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Abstract - -A long CTD/hydrographic section with closely-spaced stations was occupied In July-  
August  1988 from Iceland southward to 3°S along a 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 equatorial currents 
Vertical sections of potential temperature ,  sahnlty and potential density from CTD measurements  
and of oxygen, silica, phosphate  and nitrate, based on d~screte water-sample measurements  are 
presented and discussed in the context of the large-scale circulation of the North Atlantic Ocean 
The close spacing of hlgh-quahty stations reveals some leatures not described previously The more 
important  findings include ( 1 ) possible reclrculation of the hghtest  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 in the low-sallmty water above the Mediterranean Outflow Water  that 
supports  the previous conjecture of northern influence ot the Antarctic Intermedmte Water .  14) a 
great deal of lateral structure of the Mediterranean Outflow Water,  with a number  of lobes of high 
sahnlt) ,  (5) an abrupt southern boundary ot the Labrador Sea Water  at the Azores-Biscay Rise 
and a vertically well-mixed region to its south,  (6) a sharp demarcat ion in the central Iceland Basra 
between the newest Iceland-Scotland Overflow Water  and older bot tom water, which has a 
significant component  of  southern water,  (7) evidence that the Northeast  Atlantic Deep Water  is a 
mixture ot the Mediterranean Outflow Water  and the Northwest Atlantic Bot tom Water  with very 
httle input from the Iceland-Scotland Overflow Water,  (8) an usolated 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 Atlannc Deep Water  pressed against the southern flank of the Mld-Atlanuc 
Ridge just south of the equator,  (10) a weak minimum of salinity, and well-defined maxima of 
nutrients associated with the oxygen minimum that separates the Middle and Lower North Atlantic 
Deep Waters  south ot the equator,  (11) a large body ol nearly homogeneous  water beneath the 
Middle North Atlantic Deep Water  between 2[1°N and the Azores-Biscay Rise, and (i 2) a deep 
westward boundary undercurrent  on the southern slope of the Rockall Plateau 

1 I N T R O D U C T I O N  

Loy6 lines of deep, closely-spaced hydrographic stations with vertically continuous or 
high-resoluhon &screte measurements of water properties are of utmost importance to the 
study of the large-scale ocean circulation Such a hne has been completed recently in the 
Atlantic Ocean along a quast-meridlonal 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 meridlonal 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 in 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 in terms of the large-scale ocean orculatlon 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 Soentist.  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 l i°N, where it 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 lies 
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 I°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 in 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 (silica, phosphate, nitrate and nitrite) were made at Stas 1--6 

Vertical sections of potential temperature,  salinity and potential density (o0 and ~72/o4), 
based on the CTD data, are presented in Figs 2--4, 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 
salinity 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, 
respectwely. Precision was 1 dbar, 0.001°C and 0.001 psu The accuracies of discrete 
measurements were 0.03 ml 1 - I  (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 is 500, while 
that for the top 1.5 km, repeated in the upper panel, is increased to 1250. Potential 
vortlcity (fIp) (Op/Oz), shown in Figs 5-7, was calculated as described by TALLEY and 
MCCARTYEV (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 Gaussmn weighting over a 60 dbar interval. 

In the following sections, various features m the distributions of the properties 
dlustrated in Figs 2-4 and 8-11 are described and interpreted m the context of the large- 
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Fig 1 Station locations along the 20-25°W section occupied from north to south by R V 
Oceanus (OC202) between 23 July and 24 August  1988 The section was broken into two legs 

separated by 5 day~ 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 (o0, ol,o2, etc.) quoted in this paper are calculated according to the International 
Equation of State (EOS80), with the units being kg m 3. All salinity values are on the 
Practical Salimty Scale (PSS78). Table 1 lists the abbreviations of the water-mass names 
used m the text 
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Fig 5 ( A )  o0, (B)  potent lal  temperature  (°C),  and (C) potentlal  vortlclty ( l 0 H c m - i s  1) ra the  
Subpolar  Mode  Water  and equatorial  and tropical pycnostads ,  as ]denufied by a v e m c a l  m i n i m u m  
in potent ial  vortlclty calculated trom C T D  profiles along 20°W Stations used m F~g 7 are indicated 

~ t h  sohd circles 

2 SUBPOLAR MODE WATER 
The Subpolar Mode  Water (SPMW) is formed m the surface layer of the northern North 

Atlantic by deep winter convection.  McCARTNEV and TALLEY (1982) described its distri- 
bution and circulation, and changes m ~ts temperature and density along the arculat~on 
path The SPMW first appears near 40-50°N, 38°W in its warmest form, and flows 
eastward with the North Atlantic Current. Part of  ~t rec~rculates m an ant~cyclomc gyre 
east and south of the North Atlantic Current (McCARTNEV, 1982), while the remaining 
water turns to the north to circulate counterclockwtse m 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 (ThB is the Labrador Sea Water discussed m 
Section 8.) The present section cuts through both of these circulation regimes. 

On the vemca l  section of oo, the pycnostad of the SPMW between 40 and 50°N ~s 
apparent at 11-12°C (o0 -27 .1 ;  salinity - 3 5 . 5 ;  depth - 1 0 0 - 5 0 0  m) and in the Iceland 
Basra at 7.5°C ( o o - 2 7 . 5 ,  salinity -35 .15 ;  depth - 1 0 0 - 7 0 0  m), with a monotonic  
transition between.  Using its vertical potentml-vorticity minimum as an ~dentifier (Fig. 5), 
the SPMW can be defined m more detail. SPMW of 11-12°C ( o 0 - 2 7 . 1 )  is found south of 
47°N, extending all the way to about 27°N (Fig 5A) ,  although vemca l  profiles of  potential 
voracity show only a weak pycnostad south of 40°N. From 47 to 60°N, the SPMW density 
increases to 27.35 o0 and potentml vortictty remains uniformly low A sudden transmon to 
27 5 o0 occurs m the central Iceland Basm, with a concomitant  drop in temperature from 
8.5 to 7.5°C 

On isopycnals that intersect the denser SPMW (e.g Cro = 27.3 and 27.5 m Fig 6), a 
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Fig 6 

15o . . . .  i . . . .  i . . . .  i . . . .  i . . . .  i , , ,  r, l i  I . . . .  i . . . .  
27 IG 0 ,oo // 
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LATITUDE 

Potential vorUclty (10 J4 cm I s 1) along Bopycnals intersecting the Subpolar Mode 
Water calculated from CTD data along 20°W 27 1 o0, 27 3 ao, and 27 5 ao 

lateral m l m m u m  of  potential  vorUc~ty occurs where S P M W  is ldenUfied at that  density. On  
the o ther  hand,  a l though the S P M W  at 27.1 o0 occurs everywhere  south of  47°N, a lateral 
min imum at this density occurs only at the nor thern  end. This suggests that  this S P M W  
forms m the north  (McCARTNEV and TALLEY, 1982) and that  it is this lowest-density S P M W  
which circulates into the subtropical gyre. 

Al though  S P M W  is the remnant  of  the winter mixed layer (McCARTNEV 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 
uni form mixed layer in the local S P M W  density range (Fig. 7). S P M W  potential  vorticity at 
this station is also the lowest m the section (Fig. 5A).  Station 22 is located at the southern  
edge of  the Rockal l  Plateau,  so the persistence of  the mixed layer well past winter might be 
linked to the topography ,  for instance in a topographical ly-control led eddy. 

Nor th  of  about  30°N, there is a general  southward  deepening of  the upper- layer  
~sopycnals, which indicates a broad  eastward flow. This pat tern  is most  notably interrupted 
by westward flows at 52-56°N and near  43°N. Super imposed  on this background  trend are 
vertical fluctuations of  small horizontal  scale, suggesting a high level of  eddy  activity in the 
region. Of  course,  it is not  possible to infer the merldlonal  mot ion  of  the S P M W  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, m a region of  excesswe evaporaUon Waters  having salinities higher than 36 stretch 
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V e r t i c a l  pro f i l e s  o f  ( A )  o0,  ( B )  p o t e n t i a l  t e m p e r a t u r e  ( °C) ,  (C)  o x y g e n  (ml  1- ] ), a n d  
__  5 4 ° 5 9 ' N ) ,  

northward along the sea surface as far as 40°N, while exhibiting gradual decreases in 
temperature and sallmty. Beneath this is a weak but clear indication of a 17-18°C 
thermostad (o0 - 26.5) between 28 and 33°N. This thermostad may be identified as the 
Madeira Mode  Water, formed by winter convect ion in the viclmty of Madeira, and 
separated from the 18°C Water of the western North Atlantic (SIEDLER et al . ,  1987). The 
high-salinity water also extends southward as a subsurface tongue along o0 - 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 isolated high-salinity cores in the tongue,  
suggesting bands of alternating zonal  flows, but the ]sopycnal slopes in the upper 500 m 
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Table 1 Abbrevtattons o f  the water-ma~s used m the teat 

Abbrevmtxon Full name 

A A B W  
A A I W  
ISOW 
L N A D W  
LSW 
M N A D W  
M O W  
N A D W  
N E A D W  
N W A B W  
SPMW 
U N A D W  

Antarcttc Bot tom Water  
Antarcnc  Intermedmte Water  
Iceland-Scotland Overflow Water  
Lower North Atlantic Deep Water  
Labrador Sea Water  
Middle North Atlantic Deep Water  
Mediterranean Outflow Water  
North Atlantic Deep Water  
Northeast  Atlantic Deep Water  
Northwest Atlantic Bottom Water  
Subpolar Mode Water  
Upper  North Atlantic Deep Water  

indicate only a broad westerly flow of the North Equatorial Current, and hence that the 
sahne 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 it 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 
explained 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 GOLDMAN,  1985, CRAIG and HAYWARD, 1987). 

Another  high-salinity tongue begins at the sea surface near the northern boundary of the 
North Equatorial Countercurrent,  which is indtcated by the equatorial deepening of the 
pycnochne from 9 to 3°N. The tongue extends equatorward to 2°N along o0 - 24.5 in the 
sharply developed pycnocllne, and contains sahmtaes >36.1, with the highest value 
( -36 .3 )  being at 40 m near 8°N. The hlgh-sahnity core is overlain by low-salinity equatorial 
surface water (<35.8) associated with h~gh precipitation m these latitudes. No salinity as 
high as in the core is found at the sea surface lust to the north where the tongue originates. 
Similar high-salinity cores m the North Equatorml Countercurrent have been found m 
earlier data from the equatorial Atlantic (KoLESNIKOV, 1973 ; BUBNOV et al. ,  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-salinity core, sahnlty along lsopycnals near this oo 
(24 0-25.0) reaches a lateral minimum and increases again farther south An isolated high- 
salinity core (>36.2) is found to be centered at 70 m (o0 - 24.5), slightly south of the 
equator. This core is obviously associated w~th the Equatorial Undercurrent ,  which 
transports high-sahnity, high-oxygen water of South Atlantic origin eastward (MErCALF 
and STALCUP, 1967). The salinity maximum of the Equatorial Undercurrent  is, on average, 
30 km south of the velocity m a x i m u m  (FAHRBACH et al. ,  1986), and the current axis can 
migrate b, lO y ~ either side of the equator (DUING et al 1975), thus accounting for our salinity 
core as being --75 km south of the equator. The Equatorial Undercurrent  is also seen 
clearly as troughs of the subthermocline lsopycnals 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 (o0 -- 26.6) is well developed from 5°N to 
the southern end of the section (3°S). However,  the thermostad's mean temperature vanes 
with latitude. It is 13°C at 3-5°N, 12.5°C at 1-3°N, and 13-13.5°C south of I°N. As was 
noted m previous studies (HISARD et al. ,  1976; KELLEY, 1978, TSUCHIYA, 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 minimum 
at the equator 

On the northern side of the thermostad is the subsurface (or subthermocline) North 
Equatorial Countercurrent  (CoCHRANE et al.,  1979), indicated by the steep equatorward 
dip of the subthermocline isotherms 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,  it is distinctly 
separated from the Equatorial Undercurrent  by a westward flow described just below. The 
subsurface Countercurrent  is associated with an isolated subthermochne high-oxygen core 
(>3 ml 1-1) at o0 - 26 7, which is consistent with the transport of high-oxygen water from 
the west (COCHRANE, 1975; MERLE, 1978; TSUCHIYA, 1986) The nutrient fields show only 
weak minima in the core. 

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

Between 1.5 and 5°N the slope of the subthermocline isotherms indicates that flow is 
westward here. This sense of flow immediately north of the Equatorial Undercurrent  ~s 
consistent with an isolated core of low oxygen (<2.2 ml 1-1) 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-sahnlty region in the eastern equatorial Atlantic by way of the northern 
portion of the South Equatorial Current. 

In the upper layer of the equatorial 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 
( o 0 -  27.05; depth - 4 0 0  m) within about 2 ° of the equator. It lies 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 
(Franqais Oc6an et Climat Atlantique 6quatorial) 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 (Oo - 27.0) The pycnostad temperature is - 9 ° C  in the south and 
~- 10°C m the north. A similar pycnostad was observed at o0 - 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 (McCARTNEY, 1982; 
MCCARTNEY and TALLEY, 1982), the pycnostad observed at 6-15°N in the present section 
might represent the reclrculatlon of the SPMW in the subtropical gyre. Further investi- 
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-salimty 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 M O W  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 is well developed,  the mimmum occurs at 
0 - 10-11°C, o o -  27.2-27.4 and o I - 31 6-31 8 (Fig. 12). The minimum sahnities 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 minimum is less clearly defined and not well depicted by the 
lsohalines m the section; it is only barely recognizable at some stations. Nevertheless,  it 
still exists at a somewhat  lower temperature  (0 - 8-10°C; oo ~ 27.4-27 5) to as far north as 
54°N (Sta. 23). This northward extenston of the salinity minimum is of course associated 
with the overlying high-salinity water of subtropical origin and with the underlying high- 
salinity MOW,  which is flowing northward along the European coast (Section 7). 

South of 30°N, the mlmmum shifts to lower temperatures.  At 22°N (Sta. 84) the 
minimum is mtensified (<35.0) and located at 0 - 6°C (00 - 27.5). Southward of this 
station, the minimum is identlfed 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 Bedage XXII I )  called this sahmty 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, ARr~AN (1990) discussed its 
source and subduction into the subtropical region in the light of new hydrographic data and 
the ventilated thermocline theory of LUYTEN et al. (1983), and suggested that it originates 
m the Labrador  Cmrent .  The patchy salinity distribution in the minimum on the present 
sectmn suggests that it may be coming from the west along zonal flows or that there are 
numerous eddies in this region. A map of salinity on an isopycnal (ol = 32.0/00 = 27.48), 
coinciding roughly with the salinity minimum (TsucmvA, 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 
lsopycnal, he showed that the A A I W  flows northward along the western boundary of the 
North Atlantic and then leaves the boundary along the Gulf S t ream-Nor th  Atlantic 
Current  It reaches 50-60°N south of Iceland. Thus it is possible that the low-salimty water  
above the M O W  contains a significant amount  of the A A 1 W  t ransported by the Gulf  
S t ream-Nor th  Atlantic Current  along the west and north edges of the MOW. The isolated 
core of low salinity (<35.5) centered at 34°N (Fig 3) may represent another  branch of 
eastward flow of the low-salinity A A I W  that has separated from the western boundary at a 
lower latitude 

6 ANTARCTIC INTERMEDIATE WATER 

The low-salinity tongue of the A A I W  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 sahnity minimum is located at 
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Fig 12 (A) a l, (B) depth (m), (C) potential temperature (°C), (D) salinity, (E) oxygen (ml l-1 ), 
(F) slhca (#mol kg - l ) ,  (G) mtrate 0~mol kg 1), and (H) phosphate  (Fmol kg -1) at all sahmty 
mlmma found between 31 6 and 32 25 c h ( x )  and between 32 25 and 32 5 (71 (Q)), based on discrete 
bottle data South of 30°N this m l m m u m  is identified as the A A I W  (Section 6) Between 31) and 
_40ON, the shallower sahnity min imum overhes the M O W  (Section 5) North of 40°N, the shallower 
mimma  are in a strong interleaving regime above the LSW The deeper sahmty min imum (©) is 

predominantly LSW (Section 8) 
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0 - 5°C (o 0 - 27.3), with sahnity < 34.5 (Fig. 12). Potential temperature,  salinity and o o 
in the AAIW increase to the north, the latter due to the greater influence of increasing 
salinity 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 MERLE, 1978) and does not show any vertical 
extremum in the AAIW over most of our section. There is, however, an isolated core of 
high oxygen (>3.4 ml 1-1) centered at about 550 m (o0-27  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 AAIW (WusT, 1935; REID, 
1989) 

North of 22°N, a weak minimum continues to Sta. 80 (25°N), where its o0 is about 27 55. 
Its continuity is interrupted by the Meddles at Stas 79 and 77, but it is still visible at Stas 75 
and 76 (Fig 3). Oxygen, as well as temperature and salinity, increases to the north in this 
weak minimum, suggesting that it 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 Meddles 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 in the equatorial Atlantic is characterized by relatively high silica concen- 
trations (METCALF, 1969; MANN et a l ,  1973; BAINBRIDGE, 1980; TSUCHIYA, 1989). A well- 
defined tongue of high silica extends northward, approx. 150 m below the AAIW salinity 
minimum It lies at cr 0 -  27 4 at 3°S, and at o 0 - 2 7 . 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 o0 - 27.6-27.7 (ol ~ 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 minimum, 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 slightly 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 its 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 
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SALINITY (psu) OXYGEN (ml / I )  

( A )  S a h m t y  a n d  (B)  o x y g e n  (ml  l - j )  m the  M e d d l e s  at  Sta~ 77 a n d  79 Stas  78 a n d  80 are  

also s h o w n  fo r  c o m p a r i s o n  

(a0 - 27 7; ~1 - 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 is a temperature maximum in the thermostad. 

South of 30°N, a slight maximum in salinity is still observed at progressively lower 
temperatures,  though not apparent in the section At 25°N it is found at 0 - 6 ° C  
(o0 - 27.7; ol - 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). Salinity (>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 (o1~31.8-31.9) 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 e t  a l . ,  

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 ml 1-1 higher than neighbor- 
ing stations), but is about the same as non-Meddy MOW Information on whether oxygen 
1S generally higher in Meddies is lacking; the ARMI 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 sahnlty 
maximum at many stations between 29°30'-39°N and also beneath the Meddles (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 
~l - 32.35-32.45 and o 2 - 36.75-36.95. Density ratios for this range of o2 (Fig. 15) are <2,  
indicating the potential for salt-fingering (ScHMITT, 198t). The large region in which 
staircases are found suggests large-scale mixing between MOW and the overlying LSW, 
discussed in the next section 

Southward from 22°N the salinity maximum is again well defined at 0 - 4 - 5 ° C  
(or o ~ 27 7-27 8) because of the presence of the low-salinity tongue of the AAIW in 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 is recognized as far north as nearly 
50°N, at about the same density (Oo - 27.6) but at a lower temperature (0 - 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 is Irregular and shows a great deal of  
small-scale structure. A distinct maximum does not occur at every station. 

A vertical mlmmum of oxygen at cr o - 27.5 (ai - 32.0) is apparent somewhat  above the 
MOW. The minimum extends all the way to the northern end of the section. Unlike 
sahnity, however ,  oxygen does not provide a distinctive signature of the MOW. On 
lsopycnals intersecting the MOW,  oxygen shows a monotonic  northward increase in 
concentration,  and an area of lower oxygen extends northward along the coasts of  Africa 
and Europe (RIND, 1979). This lower-oxygen water has its source in the oxygen-depleted 
domain of  the eastern equatorial North Atlantic, which is recognized in our section as the 
core of  low-oxygen water (<1 .8  ml l - l )  just below the pycnocline between 9-18°N. The 
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Fig 15 Density ratio (uaT/ap)l~OS/Op), where u = _ p - i  ap /OT  and [3 = p 1 ap /aS ,  on o, 
lsopycnals which he below the MOW and above the LSW (36 7, 36 8 o 2) and just below the LSW 

(36 9 a2) Positive values <2  suggest that salt-fingenng ~s actwe (ScnMITT, 1981) 
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vertical minimum of oxygen apparently associated with the M O W  is influenced by the 
deep portion of this low-oxygen water. 

8 LABRADOR SEA WATER 

The Labrador  Sea Water  (LSW) is characterized by a salinity minimum and a pycnostad 
( thermostad) at about 1500 m, and is found from Sta. 7, near the northern end of the 
section, to Sta. 49 (41°N) just south of the Azores-Biscay Rise. Its minimum salinity is 
<34.94 almost everywhere,  reaches to < 34 90 at some locations, and averages 34.91 The 

S ° average potential temperature  at the minimum is 3._5 C and is close to the value (3.5°C) 
quoted by WORTHINGTON and METCALF (1961) for the LSW north of 40°N The average o~ 
at the salinity minimum along the present section is 36.87 (o 0 - 27.76). 

Although the 0-S and o2-S relations are tight between Stas 7 and 49, salinity of the LSW 
in th~s region is marginally lowest just north and south of the Rockall Plateau, both 
coinciding with highest oxygen as well These match the &stributlon of the LSW on 
isothermal or neutral surfaces (WoR~nIN6mN and WRIghT 1970, Plates 37 and 39; IVERS, 
1975, Fig. 17) and the TALLEr and McCARTNEV (1982) description of the main eastward 
flow of the LSW across 20°W near 50°N with an additional branch as part  of a cyclonic 
circulation in the Iceland Basin. The lsopycnal slopes (Fig. 4) also suggest a cyclonic 
circulation of LSW in the Iceland Basin if a level of no motion is 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 is 
clearly associated with the LSW's  salinity minimum. The average concentration of oxygen 
at the maximum is 6.34 ml 1 -~ for Stas 1-49, with the highest value above 6.4 ml 1 -~ . The 
average density of the oxygen maximum is 36.89 o2, which is slightly greater than at the 
salinity minimum. The salinity minimum is also associated with weak minima of silica, 
phosphate and nitrate, but these nutrient minima are less clearly defined than the oxygen 
maximum and are not found south of the salinity minimum. The silica minimum is slightly 
shallower than the salinity minimum 

Identification of the LSW as a potentlal-vorticlty minimum permit ted TALLEY and 
MCCARTNEY (1982) to extend the region of identifiable LSW beyond that of the sahnity 
minimum, without encompassing the entire M N A D W .  North of 41°N, a layer of minimum 
potennal  vortlclty, centered at 36.88 02, is nearly coincident with the salinity minimum and 
oxygen maximum South of 41°N, the potentlal-vortlcity minimum remains coincident 
with a slight oxygen maximum (separated from and above the M N A D W )  until both the 
potent ial-vort loty mimmum and secondary oxygen maximum disappear at 38°N 

The termination of the salinity minimum at 41°N is remarkably abrupt,  resulting in a 
strong subsurface salinity front with almost vertical lsohalines over a depth range 
exceeding 1000 m. It is coincident with a similar, but less striking, thermal front centered at 
about 4°C, but the density (02) 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 underlies the northernmost  strong MOW. The region of the lingering 
potentlal-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 02 - 36.9, of weaker  
vertical gradients than to the south. The sharply defined northern and southern boundaries 
may be related to the bot tom topography at 41°N (Azores-Biscay Rise) and 37°N (East 
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LSW and the saltier Stas 56-60 are characteristic of the MOW regime 

Azores  Fracture Zone) .  The absence of a salinity minimum is probably due to the high 
sahnity of the overlying MOW. A measure of mixing efficiency is the density ratio (Fig. 
15), which has a lateral minimum on the o2 = 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 (ScHMIXT, 1981). 
The lowest density ratio in the region occurs at (72 = 36.8 at Sta. 53, which is the 
nor thernmost  location of well-developed MOW,  and of staircases beneath the M O W  
(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 ((7o > 27.85, o2 > 37.00), high-oxygen (>6  4 ml 1 - l )  
and nutr ient-poor water  associated with a sharp southward dip of the near-bot tom 
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 Ice land-Faroe  Rise (WORTHINGTON, 1970, WORTHINGTON, 1976; WARREN, 
1981) with entrained thermocline,  intermediate and deep waters. We follow SWIFT (1984) 
In designating this bot tom 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 (salinitles --34.98; oxygen --6.5 ml 1-1) at 
the bot tom. 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 umform salinity is 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 (<6.3 ml 1-1) 
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 slhca shows a maximum 
(>14/~mol kg -1) about 200 m above the bottom (Figs 9 and 17C). The silica maximum 
coincides 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  mll -I)  in 
the southern Iceland Basin is slightly lower, and the bottom silica ( -12/~mol  kg-1), 
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phosphate ( - 1 . 0  ktmol kg-1), and nitrate ( - 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 02 (--45.885 
o4), 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 cr, 
(SWIFT, 1984) and whose silica is < 10~mol kg-  1 The elevated silica content ot the bottom 
water in the southern Basin (Stas 10-14), relative to the purer ISOW found in the northern 
half, indicates a larger component  of southern water. The oxygen minimum and sihca 
maximum just above the bottom in the southern Iceland Basin must also have a significant 
component of water from the south since the ISOW, SPMW and LSW are all high in 
oxygen and low in silica We suggest that this southern water comes from around the 
southern side of the Rockall Plateau in the deep westward northern boundary current 
below the eastward-flowing LSW, and has ~ts ultimate origin in the northward eastern 
boundary current discussed by SAUNDERS (1987) and McCARTNEV (1991) and below m 
Section 12. HARVEY and TrJEODOROU (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 cyclomc deep circulation in the Iceland Basin shown by HARVEY and 
Tr~EODOROU (1986) would account for dense ISOW m the southern part of the Iceland 
Basin, as recirculatlng water from the northern Iceland Basin which has undergone 
additional modification by mlxing with overlying waters with a southern source 

10. NORTHEAST ATLANTIC DEEP WATERS 

Following the nomenclature of LEE and ELLETT (1967), we refer to the deep water 
underlying the LSW just south of the Rockali Plateau as Northeast Atlantic Deep Water 
(NEADW).  Between the southern slope of the Rockall Plateau and 41°N (Azores-Biscay 
Rise) in our section, it is marked by a vertical sallmty maximum at 0 - 2.9°C, ao - 27.86, 
02 - 37.0 and depth -2700  m The maximum salinity is highly uniform at slightly 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 salinity maximum, these character- 
lStlCS are also nearly uniform along the maximum ( 0  2 - 6 1 ml 1-1, S103-20 ~tmol kg -1, 
PO4 - 1.1/xmol kg -1, and NO 3 - 18/¢mol kg-1). 

The salinity maximum itself was taken to be the mdentlfier of N E A D W  by ELLETT and 
MARTIN (1973), who ruled out the MOW as a potentxal source because of the relatively 
high oxygen of the NEADW.  HARVEY and ARHAN (1988) suggested that ISOW is 
important in the N E A D W  makeup m the northern part of this region, but also correctly 
point to the importance of the deep MOW influence in increasing the salinity and 
decreasing the oxygen of the N E A D W  toward the south. 

On an lsopycnal (a2 = 37.0) that characterizes the salinity maximum, it is clear that 
salinity is actually lowest in the region where there is a vertical salinity maximum and 
where the water is commonly referred to as N E A D W  (Fig. 18B). The N E A D W  appeared 
as a positive salinity anomaly in LEE and ELLE'IT (1965) because it has slightly higher 
salinity than the western North Atlantic waters used by WORXHINGTON and METCALF (1961) 
to construct their average potential temperature-salinity curve The deep western North 
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o 2 for the Oceanus 202 s ta t ions  W a t e r - m a s s  names  fol low HARVEY and ARHAN (1988) I S O W  

ind ica tes  the sal ty,  h igh-oxygen  branch ,  and  M O W  indica tes  the sal ty,  low-oxygen  b ranch  
N E A D W  is the lower-sa l in i ty ,  i n t e rmed ia t e -oxygen  point  Miss ing  f rom our  sect ion is the 
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se lec ted  set  of s ta t ions  from the en t i re  Nor th  A t l a n t i c  [see (F)] 



1910 M TSUCHIYA et al 

Atlantic is influenced by Northwest Atlantic Bot tom Water  (NWABW),  which is largely 
derived from the Denmark  Strait overflow and hence is relatively fresh (LEE and ELLErr, 
1967). The N E A D W ' 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 M O W  and the N E A D W ' s  
characteristic salinity maximum disappears. 

While emphasis has been placed in the past on explaining the N E A D W ' 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 M O W  influences at 
this density, as illustrated in Fig. 18D by an oxygen vs salinity diagram based on our section 
data. Since our section was located too far east to observe N W A B W ,  we include a similar 
diagram (Fig. 18E) for a selection of stations from the entire North Atlantic, which shows 
the low-sahnity, high-oxygen N W A B W  as well as ISOW, N E A D W  and MOW. If, for 
slmphclty, we assume that mixing is largely along this isopycnal and that oxygen ~s 
conservative, the N E A D W  appears to be more a mixture of M O W  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, identified by 
sahnity higher than 34.96 at a potential temperature  of 3.0°C (WORTHINGTON and WRmHT, 
1970). 

Vertical mixing may also be important ,  to some extent, m raising the salimty of the 
waters at, say 37 0 02, under the MOW. Salinity at the vemcal  maximum between the 
overlying LSW and the underlying Antarctic Bot tom Water  (Section 12) may be decreased 
by vertical mixing 

11 NORTH ATLANTIC DEEP WATER 

Wusx (1935) designated the intermediate sahnlty maximum derived from and including 
the M O W  as the Upper  North Atlantic Deep  Water  ( U N A D W )  Well-developed M O W  
appears in 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 A A I W ' s  salinity minimum The salinity 
maximum here is much colder ( -5°C) ,  less saline ( -35 .1 ) ,  and somewhat  denser 
(ao - 27.7; o 1 - -  32 3; o2 ~ 36.8) than the high-salinity core of the M O W  

The U N A D W  extends at a depth of 1500-1800 m (generally shallower in the north and 
deeper  in the south) all the way to the south end of the section. The maximum salinity 
decreases southward to 34 96 (0 - 3.6°C) near 6°N and increases again farther south. 
However ,  ao remains at 27.7-27.8 (02 - 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 U N A D W  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 a l ,  1985) 

The U N A D W  south of 22°N also is characterized by a minimum of dissolved silica; a 
tongue of tow silica similar in appearance to that of high salinity is found under the high- 
silica tongue associated with the A A I W  The silica concentration along the axis of the low- 
silica tongue does not increase monotonically southward but instead shows lateral minima 
at some latitudes. The most conspicuous of these is centered at the equator,  with a silica 
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concentration <18 ktmol kg -1 within 2 ° of the equator. This core evidently indicates the 
eastward flow of the U N A D W  that has reached the equator along the western boundary as 
already deduced from the salinity and CFC distributions. There are three isolated cores 
(<20/~mol kg-  l) 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 
minimum. Nevertheless, the lateral maximum found at 6°N (Sta. 106) is coincident with 
lower sahnltles ( -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/~mol kg -1) occurs at 15°30'N 
(Sta. 93). This maximum may indicate westward flow of higher-silica water, whose 
ultimate origin is 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 is part of 
the oxygen maximum found throughout the section and is identified as MNADW. North of 
41°N, where its oxygen content is highest, it is identical with LSW. Oxygen at the 
maximum drops beneath the MOW and reaches a lateral minimum at about 20°N, where 
its depth is about 3000 m (o0 - 27.88:02 - 37.04). South of 20°N, the oxygen content rises 
again and the depth of the maximum decreases to about 2000 m (o0 - 27.84; o2 - 36.98) 

Just north and south of the equator are found two cores of high oxygen (>5.8 ml l-I) .  
The splitting 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 
is also a narrow band of laterally higher oxygen (>5.8 ml 1-1) at 10°N (Sta. 101) although 
the vertical maximum is only weakly developed here. This high-oxygen water extends 
down to the bottom, where it loins a larger amount of high-oxygen water (>5.8 ml 1 - l )  in 
the south. 

That the vertical oxygen maximum in low latitudes is not a direct southward continu- 
ation along 25°W of the high-latitude maximum associated with the LSW is obvious from 
the lateral minimum of oxygen (<5.6 ml 1-1) near 20°N, which is tilted downward to the 
south and extends down to the bottom. Similarly, an interruption of the oxygen maximum 
of the M N A D W  is 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 ml 1-1) from 2000 m to the bottom centered at 22°N (McCARTNEY et 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 MN A D W  (WusT, 
1935) and along lsopycnals 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 8; also 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 is 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 
1-1) is found at ty 4 - 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 ml 1-1) is found below the M N A D W  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 bot tom topography and vertical mixing determine the 
properties of this water. 

The deep oxygen maximum south of the Mid-Atlantic R~dge coincides with clearly 
defined mlmma of all three nutrients ($103 < 34/~mol kg -1, PO 4 < 1.4 ~mol kg -1, and 
NO3 < 21 ~tmol kg-1) Because there is no water with these characteristics at this density 
level in the South Atlantic (REID, 1989, Fig. 36), the xsolated 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  (EDMOND and ANDERSON, 1971; REID and LYNN, 1971). 

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

The oxygen minimum (<5 8 ml 1 1) that separates the maxima of the M N A D W  and 
L N A D W  is located at 03 - 41.47 (02 - 37.04; depth -2800  m) and is very clearly defined 
south of the Mid-Atlantic Ridge In this region it coincides with a weak minimum of 
salinity and well-defined maxima of the nutrients, as was observed earher by EDMOND and 
ANDERSON (1971). Farther north, the oxygen minimum is only weakly developed but 
extends as far as 10°N at a somewhat  greater depth. WUST (1935) remarked only briefly on 
this minimum, but REID et al  (1977) and REID (1989) described it m some detail The 
origin and route of this lower-oxygen, h~gher-nutrient water are not immediately obvious, 
but its ultimate source appears to be the Circumpolar Water  (REID, 1989, REID and 
MANTYLA, 1989). 

12 ANTARCTIC BOTTOM WATER 

Except  for the core of the L N A D W  pressed against the southern flank of the 
Mid-Atlantic Ridge south of the equator  (Section 11), the ISOW that IS found at the 
bot tom of the Iceland Basin (Section 9), and the shallow bot tom water over  the Rockall  
Plateau, all the near-bot tom water  in this section ~s of South Atlantic origin Even ISOW in 
the southern Iceland Basin has a significant component  from the south, as is apparent  in ~ts 
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 Bot tom Water  (AABW) 
(WUST, 1935), it does not derive directly from the densest Antarctic water formed in the 
Weddell Sea but from the less dense Lower Circumpolar Water  (MANTYLA and REID, 1983; 
REID, 1989). The Lower Circumpolar Water  is colder, fresher, poorer  in oxygen, and 
richer in nutrients than the North Atlantic Deep Water  (NADW),  and its northward 
spreading as the A A B W  can be traced by these characteristics 

South of the Mid-Atlantic Ridge, which is located at the equator,  and below the oxygen 
maximum and nutrient minima of the L N A D W ,  temperature ,  salinity and oxygen 
decrease, and nutrients mcrease very sharply downward These strong vertical gradients m 
the characteristics begin at 0 - 2°C (BROECKER et a l . ,  1976) and are generally taken to be 
the boundary between the N A D W  and the A A B W  (WRmHT, 1970). The bot tom 
characteristics south of the equator  at 0 - 0 22°C, S - 34 70, 04 - 46 04, O~ - 5 10 ml 1-1, 
S103 -- 114t~mol kg l, p o  4 _ 2.4¢tmol kg i and NO3 - 32ktmol kg 1. This water is the 
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coldest (newest) form of the A A B W  seen m 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 Gmana  Basin* farther west is not clear. 

The second coldest bot tom water m this section is found near  l i °N in the Cape Verde 
Basin, east of the Vema Fracture Zone.  Here  the bot tom characteristics are 0 - 1 77°C, 
S - 34 87, o4 - 45.90, 02 - 5 72 ml 1-1, S 1 0  3 ~ 51/~mol kg -1, PO4 - 1 5 ktmol kg -1 , and 
NO3 - 22 ~,mol kg-1 There is a slight oxygen maximum at the bot tom,  overlain 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 (MCCAR~NEY et a l ,  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 in the eastern North Atlantic 
(MANTYLA and REID, 1983; McCARTNEY et al.,  1991). By the time it reaches the deep 
Canary Basin near 23°N in our section, its characteristics are altered to 0 -  1 95°C, 
S - 34.88, o4 ~ 45.87, 02 - 5 63 ml 1-1, S103~47 umol kg 1, PO4 ~ 1.45/~mol kg -1 , and 
NO3-22 /zmol  kg-~, due principally to vertical mixing with the overlying NADW.  

Farther north in the Iberian and West European Basins, where the bot tom water  ts 
overlain by the high-salinity, high-oxygen N E A D W  (Section 10), the bot tom character- 
istics are 0 - , . 1 5  C, S - 3 4  91, o 4 ~  45.86, O~ ~ 5.55 ml 1-1, S i O 3 ~ 4 4  ~mol kg -1, 
PO4 ~ 1.4 umol  kg -1, and NO3 ~ 21/lmol kg -  1. North of the Azores-Biscay Rise (42°N), 
oxygen below 4000 m is decreased to <5.6 ml 1-1 On MANTYLA and REID'S (1983) 
bot tom-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 1 - I  at the 
eastern boundary from the Cape Verde Basin at least as far north as 36°N. Thus it 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) A A B W  is found in the 
Canary Basra north of 32°N, flows northward through the Discovery Gap at the eastern 
end of the East Azores Fracture Zone (SAUYDERS, 1987), and on northward to at least 
53°N (McCARTNEV, submitted).  The bot tom water becomes warmer  and decreases in 
oxygen and silica along the way. Based on vertical geostrophic shear and deep-water  
p ropemes ,  it appears that this flow extends up to at least the 2 5°C isotherm near the 
Rockall Trough. In the Rockail 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 lsopycnals are deepest;  there ts no obvious change in properttes at Sta. 38, so 
presumably the westward-flowing water rec~rculates in this relatively enclosed region. A 
level of no motion above the bot tom water  ~s indicated; direct current measurements  by 
DICKSON 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 A A B W  is clearly shown in a section extending from 
Greenland to Rockall  Plateau by MANN et al. (1973). This is the source of the oxygen 
mmtmum and silica maximum found near 2600 m in the southern Iceland Basin in our 
section 

"The names of the basins in this sectlon follow those used by M~yxvI~a and REtt) (1983) 
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13 SUMMARY 

Various features of the property &strlbutlons observed along a quasl-mendlonal  
transect of closely-spaced stations spanning the entire circulation regime in the eastern 
Atlantic Ocean have been described and interpreted in terms of the large-scale circulation. 
The more important  results are listed below. 

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

(2) A thermostad (pycnostad) with a temperature  8-9°C is observed at - 4 0 0  m within 2 ° 
of the equator.  This thermostad lies beneath the secondary thermocline marking the 
bot tom of the Equatorial  13°C Water  thermostad. Although it has not been noted before,  
examination of prewous data suggests that it is a ubiquitous feature along the equator  of 
the Atlantic Ocean. 

(3) The distribution of properhes  on the isopycnals intersecting the Antarctic Intermedi- 
ate Water  and low-salinity water above the Mediterranean Outflow Water  supports the 
conjecture of the northern influence of the A A I W  

(4) The M O W  sahnlty maximum is seen to have a great deal of lateral structurc, with a 
number  of lobes of high salinity. Two Meddies were observed, well south of the main 
M O W  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 vortlclty ln&cates a region south of 
the mare LSW where mixing between M O W  and LSW may be especially active, the 
southern boundary of this region is assocmted with the East Azores Fracture Zone.  

(6) The close station spacing also reveals a sharp demarcation in the central Iceland 
Basm between the newest Iceland-Scotland Overflow Water  and older bot tom water. The 
older water  is characterized by reduced oxygen and elevated silica, indicating a larger 
component  of southern water. 

(7) The Northeast  Atlantic Deep Water  is recognized as a sahnlty maximum at -2700  m 
beneath the LSW and extends from the Rockall Plateau to the Azores-B~scay R~se The 
N E A D W  appears to be a mixture of the M O W  and the Northwest Atlantic Bot tom Water,  
which has a significant component  of the Denmark  Strait Overflow Water ,  with very little 
mput from ISOW. 

(8) An isolated core of high-salinity, low-silica Upper  North Atlantic Deep Water  is 
observed at the equator  indicating that the U N A D W ,  that has reached the equator  along 
the western boundary undercurrent,  turns to the east to flow along the equator.  This 
finding is 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  is 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)  T h e  o x y g e n  m i n i m u m  t h a t  s e p a r a t e s  t h e  m a x i m a  o f  t h e  M i d d l e  N o r t h  A t l a n t i c  

D e e p  W a t e r  a n d  L N A D W  is c l e a r l y  d e f i n e d  s o u t h  o f  t h e  M i d - A t l a n t i c  R i d g e .  I t  is 

a s s o c i a t e d  w i t h  a w e a k  m i n i m u m  of  s a l i n i t y  a n d  w e l l - d e f i n e d  m a x i m a  o f  n u t r i e n t s  

c o n f i r m i n g  t h e  e a r l i e r  o b s e r v a t i o n s  b y  EDMOND a n d  ANDERSON (1971)  a n d  s u p p o r t s  t h e  

h y p o t h e s i s  t h a t  i t  o r i g i n a t e s  f r o m  h i g h  s o u t h e r n  l a t i t u d e s .  
(11)  T h e r e  is a l a r g e  b o d y  o f  n e a r l y  h o m o g e n e o u s  w a t e r  b e l o w  t h e  M N A D W  b e t w e e n  

20°N a n d  t h e  A z o r e s - B i s c a y  R i se .  A s ing le  s o u r c e  d e t e r m i n e d  b y  t h e  b o t t o m  t o p o g r a p h y  

a n d  v e r t i c a l  m i x i n g  m a y  b e  t h e  c a u s e  o f  t h e  n e a r  h o m o g e n e i t y  o f  t h i s  w a t e r .  

(12)  T h e  o b s e r v e d  b o t t o m - w a t e r  c h a r a c t e r i s t i c s  a re  c o n s i s t e n t  w i t h  t h e  p r e v i o u s  f i n d i n g  

t h a t  t h e  n e a r - b o t t o m  w a t e r  in  t h e  e a s t e r n  b a s i n  is of  S o u t h  A t l a n t i c  o r i g i n  (MANTYLA a n d  

REID, 1983;  McCARTNEY et a l ,  1991) .  A w e s t w a r d  n o r t h e r n  b o u n d a r y  c u r r e n t  is c l e a r l y  

i n d i c a t e d  by  all p r o p e r t i e s  o n  t h e  s o u t h e r n  s l o p e  o f  t h e  R o c k a l l  P l a t e a u  a n d  a p p e a r s  to  b e  
t h e  d o w n s t r e a m  c o n t i n u a t i o n  o f  t h e  n o r t h w a r d  e a s t e r n  b o u n d a r y  c u r r e n t  f o u n d  f r o m  

t h e  C a n a r y  B a s i n  n o r t h w a r d  to  t h e  R o c k a l l  T r o u g h  (SAUNDERS, 1987; McCARTNEY, 

s u b m i t t e d )  
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