of the
oxygen maximum and the disappearance of the nutrient minima

9 ICELAND—SCOTLAND OVERFLOW WATER IN THE ICELAND BASIN

Cold (<3°C), saline (>34.96), dense (g, >27.85, 0> >37.00), high-oxygen (>6 4ml1™')
and nutrient-poor water associated with a sharp southward dip of the near-bottom
isopycnals and isopleths of all other characteristics from 1500 to 2800 m on the slope south
of Iceland is a combination of the cold, dense overflows through the Faroe Bank Channel
and across the Iceland-Faroe Rise (WORTHINGTON, 1970, WORTHINGTON, 1976; WARREN,
1981) with entrained thermocline, intermediate and deep waters. We follow Swirr (1984)
mn designating this bottom water in the Iceland Basin Iceland-Scotland Overflow Water
(ISOW) ISOW also is found in the northern Rockall Trough, but in much smaller volume
and with less effect on Atlantic properties. A sharp transition occurs near 60°30'N,
between the ISOW to the north and slightly fresher, less-oxygenated variety to the south
(Figs 3, 8 and 17). On the northern slope, both salinity and oxygen increase rather noisily
from the LSW downward to the highest values (salinities ~34.98; oxygen ~6.5 ml17!) at
the bottom. The vertical gradients of nutrients are weak, but the concentrations generally
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decrease toward the bottom. In the southern. deeper half of the Iceland Basin. salinity
increases more smoothly downward, and a layer of nearly uniform salinity 1s found near
the bottom, which is slightly fresher than the bottom layer to the north. The oxygen
profiles are also smoother than to the north, but show a layer of low oxygen (<6.3ml1™")
about 500 m thick separating the bottom water from the LSW. Phosphate and nitrate (Figs
10, 11 and 17D) slowly decrease downward to the bottom, but silica shows a maximum
(>14 umol kg™!) about 200 m above the bottom (Figs 9 and 17C). The silica maximum
comcides roughly with the layer of low oxygen; the high-silica and low-oxygen concen-
trations suggest a southern source, as discussed below. The bottom oxygen (~6.4 ml1™*)in
the southern Iceland Basin s slightly lower, and the bottom silica (~12 umol kg™ '),
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phosphate (~1.0 umol kg™ '), and mitrate (~1.6 umol kg~ ') are somewhat higher than
their bottom values to the north.

Because the bottommost water in the Iceland Basin, with a density >37.1 g, (~45.885
0,). is denser than any other waters found north of 20°N, one of its sources can only be
ISOW from the northern Iceland Basin itself. Of course this is not the pure endmember
ISOW coming through the Faroe Bank Channel, which can have a density of >37 4 o,
(SwirT, 1984) and whose silica is <10 gmol kg~l The elevated silica content ot the bottom
water in the southern Basin (Stas 10-14), relative to the purer ISOW found 1n the northern
half. indicates a larger component of southern water. The oxygen minimum and silica
maximum just above the bottom 1n the southern Iceland Basin must also have a significant
component of water from the south since the ISOW, SPMW and LSW are all high n
oxygen and low in silica We suggest that this southern water comes from around the
southern side of the Rockall Plateau 1n the deep westward northern boundary current
below the eastward-flowing LSW, and has 1ts ultimate origin in the northward eastern
boundary current discussed by SAUNDERS (1987) and McCARrTNEY (1991) and below in
Section 12. HARVEY and THEODOROU (1986) hypothesized a flow of ISOW from the Rockall
Trough into the Iceland Basin; however. the amount of pure ISOW which they estimate
following this route seems indistinguishable from zero, being only 12% of 2 5 Sv On the
other hand. the cyclonic deep circulation in the Iceland Basin shown by HarvEY and
THEODOROU (1986) would account for dense ISOW in the southern part of the Iceland
Basin, as recirculating water from the northern Iceland Basin which has undergone
additional modification by mixing with overlying waters with a southern source

10. NORTHEAST ATLANTIC DEEP WATERS

Following the nomenclature of LLEe and ELLETT (1967), we refer to the deep water
underlying the LSW just south of the Rockall Plateau as Northeast Atlantic Deep Water
(NEADW). Between the southern slope of the Rockall Plateau and 41°N (Azores-Biscay
Rise) in our section, 1t is marked by a vertical salinity maximum at 6 ~ 2.9°C, g, ~ 27.86,
0> ~ 37.0 and depth ~2700 m The maximum salinity 1s highly uniform at shightly above
34.95. South of 41°N, the salinity maximum disappears, and salinity at this density
increases slightly (Fig. 18B) due to the influence of overlying MOW. Although no vertical
extremum of oxygen or nutrients is associated with the salimty maximum, these character-
1stics are also nearly uniform along the maximum (O, ~ 6 1 ml 17!, S10;~20 gmol kg !,
PO, ~ 1.1 umol kg™, and NO; ~ 18 umol kg ™).

The salinity maximum itself was taken to be the indentifier of NEADW by ELLETT and
MarTiN (1973), who ruled out the MOW as a potential source because of the relatively
high oxygen of the NEADW. Harvey and ArHaN (1988) suggested that ISOW 1s
important in the NEADW makeup n the northern part of this region, but also correctly
point to the importance of the deep MOW influence 1n increasing the sahnity and
decreasing the oxygen of the NEADW toward the south.

On an 1sopycnal (0> = 37.0) that characterizes the salinity maximum, it i1s clear that
salinity is actually lowest 1n the region where there 1s a vertical salinity maximum and
where the water is commonly referred to as NEADW (Fig. 18B). The NEADW appeared
as a positive salinity anomaly in LEE and ELLETT (1965) because 1t has slightly higher
salinity than the western North Atlantic waters used by WORTHINGTON and METCALF (1961)
to construct their average potential temperature-salinity curve The deep western North
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0, for the Oceanus 202 stations Water-mass names follow Harvey and ArHaN (1988) ISOW
indicates the salty. high-oxygen branch., and MOW indicates the salty, low-oxygen branch
NEADW 1s the lower-salimity. intermediate-oxygen pomnt Missing from our section 1s the
NWABW (LEe and ELLETT, 1967). but 1t can be seen 1n (E) showing oxygen (ml 1™ 1) vs salinity for a
selected set of stations from the entire North Atlantic [see (F)]
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Atlantic is influenced by Northwest Atlantic Bottom Water (NWABW), which is largely
derived from the Denmark Strait overflow and hence 1s relatively fresh (LEE and ELLETT,
1967). The NEADW's vertical salinity maximum north of 41°N is due to the existence of
overlying LSW; south of 41°N, the overlying water is salty MOW and the NEADW's
characteristic salinity maximum disappears.

While emphasis has been placed in the past on explaining the NEADW’s vertical salinity
maximum and positive salinity anomaly relative to the western North Atlantic, it is also
necessary to account for its low salinity relative to both the ISOW and MOW mfluences at
this density, asillustrated in Fig. 18D by an oxygen vs salinity diagram based on our section
data. Since our section was located too far east to observe NWABW, we include a similar
diagram (Fig. 18E) for a selection of stations from the entire North Atlantic, which shows
the low-salinity, high-oxygen NWABW as well as ISOW, NEADW and MOW. If, for
simphicty, we assume that mixing is largely along this 1sopycnal and that oxygen 1s
conservative, the NEADW appears to be more a mixture of MOW and NWABW . which
has a significant component of the Denmark Strait Overflow Water, with very little ISOW
input. We also note that we saw no ISOW influence south of the Rockall Plateau (Section
9). although we are aware that on occasion ISOW has been spotted there, 1dentified by
salinity higher than 34.96 at a potential temperature of 3.0°C (WORTHINGTON and WRIGHT,
1970).

Vertical mixing may also be important, to some extent, 1n raising the salinity of the
waters at, say 37 0 0>, under the MOW. Salinity at the vertical maximum between the
overlying LSW and the underlying Antarctic Bottom Water (Section 12) may be decreased
by vertical mixing

11 NORTH ATLANTIC DEEP WATER

Wusrt (1935) designated the intermediate salinity maximum derived from and including
the MOW as the Upper North Atlantic Deep Water (UNADW) Well-developed MOW
appears 1n our section between 22 and 40°N, as discussed in Section 7. South of 22°N, the
salinity maximum is truncated from above by the AAIW’s salimity mmimum The salinity
maximum here is much colder (~5°C), less saline (~35.1), and somewhat denser
{0y~ 27.7; 01 ~ 32 3; 0, ~ 36.8) than the high-salmity core of the MOW

The UNADW extends at a depth of 1500-1800 m (generally shallower in the north and
deeper 1n the south) all the way to the south end of the section. The maximum salinity
decreases southward to 34 96 (6 ~ 3.6°C) near 6°N and increases again farther south.
However, o4 remains at 27.7-27.8 (0, ~ 36.8-36 9) There is an isolated core of high
salinity (>34.98) centered slightly south of the equator A similar core of high chlorofluor-
ocarbons (CFC) is observed at the same location (BULLISTER, 1989; DoNEY and BULLISTER,
1992). These cores indicate that the UNADW reaches the equator in the southward
western boundary undercurrent of the North Atlantic and turns to the east to flow along
the equator (WEIss et al , 1985)

The UNADW south of 22°N also is characterized by a minimum of dissolved silica; a
tongue of low silica similar in appearance to that of high salinity is found under the high-
silica tongue associated with the AAIW The silica concentration along the axis of the low-
silica tongue does not increase monotonically southward but instead shows lateral mmima
at some latitudes. The most conspicuous of these is centered at the equator, with a silica
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concentration <18 umol kg ! within 2° of the equator. This core evidently indicates the

eastward flow of the UNADW that has reached the equator along the western boundary as
already deduced from the salinity and CFC distributions. There are three isolated cores
(<20 umol kg ') at 7-14°N, but the isolation may be due to the coarse vertical spacing of
samples (400 m) at the intervening stations, which may have missed the absolute
mimimum. Nevertheless, the lateral maximum found at 6°N (Sta. 106) is coincident with
lower salimities (~34.96), described previously, and could be taken as evidence of a
westward flow Between 15 and 18°N, the minimum concentration is definitely higher than
that to the north and south, and a lateral maximum (>23 umol kg™ !) occurs at 15°30’'N
(Sta. 93). This maximum may indicate westward flow of higher-silica water, whose
ultimate origin 1s not obvious. The maximum salinity, however, shows a monotonic
southward decrease at these latitudes.

Below the salinity maximum and silica minimum is an oxygen maximum, which 1s part of
the oxygen maximum found throughout the section and 1s identified as MNADW. North of
41°N, where its oxygen content is highest. it 1s identical with LSW. Oxygen at the
maximum drops beneath the MOW and reaches a lateral minimum at about 20°N. where
its depth 1s about 3000 m (g4 ~ 27.88: 0, ~ 37.04). South of 20°N, the oxygen content rises
again and the depth of the maximum decreases to about 2000 m (o ~ 27.84; 0, ~ 36.98)

Just north and south of the equator are found two cores of high oxygen (>5.8 ml171).
The sphitting of the equatorial core may be associated with a peak in the Mid-Atlantic
Ridge. (At this longitude the Mid-Atlantic Ridge runs east-west along the equator.) There
1s also a narrow band of laterally higher oxygen (>5.8 ml1~!) at 10°N (Sta. 101) although
the vertical maximum 1s only weakly developed here. This high-oxygen water extends
down to the bottom, where it joins a larger amount of high-oxygen water (>5.8 ml 1" !) in
the south.

That the vertical oxygen maximum 1n low latitudes is not a direct southward continu-
ation along 25°W of the high-latitude maximum associated with the LSW 1s obvious from
the lateral minimum of oxygen (<5.6 ml 17") near 20°N, which 1s tilted downward to the
south and extends down to the bottom. Similarly, an interruption of the oxygen maximum
of the MNADW 1s found between 18 and 30°N on the GEOSECS western Atlantic section
(BAINBRIDGE, 1980). A more recent section along 35°W also shows a low-oxygen region
(<5.7 ml17!) from 2000 m to the bottom centered at 22°N (McCARTNEY ef al., 1991). This
separation of the high-oxygen water by an intervening lower-oxygen region in mid-
latitudes can be seen clearly on the maps of oxygen at the core of the MNADW (Wusrt,
1935) and along 1sopycnals nearly coinciding with it (REID, 1981: KAwASE and SARMIENTO.
1986). These maps indicate that the high-oxygen LSW flows southward along the western
boundary. as well as eastward across the North Atlantic (Section §; aiso TALLEY and
McCartNEY, 1982). Upon reaching the equator, part of the southward-flowing high-
oxygen water leaves the coast and continues to the east along the equator. Thus, the mid-
latitude region is comparatively less well-aerated

The oxygen maximum of the MNADW is associated with similar minima of phosphate
and nitrate.

Another deeper oxygen maximum 1s very well defined at ~3700 m against the southern
flank of the Mid-Atlantic Ridge, south of the equator. Here a core of high oxygen (>6 ml
1"")1s found at g, ~ 45 87. The maximum weakens and continues to the north of the Ridge
as far as 10°N. This deep oxygen maximum represents the Lower North Atlantic Deep
Water (LNADW) described by Wust (1935). Farther north, the deep oxygen maximum is
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not recognized clearly except for a weak indication at 18-20°N. A large body of water with
nearly uniform oxygen (5.6-5.7 ml1~ ") is found below the MNADW between 20°N and the
Azores-Biscay Rise (42°N). Other properties are also fairly uniform here, suggesting that
a single source controlled by the bottom topography and vertical mixing determine the
properties of this water.

The deep oxygen maximum south of the Mid-Atlantic Ridge coincides with clearly
defined minima of all three nutrients (S10; < 34 umol kg™', PO, < 1.4 umol kg ', and
NO; < 21 umol kg™') Because there is no water with these characteristics at this density
level in the South Atlantic (REID, 1989, Fig. 36), the 1solated high-oxygen, low-nutrient
water constrained to the southern flank of the Ridge must be supplied by the western
boundary current from the North Atlantic. The source of this water appears to be the
Denmark Strait Overflow Water (EpMoND and ANDERSON, 1971; REID and Lynw, 1971).

North of the Mid-Atlantic Ridge, the nutrients do not show clear minima corresponding
to the deep oxygen maximum

The oxygen minimum (<5 8 ml 17') that separates the maxima of the MNADW and
LNADW is located at g3 ~ 41.47 (0, ~ 37.04; depth ~2800 m) and 1s very clearly defined
south of the Mid-Atlantic Ridge In this region it coincides with a weak mmimum of
salinity and well-defined maxima of the nutrients, as was observed earlier by EbmMonDp and
ANDERSON (1971). Farther north, the oxygen minimum 1s only weakly developed but
extends as far as 10°N at a somewhat greater depth. WusT (1935) remarked only briefly on
this mmimum, but Rep et a/ (1977) and Rep (1989) described it in some detail The
origin and route of this lower-oxygen, higher-nutrient water are not immediately obvious,
but 1ts ultimate source appears to be the Circumpolar Water (Remp. 1989, REID and
MANTYLA. 1989).

12 ANTARCTIC BOTTOM WATER

Except for the core of the LNADW pressed against the southern flank of the
Mid-Atlantic Ridge south of the equator (Section 11), the ISOW that 1s found at the
bottom of the Iceland Basin (Section 9), and the shallow bottom water over the Rockall
Plateau, all the near-bottom water 1n this section 1s of South Atlantic origin Even ISOW in
the southern Iceland Basin has a significant component from the south, as is apparent in its
elevated silica content relative to the actual overflow water. and the northern North
Atlantic water masses, LSW and SPMW, with which it mixes. Although this dense (cold)
water from the south is commonly referred to as the Antarctic Bottom Water (AABW)
(Wusr, 1935), it does not denive directly from the densest Antarctic water formed in the
Weddell Sea but from the less dense Lower Circumpolar Water (MANTYLA and REID, 1983;
REp. 1989). The Lower Circumpolar Water 1s colder, fresher, poorer in oxygen, and
richer in nutrients than the North Atlantic Deep Water (NADW), and its northward
spreading as the AABW can be traced by these characterstics

South of the Mid-Atlantic Ridge, which 1s located at the equator, and below the oxygen
maximum and nutrient minima of the LNADW, temperature, salinity and oxygen
decrease, and nutrients increase very sharply downward These strong vertical gradients in
the characteristics begin at 6 ~ 2°C (BROECKER et al., 1976) and are generally taken to be
the boundary between the NADW and the AABW (WriGHT, 1970). The bottom
characteristics south of the equator at § ~ 0 22°C. S ~ 34 70,0, ~ 46 04,0, ~ 5 10ml1™".
S105 ~ 114 umol kg~ ', PO, ~ 2.4 umol kg~ ', and NO; ~ 32 umol kg~ '. This water 1s the
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coldest (newest) form of the AABW seen 1n this section. Whether it is flowing east along
the southern flank of the Mid-Atlantic Ridge toward the Romanche Gap or flowing west to
cross the equator into the Guiana Basin* farther west 1s not clear.

The second coldest bottom water 1n this section is found near 11°N in the Cape Verde
Basin, cast of the Vema Fracture Zone. Here the bottom characteristics are § ~ 1 77°C,
S~3487.0,~4590,0,~572ml17!, $10; ~ 51 umol kg ™!, PO, ~ 1 Sumol kg™ ', and
NO; ~ 22 umol kg~' There 1s a slight oxygen maximum at the bottom, overlamn by a
minimum at ~4500 m. This water comes from the Guiana Basin through the Vema
Fracture Zone across the Mid-Atlantic Ridge, and flows almost due east in the Cape Verde
Basin (McCARTNEY ef al , 1991). Part of the water that emerges from the Fracture Zone
turns to the north along the eastern flank of the Mid-Atlantic Ridge and provides the main
source of water that flows into the basins farther north 1n the eastern North Atlantic
(MANTYLA and REID, 1983; McCARTNEY ¢f al., 1991). By the time 1t reaches the deep
Canary Basin near 23°N 1n our section, 1ts characteristics are altered to 6§ ~ 1 95°C.
S ~34.88,0, ~45.87,0,~ 5 63mll™!, S10;~47 umol kg ', POy ~ 1.45 umol kg~ ', and
NO;~22 umol kg™ ', due principally to vertical mixing with the overlying NADW.

Farther north in the Iberian and West European Basins, where the bottom water 1s
overlain by the high-salinity, high-oxygen NEADW (Section 10). the bottom character-
istics are 6~2.15°C, §~ 34 91, g, ~ 45.86, O, ~5.55 ml 17%, SiO; ~ 44 umol kg~ '.
PO, ~ 1.4umol kg™', and NO; ~ 21 umol kg~ !. North of the Azores—Biscay Rise (42°N).
oxygen below 4000 m is decreased to <5.6 ml 1! On MantYLA and REID'S (1983)
bottom-oxygen map this low-oxygen water is shown as isolated in the West European
Basin However, McCARTNEY et al. (1991) show water with oxygen <5.6 ml 17" at the
eastern boundary from the Cape Verde Basin at least as far north as 36°N. Thus 1t appears
that low-oxygen north of the Azores—Biscay Rise comes from the south along the eastern
boundary.

This eastern boundary current carrying the purest (coldest) AABW is found in the
Canary Basin north of 32°N, flows northward through the Discovery Gap at the eastern
end of the East Azores Fracture Zone (SAUNDERS, 1987). and on northward to at least
53°N (McCartnEY, submitted). The bottom water becomes warmer and decreases 1n
oxygen and silica along the way. Based on vertical geostrophic shear and deep-water
properties, it appears that this flow extends up to at least the 2 5°C 1sotherm near the
Rockall Trough. In the Rockall Trough, the flow turns westward and is found in our
section between the Rockall Plateau, where the isopycnals slope steeply, and Sta. 38,
where the 1sopycnals are deepest; there 1s no obvious change in properties at Sta. 38, so
presumably the westward-flowing water recirculates in this relatively enclosed region. A
level of no motion above the bottom water 1s indicated; direct current measurements by
Drckson et al. (1985) showed a level of no zonal flow at 2000-2500 m at the south slope of
the Rockall Plateau.

Part of the deep flow south of the Rockall Plateau turns northward into the Iceland
Basin, providing water of low oxygen and high silica which mixes with the ISOW. This
narrow northward flow of high-silica AABW is clearly shown in a section extending from
Greenland to Rockall Plateau by MANN et al. (1973). This 1s the source of the oxygen
minimum and silica maximum found near 2600 m 1n the southern Iceland Basin in our
section

“The names of the basins m this section follow those used by ManTyLa and RED (1983)
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13 SUMMARY

Various features of the property distributions observed along a quasi-meridional
transect of closely-spaced stations spanning the entire circulation regime in the eastern
Atlantic Ocean have been described and interpreted 1n terms of the large-scale circulation.
The more mmportant results are listed below.

(1) In the Subpolar Mode Water, the northward increase 1n density following the local
minimum 1n potential vorticity supports the MCCARTNEY and TALLEY (1982) scenario for
the formation of SPMW. However, only one station of very well-mixed SPMW was found
1n this closely-spaced section South of 47°N, the predominant SPMW 1s the well-known
11-12°C water, which 1s found to 27°N. There 1s a suggestion of recirculation of this lightest
SPMW in the tropics, where a pycnostad of appropriate density 1s found between 6 and
15°N

(2) A thermostad (pycnostad) with a temperature 8-9°C 1s observed at ~400 m within 2°
of the equator. This thermostad lies beneath the secondary thermocline marking the
bottom of the Equatorial 13°C Water thermostad. Although it has not been noted before,
examination of previous data suggests that 1t is a ubiquitous feature along the equator of
the Atlantic Ocean.

(3) The distribution of properties on the isopycnals intersecting the Antarctic Intermedi-
ate Water and low-sahinity water above the Mediterranean Outflow Water supports the
conjecture of the northern influence of the AAIW

(4) The MOW salimity maximum 1s seen to have a great deal of lateral structure, with a
number of lobes of high salinity. Two Meddies were observed, well south of the main
MOW and at lower density

(5) The close station spacing clearly reveals abrupt water-mass boundaries, e.g. the
southern edge of the Labrador Sea Water, which changes abruptly at the Azores-Biscay
Rise Closer examination of the LSW using potential vorticity indicates a region south of
the main LSW where mixing between MOW and LSW may be especially active, the
southern boundary of this region is associated with the East Azores Fracture Zone.

(6) The close station spacing also reveals a sharp demarcation in the central Iceland
Basin between the newest Iceland-Scotland Overflow Water and older bottom water. The
older water 1s characternized by reduced oxygen and elevated silica, indicating a larger
component of southern water.

(7) The Northeast Atlantic Deep Water 1s recognized as a salinity maximum at ~2700 m
beneath the LSW and extends from the Rockall Plateau to the Azores-Biscay Rise The
NEADW appears to be a mixture of the MOW and the Northwest Atlantic Bottom Water,
which has a significant component of the Denmark Strait Overflow Water, with very little
input from ISOW.

(8) An isolated core of high-salinity, low-silica Upper North Atlantic Deep Water 1s
observed at the equator indicating that the UNADW, that has reached the equator along
the western boundary undercurrent, turns to the east to flow along the equator. This
finding 1s consistent with the observations of chlorofluorocarbons by Weiss et al. (1985)
and DonEy and BULLISTER (1992).

(9) A core of the high-oxygen, low-nutrient Lower North Atlantic Deep Water 1s found
pressed against the southern flank of the Mid-Atlantic Ridge south of the equator This
water appears to originate in the Denmark Strait Overflow Water and must have come by
way of the southward western boundary undercurrent and an eastward flow along the
equator
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(10) The oxygen minimum that separates the maxima of the Middle North Atlantic
Deep Water and LNADW 1s clearly defined south of the Mid-Atlantic Ridge. It is
associated with a weak minimum of salinity and well-defined maxima of nutrients
confirming the carlier observations by EDMoND and ANDERsON (1971) and supports the
hypothesis that it originates from high southern latitudes.

(11) There 1s a large body of nearly homogeneous water below the MNADW between
20°N and the Azores—Biscay Rise. A single source determined by the bottom topography
and vertical mixing may be the cause of the near homogeneity of this water.

(12) The observed bottom-water characteristics are consistent with the previous finding
that the near-bottom water n the eastern basin 1s of South Atlantic origin (MANTYLA and
REID, 1983; McCARTNEY et al , 1991). A westward northern boundary current 1s clearly
indicated by all properties on the southern slope of the Rockall Plateau and appears to be
the downstream continuation of the northward eastern boundary current found from
the Canary Basin northward to the Rockall Trough (SAUNDERS, 1987; McCARTNEY,
submitted)
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