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The large-scale water mass structure, transports, and variability in the North

Atlantic Deep Water (NADW) and the Deep Western Boundary Current (DWBC) is

examined. Nutrient and oxygen measurements in the Northwestern Atlantic show that the

DWBC is associated with two layers low in nutrients and high in oxygen concentrations

centered near 1700 m (36.89 °2) and 3700 m (45.87 04). The chemical concentrations of

both layers are primarily maintained by southward advection in the DWBC. Upward

mixing of Antarctic Bottom Water (AABW) into NADW provides high nutrient content

to mid-depths. Volume and chemical transports within 300 km of the continental slope

are calculated in seven density classes from acoustic current measurements and

hydrographic data. Recirculation plays an important role in the interaction between the

DWBC and the interior waters of the subtropical basin.

Historical oceanographic data (1970-92) consisting of nutrient, oxygen,

temperature, and salinity collected throughout the Atlantic are used to relate the water

properties in the DWBC to those in the Atlantic along the 36.89 02 (UNADW) and

45.87 04 (LNADW) isopycnal surfaces using a dimensionless parameter, DREF, a sum of

weighted differences of the combined observed variables from reference values

representative of UNADW and LNADW. Maps of DREF show strong west-to-east
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ON THE LARGE-SCALE CHARACTERISTICS, FLUXES, AND VARIABILITY
OF THE NORTH ATLANTIC DEEP WATER AND ITS DEEP WESTERN

BOUNDARY CURRENT DEDUCED FROM NUTRIENT AND OXYGEN DATA

Chapter I. Introduction

This dissertation is aimed at refining current knowledge on the large-scale

distribution patterns and fluxes of the North Atlantic Deep Water (NADW) and decadal

variability in the subtropical North Atlantic deduced from chemical and physical data.

The work was motivated by the need to first understand tracer distribution patterns as a

prerequisite for establishing the mean, basin-scale circulation. The latter is one of the

main objectives for the World Ocean Circulation Experiment (WOCE). The work of this

dissertation is part of the ongoing larger, broader Atlantic Climate Change Program

(ACCP) of the U.S. National Oceanic and Atmospheric Agency (NOAA) aimed at

assessing variability of the Atlantic Ocean. In particular, the ACCP-NOAA program

funded the Trident program. The chemical and physical data collected in this program

comprises a vital part of this dissertation.

The basin-scale distribution of NADW by combining several chemical and

physical measurements is not well documented. WUst (1935) was among the first to study

NADW on the basis of a limited number of dissolved oxygen, temperature, and salinity

measurements. Kuo and Veronis (1973) modeled the distribution of oxygen using the

circulation model of Stommel and Arons (1962). Worthington (1981) estimated the

volume of NADW from a fine-scale census of the temperature and salinity characteristics

of the world ocean. Reid (1981) pointed out the general lack of both qualitative and

quantitative understanding of the circulation of the Atlantic at mid-depths. Reid (1989;

1994) was the first to demonstrate the use of individual chemical and physical variables

to describe flow patterns for the North and South Atlantic using vertical sections and

isopycnal surfaces. Prior to this dissertation, little previous work had directly addressed
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the distribution patterns of the most recently ventilated layers of the North Atlantic Deep

Western Boundary Current (DWBC) in the subtropical North Atlantic throughout the

Atlantic basin deduced from both chemical and physical variables.

Chapter H describes the results of a detailed survey of the deep waters in the

western subtropical North Atlantic, with emphasis on the NADW and its DWBC using

high quality nutrient and oxygen data. The chapter demonstrates the usefulness of precise

nutrient and oxygen data to define representative layers in the waters that flow in the

DWBC. Only after establishing the properties of these layers was it possible to examine

in detail their fluxes and their horizontal continuation in the Atlantic basin. The waters in

the DWBC are characterized as having two distinct nutrient and oxygen layers

corresponding to North Atlantic sources. I define various layers by density classes and

estimate the flux of chemical properties using both acoustic current-meter data and

geostrophic velocity estimates in the DWBC. The DWBC is the dominant artery for the

meridional southward transport of deep waters having high oxygen and low nutrient

concentrations. I also describe the horizontal continuation of these layers into the interior

of the Atlantic basin away from the western boundary. The chemical data show that the

DWBC is also the dominant source of high oxygen and low nutrient concentrations in the

body of NADW. In the interior, these waters are modified by mixing within recirculating

gyres.

In Chapter ifi, I examine in detail the continuation of the most recently ventilated

layers in the DWBC throughout the Atlantic Ocean along isopycnal surfaces by

combining both chemical (nutrients and oxygen) and physical (temperature and salinity)

data. My first task was to compile a large historical oceanographic data set. This data set

met two constraints: (1) adequate spatial coverage to include both the North and South

Atlantic regions of dense water input to the NADW complex, and (2) sufficient number

of chemical variables of adequate inter-laboratory precision for this study. A weighted

multivariate index parameter, DREF, of water-type dissimilarity is used to relate the waters

in the Atlantic to the waters in the DWBC along isopycnal surfaces. The chosen
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isopycnals surfaces correspond to the two high oxygen and low nutrient layers of the

DWBC as defined in Chapter H. For these isopycnals, I present the large-scale

distribution patterns of individual variables and selected combinations. Some features of

the water mass structure are more evident in some variables than in others. For these

reasons, I retain all the measured variables in this DREF to study the effect of the general

circulation on the combined distribution of water properties of the NADW complex.

Maps of DREF on these isopycnal surfaces clearly demonstrate (1) the influence of dense

inputs of source waters at high latitudes, and (2) the lateral continuation and spatial extent

of the NADW complex in the deep North and South Atlantic basins.

In Chapter IV, I assess decadal variability of chemical properties in the subtropical

North Atlantic. Prior work indicated that mid-depth waters between 800-2200 m had

warmed between sections taken in 1957, 1981, and 1992 across the width of the Atlantic

along the nominal latitude of 24.5°N. By comparing data from the 1981 and 1992 cruises,

I observed a net decrease in oxygen and nutrient concentrations within the same depth

layer of maximum increase in both temperature and salinity. The decreases in phosphate,

nitrate, and silicate concentration are small but still measurable. Several possible causes

for the apparent changes in the chemical data are examined. I conclude that the measured

changes in the chemical data are not consistent with biochemical processes, nor changes

in oxygen solubility due to the measured warming at the time of atmospheric exchange,

nor simple meridional displacements of the waters in the subtropical gyre. The sources of

variability do not appear to be regional processes but rather, changes in both the chemical

and physical characteristics of the source waters that enter the subtropical Atlantic near

the depth layer of maximum changes.



Chapter II

On the Chemical Characteristics and Fluxes of the Waters in the North Atlantic
Deep Western Boundary Current in the Subtropical Western North Atlantic
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Abstract

In this work, I describe the meso-scale structure, water-type characteristics, and

fluxes of the waters that flow with the DWBC using chemical (nutrients and oxygen) and

physical (temperature, salinity, acoustic current-meter) data from zonal sections in the

subtropical Northwestern Atlantic occupied in August 1992. The most recently ventilated

waters as defined by relatively low nutrients and high oxygen concentrations, occur in

two layers roughly centered at 36.89 2 1700 m) and 45.87 04 (-370O m). Their

chemical characteristics are approximately latitudinally continuous between 22.5-26.5°N

and more evident against the continental slope. The meridional gradients of phosphate,

nitrate, silicate, and oxygen in these upper and lower layers are measurable but small. The

composition of these layers is within the range of the NADW envelope for nutrients and

oxygen. Near the western boundary the distribution of these chemical properties within

the layers are roughly maintained by southward advection in the DWBC. The chemical

signatures of each layer can be traced eastward to the Mid-Atlantic Ridge, with the upper

layer typically reaching farther offshore than the lower layer. Upward mixing brings

nutrient-rich and oxygen-poor AABW into overlying nutrient-poor and oxygen-rich

NADW. The relatively high nutrient content and lower oxygen content above the upper

and below the lower NADW is due to mixing with AAIW and AABW. Nutrient and

oxygen transports calculated from direct current measurements within 300 km of the

continental slope at 24°N and 26.5°N are described for seven density layers, with

emphasis on the DWBC waters. The net volume transport in the DWBC is -17.8±8.2 Sv

at 26.5°N and -11.2±7.3 Sv at 24°N. The net chemical transports in the DWBC of

phosphate, nitrate, silicate, and oxygen are -14±9, -2 12±135, -255± 146, and

-3017±1958 kmol at 24°N, respectively. The net transport of phosphate, nitrate,

silicate, and oxygen are -21±10, -329±152, -339±160, and -5595±2182 kmol s at

26.5°N, respectively. Recirculation is a significant mechanism for the distribution of

chemical properties within the DWBC.



Introduction

The thermohaline circulation of the Atlantic Ocean is driven by localized inputs of

dense water and fluxes of heat and fresh water at the surface. It includes a system of deep

western boundary currents in the North and South Atlantic that carry deep water along the

western margins away from their initial sources in the Nordic (Norwegian and Greenland

Seas) and Labrador Seas and the Antarctic and supply the interior of the basin (Stommel,

1958; Stommel and Arons, 1962; Reid, 1994). It is believed that the system of deep

western boundary currents balances the sinking of dense water at high latitudes, the

general poleward flow in the interior away from the western boundary, and the interior

upwelling (Stommel and Arons, 1962; Warren, 1981). The Deep Western Boundary

Current (DWBC) that originates in the North Atlantic carries the most recently ventilated

components of the North Atlantic Deep Water (NADW) complex. NADW is initially

composed of Denmark Strait Overflow (DSOW) and Iceland-Scotland Overflow (ISOW)

waters formed in the Nordic basins (Swift, 1984; Carmack and Aagaard, 1973; Dickson

and Brown, 1994). The formation and incorporation of the overflows into NADW is not

yet fully understood (Worthington, 1976; Dickson and Brown, 1994; McCartney, 1992;

Schmitz and McCartney, 1993). Other North Atlantic components of NADW include

Labrador Sea (LSW) and Mediterranean Sea (MW) waters (Talley and McCartney, 1982;

Reid, 1994). NADW eventually mixes with northward spreading Antarctic Intermediate

Water (AAIW) and Antarctic Bottom Water (AABW) as it spreads away from its North

Atlantic source regions (Reid et al., 1977; Tsuchiya, 1989; Warren, 1981;

McCartney, 1992).

Most knowledge of the velocity structure and transport of the DWBC in the

Western North Atlantic is derived from geostrophic calculations using hydrographic data

and current measurements using current profilers, current-meter moorings, and floats (i.e.,

Swallow and Worthington, 1961; Richardson, 1977; Amos et al., 1971). The subtropical

Northwestern Atlantic is one place where in addition to geostrophic calculations,

relatively long-term current-meter and acoustically-tracked Pegasus measurements of the



current flow have been collected near the continental slope. Leaman and Harris (1990)

found that the DWBC has a mean southward core velocity of about -20 cm s' centered at

about 2500 m from current-meter and Pegasus measurements taken between 1985-1987.

The region of southward flow (i.e, v<0 cm s') extends from 800 m to the bottom, and

about 85 km eastward from Great Abaco at 26.5°N. They estimated the mean (± 1 SD) of

the transport of the DWBC below 800 m to be -34.8±14.5 Sv. A longer time series

(1986-1992) of current-meter measurements near 26.5°N extending to 125 km eastward

of the continental slope of Great Abaco showed that the mean flow is dominated by a

southward velocity core of -10 to -15 cm s about 40 km offshore and centered near

2500 m (Lee et al., 1990; 1995). The time-series data showed that the mean southward

velocity associated with the DWBC meanders both zonally between 30-125 km eastward

from the continental slope and vertically between 2000-4000 m. Lee et al. (1995)

estimated the mean (± 1 SE) net volume transport above and below 800 m within 85 km

of the continental slope to be 5.1±1.7 Sv and -23.8±3.4 Sv over the -5-yr period of their

observations. Over the 125 km coverage of the current-meter array, they found a net

southward transport below 800 m of -38 Sv over the 5-yr period. These transport values

might underestimate the net southward transport in the DWBC because the undercurrent

occasionally meandered outside the current-meter array (Lee et al. 1995; 1996).

Dickson and Brown (1994) estimated the magnitude of NADW volume transport

from the Irminger to the Labrador Basins around Cape Farewell to be about -13.3 Sv. The

-35 to -38 Sv estimates of the net southward flow of the DWBC at 26.5°N (Leeman and

Harris, 1990; Lee et al., 1995) are substantially larger than the flow of NADW around

Cape Farewell (Dickson and Brown, 1994), suggesting that about -22 to -25 Sv of the

estimated transport in the DWBC could be a recirculating component, at least near 26°N.

Transport estimates for the DWBC in the tropical North Atlantic vary. The discrepancy

between the estimates could be differences in the observational methods, scope of the

measurements, and dynamical processes acting at different latitudes. The differences in

transport values may also be related to varying definitions for DWBC.



Chemical tracers have been useful to describe the Atlantic circulation. Wüst

(1935) provided one of the first views of the NADW using hydrographic data. He divided

the NADW into three layers (upper, middle, and lower NADW) based on salinity and

oxygen maxima. He speculated that the upper core (UNADW), identified with a salinity

maximum near 1200 m in the western North Atlantic, is of MW origin. It is now evident

that MW is a distinct water mass which contributes heat and salt to NADW (i.e., Reid,

1994). Underlying UNADW, Wiist (1935) identified two oxygen maxima centered

between 1500-2500 m and 3500-4500 m that he called MNADW and LNADW. More

recently, Jenkins and Rhines (1980) observed high Tritium concentrations between

3500-4500 m in the Blake Bahama Outer Ridge near 30°N. Olson et al. (1986) found

similar high tritium values near these depths with broader horizontal scales than the

observations of Jenkins and Rhines (1980) between 22°-26°N. Weiss etal. (1985)

observed a layer of high chiorofluorocarbons (CFC's) concentrations near 1600 m

(-4-7°C) across the equator to 5°S and indicated a LSW origin. Fine and Molinari (1988)

and Molinari et al. (1992) also observed high CFC's values between 1200-2000 m

(3.2-4.7°C) and between 3000-4500 m (1.8-2.4°C) along sections from 0°-26.5°N. Fine

and Molinari (1988) suggested a modified LSW source for the upper and DSOW for the

lower layers.

This paper presents results of an investigation of the water mass structure in the

subtropical Northwestern Atlantic near 24°N as part of the August, 1992 Trident cruise

(Figure 11.1). The unique feature of this investigation is the integrated use of chemical

data in concert with temperature and salinity data. The goals are to (1) identify the

water-type characteristics and large-scale structure, and (2) estimate the fluxes of the

waters that flow in the DWBC as deduced from nutrient, oxygen, temperature, salinity,

and acoustic current profiler measurements.

It is shown that the distribution of nutrient and oxygen data provide information

independent of temperature and salinity. This information is used to define approximate

density boundaries of the waters that flow with the DWBC. The DWBC lies within the



density range of NADW and is a significant source for the southward advection of

oxygen-rich but nutrient-poor waters to the deep Atlantic, particularly between the

36.89 02 (potential density referenced to 2000 dbar) and 45.87 04 (potential density

referenced to 4000 dbar) isopycnals. Quantitative determination of chemical fluxes shows

that most of the southward transport of chemical properties in the DWBC is contained

between these density layers. In turn, these waters receive contributions of Antarctic

origin which increase their initial or preformed nutrient and lower their oxygen contents

as these Antarctic waters enter the deep circulation in the North Atlantic.

Data and methods

In August 1992, the RVMalcom Baidrige occupied 71 hydrographic stations

between Great Abaco (Bahamas), the Bermuda rise, and the western flank of the

Mid-Atlantic Ridge (Figure 11.1). A 24-bottle, 10-L Niskin rosette sampler was attached

to a Neil Brown Mark ifi CTD (Conductivity, Temperature, Depth) system. Nominal

station spacing was about 100 km, with shorter spacing of about 50 km or less near the

continental slope. The station locations were planned to study the DWBC region between

22.5°-26.5°N as well as the large-scale distribution of properties west of the Mid-Atlantic

Ridge. The southern transect (stations 48-7 1) extends from east of the Bahamas to the

west flank of the Mid-Atlantic Ridge along -22.5°N (Figure 11.1). The northern section

(stations 15-48) consists of three segments and intercepts the continental slope off Great

Abaco at about 26.5°N. These two long sections are used to examine the large-scale

characteristics of NADW in the study area. Three segments with closer station spacing

(1-11, 14-27, and 66-71; Figure H. 1) near the western boundary are used to examine the

waters near the continental slope in more detail.

At each station water samples were collected using Niskin bottle samplers from

the ocean surface to near the bottom and analyzed for salinity, nutrients, and oxygen. The

CTD temperature and pressure sensors were calibrated before and after the cruise and the
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CTD salinities were calibrated against the bottle salinity samples. The precision of the

temperature, salinity, and pressure data are about ±0.002°C, ±0.001, ±3 dbar. Potential

temperature (0, °C) referred to the sea surface was calculated using the algorithm of

Fofonoff and Millard (1983). All temperatures I refer to in this paper are potential

temperatures. Potential density anomaly referred to the sea surface (os), or to 2000 dbar

(2) or 4000 dbar (o) was computed using the equation of Millero and Poisson (1981).

Dissolved oxygen samples were analyzed by the whole-bottle method using an

amperometric end-point detection method and a Metrohm® Dosimat 665 digital buret

system (Culberson et al., 1991; Knapp et al., 1991). Oxygen expressed in volumetric units

were converted to units of jimol kg1 using the molar volume of oxygen as a real gas and

at a density corresponding to the measured salinity (S) and measured sample temperature

at the time of collecting the sample from the Niskin bottle. Sample temperature at the

time of drawing the oxygen samples was measured using a digital thermometer precise to

within ±0.1°C. The maximum change from in-situ temperature to sample-drawing

temperature was about 11°C. This corresponded to a density change of about 0.1%

leading to a change in computed oxygen value of about 0.3 imol kg'. The short-term,

within-laboratory precision (± 1 SD) based on repeated measurements for oxygen samples

collected during the entire Trident cruise was estimated to be 0.3 pmol kg'. Oxygen

solubility was computed using the equations of Garcia and Gordon (1992) as a function

of temperature, salinity, and a total pressure of one atmosphere. Apparent Oxygen

Utilization (AOU, imo1 kg1) was computed by subtracting measured oxygen

concentration from the oxygen solubility values at 100% saturation with respect to the

atmosphere.

Dissolved inorganic nutrients were analyzed using an Alpkem® RFA-II

continuous, rapid-flow autoanalyzer. The nutrients analyzed included dissolved reactive

ortho-phosphate, nitrate, nitrate+nitrite, ortho-silicic acid or silicate, following methods

described by Gordon et al. (1994). The nutrient data expressed in volumetric units were

converted to mass units (pmol kg') at a density corresponding to measured laboratory
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temperature at the time of analysis and measured salinity. The short-term,

within-laboratory analytical precision (± 1 SD) based on repeated measurements for the

nutrient samples collected during the entire Trident cruise were estimated to be: 0.01,

0.02, 0.01, and 0.05 Mmol kg' for phosphate, nitrate+nitrite, nitrite, and silicate,

respectively.

Current measurements were obtained from the ocean surface to a maximum depth

of about 5500 m within 244 km of the continental slope at 24°N (stations 1-11) and

480 km at 26.5°N (stations 16-27) using a lowered acoustic Doppler current profiler

(LADCP) mounted on the CTD frame; data were processed by Peter Hacker (Hacker and

Firing, 1994) following the methods of Fisher and Visbeck (1993). At these stations

(Figure 11.1), the LADCP data were collected simultaneously, during the same casts as the

bottle data. Three of the Niskin bottles were removed to accommodate the LADCP in the

rosette frame. Profiles of mean absolute velocity (down+up profile) had a rms deviation

of ±2 cm s (Hacker and Firing, 1994). This is much smaller than the magnitude of the

reported maximum southward velocity measurements (about -20 cm s1) in the DWBC at

26.5°N (Lee et al., 1990; 1995; 1996; Leaman and Harris, 1990). I take this up+down rms

deviation of 2 cm s' of the LADCP data to be one estimate of the precision of the present

acoustic current-meter measurements.

The LADCP data file for each station contains eastward and northward

components of water velocity at depth intervals of 20 dbar. In this study I consider only

the northward component (v, cm s') of the velocity. I denote positive and negative

current speeds as northward (poleward) and southward (equatorward) flow, respectively.

There are limitations to the use of these data. The LADCP measurements are not synoptic

and not of adequate duration to represent the mean velocity structure of the DWBC. I

assume that the current measurements are to a first order representative of the conditions

present during the sampling period, though there is undoubtedly some aliasing of the

signals from tides and other internal waves.
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Figure 11.1. Map of station positions occupied during the Trident cruise. Upper panel
shows stations. Lower panel shows a detailed map of station positions in the western
boundary. Depth contours (km) are derived from the Etopo5 (U.S. National Geophysical
Data Center) data set.
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I used the LADCP measurements to estimate volume and chemical transports in

the DWBC within 300 km of the continental slope. To accomplish this, the LADCP data

were linearly interpolated to the depth of the bottle data samples at each station. The

nutrient and oxygen fluxes (Fe, mmol m2 s') were calculated using,

F = pcv (Equation 11.1)

where p is the density of seawater (kg m3), v is the current speed (m s1), and c the

concentration of the chemical variables (jimol kg') at each depth measurement. The

chemical transports kmol s') were calculated between station pairs by integration of

(Equation 11.1) between density layers spanning the water column at each station,

T CX ('Z,+i F dzdx
C J J C

X0 Z
(Equation 11.2)

where x0 and x are the distance (m) between the mid-points of consecutive station pairs

and z and z1 are the mean depths (m) of selected potential density layers. For simplicity,

bottom transports were approximated by multiplying the deepest velocity common to

each station pair by the area assumed triangular below the deepest common depth. This

proved to be a small transport value since most of the stations with LADCP

measurements reached to about 5500 dbar. Because the LADCP stations were limited to

the western edge of the Nares and Hatteras Abyssal Plains, the net poleward and

equatorward flows need not necessarily balance. The horizontal limits of integration are

244 km and 171 km for the western boundary sections at 24°N and 26.5°N, respectively.

Standard methods were used to estimate dynamic height between CTD station

pairs. The determination of the flow by the dynamical method assumes that the water

column is in approximate hydrostatic balance. A pressure reference level at 750 dbar

( 10°C) was chosen to estimate geostrophic velocities within 300 km off the continental
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slope at 24°N and 26.5°N because Leaman and Harris (1990) and Lee et al. (1995; 1996)

showed that the mean flow in the upper 800 m of the water column within 125 km of the

slope at 26.5°N is predominantly northward and below this depth, the flow is

predominantly southward. This geostrophic velocity field is compared to the fields

derived from the LADCP data.

Away from the continental slope where LADCP data were not collected and

long-term current records were not available, there is more "freedom" in the choice of

reference level. Historical studies indicate that Antarctic waters (AAIW and AABW) flow

northward, and NADW flows southward through the width of the tropical North Atlantic

(Roemmich and Wunsch, 1985; Wüst, 1935; Rintoul and Wunsch, 1991). Thus a level of

no motion in the north-south sense is expected to exist between these water masses. Some

authors have used a reference level near 1200-1300 dbar (-4.7°C), a level between

AA1W and NADW, or a deeper reference level near 3000-4500 dbar, a level between

NADW and AABW (Roemmich and Wunsch, 1985; Molinari et al., 1992; Speer and

McCartney, 1991; Speer and Zenk, 1993; Rintoul and Wunsch, 1991; Friedrichs and Hall,

1993). I have chosen a reference level at 4000 dbar (-2°C). This level was chosen to

emphasize the large-scale features of the baroclinic flow between a point 300 km off the

continental slope and the western flank of the Mid-Atlantic Ridge along the northern and

southern Trident sections. This deep reference level is consistent with the

surface-intensified baroclinic structure of mesoscale eddies. Model and observation

results suggest that transport estimates using deep reference levels are in better agreement

with current-meter observations in the deeper portions of the North Atlantic basin than

those using shallower reference levels (Friedrichs and Hall, 1993; Rintoul and Wunsch,

1991). For simplicity, I assumed that the deepest calculated velocity between a station

pair extended to the deeper of the two stations in regions of sloping topography at the

ends of the sections. Stations with a maximum sampling depth shallower than 1500 dbar

were not used in these calculations. The root mean squared deviation of the velocity

between individual station pairs due to small displacements ±100 dbar of the reference

level is small (0.1 cm s1).
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Observations and discussion

These results are discussed in two sections. In section 1, the large-scale

characteristics of the waters and their distributions are described. In section 2, volume and

chemical transports are presented and described. For the purpose of this study, I refer to

the "western boundary" as the waters within 300 km of the continental slope and to the

"interior basin" as the waters between 300 km and the Mid-Atlantic Ridge. Table 11.1

shows a water mass nomenclature.

Large-scale sections

The large-scale characteristics of waters in the subtropical Northwestern Atlantic

are presented by means of zonal plots of physical and chemical variables between the

continental slope and the western flank of the Mid-Atlantic Ridge using the northern and

southern Trident sections.

Temperature and salinity

Over the Nares Abyssal Plain temperature decreases rapidly with depth to 6°C at

about 1100 m, the base of the permanent thermocline, then more gradually and

nearly-monotonically to about 1.5°C near the bottom (Figure II.2a,h). Below the

permanent pycnocline, the sharpest horizontal temperature gradients were observed

against the continental slope between 1500-2000 m and 3400-3700 m. This depth range is

approximately bounded between 2-4°C. This agrees well with Worthington's (1981)

definition of the NADW by a census of fine-scale temperature and salinity classes. The

structure of the isotherms near the continental slope was complicated. Isotherms slope

downward to the east between 1200-2000 dbar, and upward to the east between

2500-4000 dbar, reflecting the shear of the southward flow of the DWBC (Richardson,

1977). This provided a sense of the baroclinic shear near the DWBC because the

temperature and density fields have approximately similar structures. A second,
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moderately strong horizontal gradient occurred near the bottom, against the west flank of

the Mid-Atlantic Ridge where the rapidly rising topography impacts the water structure in

the layer immediately above. In terms of the local abyssal circulation, the consequences

of this topographic effect are not clear. East of station 56, the isotherms slope downward

towards the Mid-Atlantic Ridge.

The depth distribution of salinity was characterized by a maximum S>36.5 near

120 m depth. Below this near surface salinity maximum, salinity rapidly decreased to a

broad minimum, about 35.4 nominally at 950 m at the bottom of the permanent halocline,

followed by a moderate decrease to about 35.10 at about 1200 m, continuing with

near-monotonic decrease to about 34.83 near the bottom (Figure H.2b,h). The relative

minimum in salinity at intermediate depths (-950 m) is thought to be the influence of

LSW, while the broad salinity maximum at about 1200 m corresponds to MW

(Wüst, 1935, Reid, 1994; Talley and McCartney, 1982). The influence of MW decreases

westward from its overflow region in the Gibraltar Strait and its high salinity signature in

the study area is most evident east of about 55°W (Figure H.2b). Overlying the NADW

stratum is diluted AAIW identified by its low salinity and high silicate content relative to

NADW and centered near 850 m in the study region. Note that the AAIW influence is

most obvious in the southern Trident section. Near 22.5°N, AA1W is substantially saltier

(34.95-35.08) and warmer (5.5-6°C) than in the Argentine Basin. Some physical and

chemical characteristics for source waters to the NADW complex in the Atlantic are

summarized in Table 11.2.

In view of these extrema, the subtropical Northwestern Atlantic is characterized as

an hydrographic regime of moderately strong horizontal thermohaline gradients. A

temperature and salinity diagram for waters in the study region shows the relationship

between local waters and NADW source waters in the Nordic and Labrador Seas

(Figure 11.3). These characteristics were also present in nutrient and oxygen distributions



with some notable exceptions. As I describe next, the chemical data provide unique

information of these various water masses not evident in the temperature and salinity

alone.

Table 11.1. Water mass nomenclature.

Acronym Name

AAIW Antarctic Intermediate Water

AABW Antarctic Bottom Water

AACW Antarctic Circumpolar Water

CGFZW Charlie-Gibbs Fracture Zone Water

DSOW Denmark Strait Overflow Water

GSBW Greenland Sea Bottom Water

ISOW Iceland-Scotland Overflow Water

LACW Lower Antarctic Circumpolar Water

LNADW Lower NADW

LSW Labrador Sea Water

MW Mediterranean Sea Overflow Water

NSBW Norwegian Sea Bottom Water

NADW North Atlantic Deep Water

MNADW Middle North Atlantic Deep Water

UACW Upper Antarctic Circumpolar Water

UNADW Upper North Atlantic Deep Water
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Figure 11.2. Distribution of physical and chemical variables in the Trident sections:
(a) temperature (°C), (b) salinity, (c) phosphate, (d) nitrate, (e) silicate, (1) oxygen, and
(g) AOU (tmo1 kg') along the northern and southern Trident sections. Heavy dash lines
denote the depth of the 36.89 07 (17OO m) and 45.87 04 (37OO m) isopycnals. Bottom
contour is derived from the Etopo5 (U.S. National Geophysical Data Center) data set.
Figure 11.2h shows representative vertical profiles of temperature, salinity, phosphate,
nitrate, silicate, and oxygen from stations in the western boundary, the northern, and
southern Trident sections.



Station---23 15 26 28 32 34 36 38 40 42 44
Ot _flLLLY J-

v y y y

36.89 .:
2

signB-2

3: _____ .TT

Station-a--
0

20

80°W 70°W 60°W 50°W
Longitude

Figure ll.2a



Stationø--
0

36.89
sigim-2

45.87
4 SIgIThl-4

Station--
0

6

80°W

21

28

62 60

36.89 T-'
35_34349 ------

=t4

70°W 60°W 50°W
Longitude

Figure ll.2b



'-'.

44

1si2 P 4i5'-

I 1i

I Ii ii IJ

Station-..- 71 66

22

80°W 70°W 60°W 50°W
Longitude

Figure ll.2c



23

70°W 60°W 50°W
Longitude

Figure ll.2d



Station--23 15 26 28 32 34 36 38 40 42 44 4iS

0 !'

-.-----.----.__.--- 5 _____
: :-4- 10

2

3si6gi8i9 2

4]SA

6 IIuiW(Si y'. ii.-.i. Iii

Stationa--
0

U

6i
80°W

24

70°W 60°W
Longitude

Figure ll.2e

500w



25

Station
o -

13689

2
si 2 ____

: : :
:

- Li Li

Stationa--
0

2

6 A 1.

80°W 70°W 60°W 50°W
Longitude

Figure ll.2f



Stations.-

S

26

80°W 70°W 50°W
Inngitude

Figure II.2g



I
II

ti.)

Temperature (°C)

10 20

Station
035
D09
A 61

Salinity

30 35 36

'3

-1
Phosphate (imol kg )

0 1 2
OS..A I I

ti)

ri

0
0

I

Silicate Qimol kg4)

20 40 60

37

Nitrate (imol kg)

0 10 20 30

-1Oxygen (imol kg )

80 100 200 300

Figure ll.2h

27



Table 11.2. Temperature (°C), salinity, density (°, kg m3), phosphate, nitrate, silicate,
oxygen (jimol kg') characteristics of source waters to NADW in the Atlantic Ocean. The
characteristics of source waters are derived from extremes in plots of salinity, nutrients,
and oxygen against temperature based on historical oceanographic data in the Atlantic
(1972-1992). Refer to Table 11.1 for a water mass nomenclature.

North Atlantic sources

Source Temperature Salinity 0e Phosphate Nitrate Silicate Oxygen

NSBW -0.90 34.92 28.08 0.94 13.8 11.0 306

GSBW -1.00 34.91 28.08 1.05 15.0 14.0 304

ISOW 2.70 35.00 27.91 0.90 13.4 7.0 306

DSOW 2.50 34.98 27.91 1.00 15.0 8.1 296

LSW 3.10 34.82 27.73 1.04 15.7 8.2 303

MW 13.5 36.88 27.75 0.42 7.5 3.9 211

South Atlantic sources

Source Temperature Salinity o Phosphate Nitrate Silicate Oxygen

AA1W 2.80 34.14 27.22 2.22 31.1 26.4 258

UACW 2.00 34.62 27.67 2.52 36.5 90.0 170

LACW 1.40 34.73 27.80 2.21 32.0 103.0 194

AABW -0.25 34.66 27.84 2.31 33.2 123.0 230

WSBW -0.90 34.64 27.86 2.30 32.5 117.0 255
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Nutrients and oxygen

The distribution of phosphate and nitrate show similar distributions in the

southern and northern sections and will be discussed together (Figures 11.2 c,d,h).

Concentrations increased from low to near zero values at the ocean surface to maxima at

800-1200 m, decreasing to relative minima at 1500-1750 m. From this depth

concentrations increase to the bottom with changes in slope between 3500-3700 m.

Maximum concentrations of -2 jimol kg' phosphate and -29 imol kg' nitrate,

respectively, were found immediately below the oxygen minimum (nominally 950 m).

Two layers of relatively poor nitrate and phosphate concentrations relative to ambient

waters are evident near 1750 and 3700 m. The shallower layer in the DWBC, as indicated

by a minimum in the nitrate and phosphate distributions, appears as a relatively narrow

feature (-500 km wide) adjacent to the continental slope. The deeper lower layer is

clearly identified adjacent to the continental slope near 3700 m. These layers, relatively

poor in nitrate and phosphate concentrations are evident in all Trident sections. These

cover a wider depth and east-west range in the southern section than in the northern

section. Both sections clearly exhibit two offshore nutrient core layers definitely

identified by low nitrate and phosphate values extending far offshore into the higher

background concentrations in the interior of the basin.

The abyssal waters (4500 m) in the eastern half of the basin have very high

phosphate and nitrate concentrations reflecting a thick layer of AABW. The highest

concentrations were over the Nares Abyssal plains (54-59°W) and are more evident in the

southern section (stations 58-61). Relatively high phosphate and nitrate concentrations

occur against the western flank of the Mid-Atlantic Ridge (Figures H.2 c,d). Close to the

bottom, Mid-Atlantic Ridge perturbed all phosphate and nitrate isograms. This might be

due to the steering by the Ridge of nutrient-rich, oxygen poor AABW (Warren, 1981). In

the northern section, a deep water transition from predominantly AABW to
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predominantly NADW was evident at about 59-61 °W, between about 2000-5000 m. This

transition was present in the distributions of nutrients and oxygen but not in temperature

and salinity. In the southern section, this transition between AABW and NADW was less

obvious.

With some noteworthy exceptions, the distributions of silicate in the deep water

column were similar to those for phosphate and nitrate (Figures ll.2e,h). From near-zero

values at the surface, silicate concentrations generally increased to maxima and then

decreased to minima at depths of, respectively, 900-1300 m and 1500-1600 m, and were

subject to near-monotonic increase to the bottom. In the upper water column, silicate

revealed a relatively rich layer of AAIW origin at 1300 m below the oxygen minimum

(14-15 imol kg'). The relatively shallow AA1W core layer spreads to the north-east near

the boundary and below the oxygen minimum (Figure H.2f). Relatively high silicate

concentrations (18-35 pmol kg') are evident in all sections between about 1700-3800 m.

Below 3000 m, the largest horizontal silicate gradients were concentrated near the

western flank of the Mid-Atlantic Ridge along the southern section. Horizontal gradients

are sharpest near 29°N, 60°W, a marked transition zone between relatively undiluted and

diluted AABW. This feature is most easily seen in the distribution of the chemical

variables in the northern section. This pattern is consistent with topographic steering of

northward flowing AABW as it enters the Demeara-Nares Abyssal Plains as described by

Warren (1981). At temperatures below 1.8°C, narrow silicate maxima (-62 imol kg')

corresponding to the least diluted AABW entering northward over the Nares Abyssal

Plain were found near the bottom between 59-61 ow (Figure II.2e).

What are the sources of relatively high silicate content (22 imo1 kg') in NADW

at mid-depths ('-3000 m)? The North Atlantic source waters to NADW have low nutrient

(high oxygen) concentrations compared to, for example, the Antarctic sources

(Table 11.2). Overlying AA1W, LSW, and MW, the waters immediately above about

1700 m, revealed lower silicate concentrations ( 18 imo1 so these may be ruled out

as local sources. A more likely possibility appears to be upward mixing of AABW into
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NADW, particularly near the western flank of the Mid-Atlantic Ridge (Figure II.2e). This

suggests that AABW provides high nutrient content to waters overlying the

Hatteras-Nares Abyssal Plains which recirculate in a manner consistent with a deep

cyclonic gyre as seen, for example, in the distribution of adjusted steric height at various

depths (Figure 8, of Reid, 1994) and from moored current-meter observations near the

DWBC (Hogg, 1983). A second source of relatively high nutrient but low oxygen waters

relative to the DWBC values is the contribution of Charlie-Gibbs Fracture Zone Water

(CGFZW) to NADW in the northern North Atlantic (Broecker and Peng, 1982; Saunders,

1994). CGFZW has high silicate content owing to the input of nutrient-rich AABW in the

Northeastern Atlantic. McCartney (1992) referred to the product waters between ISOW

and diluted AABW in the eastern North Atlantic as Lower Deep Water. Waters (LDW).

LDW spreads from the eastern North Atlantic loops around the Rockall Plateau and

Reykjanes Ridge as part of a Northern Boundary Current (McCartney, 1992; Schmitz and

McCartney, 1993).

The situation for oxygen was somewhat analogous to the silicate distributions.

From near saturation values near the surface, oxygen concentrations decreased to minima

at 800-900 m at the permanent pycnocline, increased to relative maxima nominally at

1700 m and 3700 m, and then decreased toward the bottom (Figures H.2f,h). Only the

waters between these depths have oxygen saturation values slightly less than 82%. The

highest oxygen concentrations (-269 jimol kg') were adjacent to the continental slope

near 3700 m. The depth of this oxygen maximum nearly coincided with the deep

minimum in the phosphate and nitrate distributions. This core covered a narrow depth

range at the slope, extending eastward to about 53°W in the northern section and 51 °W in

the southern section. An oxygen minimum (<248 imol kg'), corresponding to the least

diluted AABW entering the Nares-Hatteras Abyssal Plains, was found near the bottom at

about 59-61°W.
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Figure 11.3. Temperature-salinity diagram for waters in the Trident study area. The grey
points indicate the temperature and salinity values collected during the cruise. The solid
lines superimposed on the cloud of temperature-salinity data are three typical stations
occupied close to the continental slope at 22.5°N (station 68), 24°N (station 9), and
26.5°N (station 16). Several isopycnals are shown representing approximate bounds for
water masses discussed in the text. The lower panel is an enlarged view of the deep
waters (5°C). The triangles represent temperature-salinity values of LSW, DSOW, and
ISOW. The heavy circles represent the temperature-salinity values for UNADW,
MNADW, and LNADW as defined in this study. Refer to Table 11.1 for a water mass
nomenclature.
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In both sections, the deep oxygen core was a broadly continuous feature evident

adjacent to the continental slope and its characteristics could be traced far into the interior

of the basin away from the western boundary (Figure 11.20. For example, along 3500 m

(-2.2°C), the average decrease in oxygen concentration seaward along 22.5°N was about

0.7 .tmo1 kg1 per degree of longitude. This decrease in oxygen cannot be attributed to

in-situ oxygen consumption because there was no significant and parallel regeneration of

nutrients observed. At 50°W, the nominal nitrate concentration is about 21 imoI kg' and

at the western edge is about 18.3 imol kg1 (Figure H.2.d), a change of about

2.7 imoI kg* Using the iN:-zO=16:138 oxidative ratios proposed by Redfield et al.

(1963), I calculated an expected change of oxygen of about 23 jimol kg1. The change in

oxygen over the same horizontal scale is only 15 jimol kg, suggesting that the waters of

the DWBC were mixing into waters of lower oxygen concentrations in the interior of the

basin.

The above explanation is strengthened by the following observations. Pickart

(1992) reported a mean of 274 !Jmol kg at -3200 m for the lower oxygen maximum

layer between the Grand Banks and Cape Hatteras (-40-30°N). Near 30°S in the

Argentine Basin, Reid et al. (1977) observed a maximum oxygen value of 253 Mmol kg1

centered at about 2500 m adjacent to the continental slope. These oxygen values are very

similar to the 269 imo1 kg value obtained for this layer in this study. The change in

oxygen concentration between 40°N and 30°S is only 21 pmol kg'. Using the Redfield et

al. (1963) ratio of zN:-O=16:138, a 21 imo1 kg' change in oxygen concentration

corresponds to a change in nitrate concentration of oxidative origin of about

2.4 pmol kg* This is significantly smaller than the change in nitrate concentration

between the southern Trident area and 30°S, about 3 imol kg* This suggests that there is

little biochemical change in oxygen concentrations in the along-stream direction of the

DWBC, and thus the oxygen concentrations are primarily the result of advection and

diffusion of oxygen-rich (nutrient-poor) NADW diluted by waters lower in oxygen from

the interior along the paths of flow and mixing.



35

AOU concentrations were lowest near 1700 m and at about 3700 m at the western

boundary (Figure 11.2g). The AOU concentrations near 1700 m were lower than at

3700 m reflecting the fact the waters near 1700 m have been in more recent contact with

the atmosphere than waters near 3700 m.

On the basis of the nutrient and oxygen observations, I define two water-type

layers for the upper and lower limits of the most recently ventilated waters near the

DWBC (Table 11.3). I denote the shallower and deeper layers as upper NADW

(UNADW) and lower NADW (LNADW). By recently ventilated waters, I mean waters

that have been in direct contact with the atmosphere at the surface or indirectly by mixing

with recently exposed surface waters to the atmosphere. UNADW is centered at about

1700 m (36.89 02), below the phosphate and nitrate maxima, and LNADW at about

3700 m (45.87 04). The upper layer coincides with the minimum in AOU and was

traceable across most of the basin. The deeper layer coincides with the deep oxygen

maximum.

Between the upper and lower core layers lies another layer, centered at about

2400-2600 m (Figure 11.2c-e) and near 3°C (Figure 11.4) in which there is a change in the

nutrient and oxygen gradients. I denote this layer as middle NADW (MNADW). The

nutrient and the AOU concentrations of MNADW are slightly higher and the oxygen

concentration is slightly lower than a simple linear combination of UNADW and

LNADW. The origin of MNADW is uncertain. Jenkins and Rhines (1980) have

speculated that waters near 3-3.5°C are modified by recirculation and mixing in the

interior of the basin. Waters of similar density (36.98 02) and oxygen content

(260-265 jimol kg') can be found only in the Nordic and Irminger-Iceland Basins

(Table 11.2).

Plots of nutrients and oxygen against temperature for selected stations at

22.5°-26.5°N in the western boundary clearly demonstrate the signature of these layers

(Figure 11.4). The three layers show measurable nutrient and oxygen differences when
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compared to the precision of the measurements. These nutrient and oxygen extrema have

no obvious counterparts in the temperature-salinity diagram (Figure 11.3). This

demonstrates that the use chemical properties such as nutrients and oxygen provide

important information independent of temperature and salinity alone.

Table 11.3. Nominal characteristics of UNADW, MNADW, and LNADW layers of the
DWBC in the subtropical Northwestern Atlantic (-24°N, 74°W) based upon Trident

measurements.

Parameter
UNADW

(-36.89 02)

MNADW
(-36.99 02)

LNADW
(-45.87 04)

Temperature (°C) 4.03 2.99 2.08

Salinity 35.03 34.96 34.91

Depth (m) 1750 2400 3750

Phosphate (Mmol kg') 1.20 1.22 1.22

Nitrate (jimol kg') 17.8 18.1 17.6

Silicate (Mmol kg1) 12.5 18.2 24.0

02 (imol kg1) 257.5 262.7 269.0

AOU (j.imol kg') 58 60 61

The layers I have defined (Table 11.2) do not strictly coincide with Wüst's (1935)

nomenclature. The UNADW and LNADW definitions (Table 11.2) broadly correspond to

Wiist's (1935) definitions for "MNADW" and "LNADW" layers based on deep oxygen

maxima. WUst's definitions do not apply to the waters in the DWBC. First, he based his

assessment of the water characteristics using temperature, salinity, and oxygen data of

lower precision and accuracy than this study. Second, nutrients increase and oxygen

decrease in concentration in proportion to distances from the continental slope owing to

the contribution of waters richer in nutrients but lower in oxygen concentration as

described earlier. Wüst (1935) did not know of the existence of the system of deep

western boundary currents present in the Atlantic at the time of his study (Warren, 1981).
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Figure 11.5. Distribution of chemical variables within 300 km of the continental slope at
22.5°, 24°, and 26.5°N. (a) nitrate, (b) silicate, (c) oxygen, and (d) AOU. Horizontal dash
lines are the depths of the 36.89 02 ( 1700 m) and 45.87 04 (-3700 m) isopycnals. Light
grey areas in the oxygen and AOU plots represent the depth regions having oxygen
saturation values 80%. Bottom depth contour is derived from the Etopo5 (U.S. National
Geophysical Data Center) data set.
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Transports in the western boundary region

Next, I estimate volume and chemical transports in the western boundary region.

These estimates are of importance to our understanding of the role of the DWBC in the

distribution of properties in the interior of the basin.

Choice of density layers

To study the volume transports and chemical fluxes, I divided the water column

into seven layers corresponding to distinct water masses of North and South Atlantic

origin where possible (Table 11.4). The seven density layers are shown schematically on a

temperature-salinity diagram (Figure 11.3). The layer definitions (Table 11.4) are based on

extrema in plots of nutrient, oxygen, and AOU versus temperature for stations near the

continental slope (Figure 11.4). An important objective is to estimate the volume and

chemical transport of each water mass layer in the western boundary region.

The deepest layer (4300 m), AABW, is identified in the study area by its high

nutrient, low oxygen, and high AOU concentrations and low salinity when compared to

the overlying NADW (Figures 11.4 and 11.5). The NADW layer occupies most of the deep

water column (1400-4300 m). I subdivided the NADW into three layers that correspond

to the UNADW (1400-2400 dbar), MNADW (2400-3100 dbar), and LNADW

(3100-4300 m). UNADW (layer 4) and LNADW (layer 6) include the most recently

ventilated waters identified by nutrient and oxygen extrema as described in section 1 and

Table 11.2. Overlying UNADW is MW (layer 3), a layer of maximum salinity due to the

westward influence of water from the Mediterranean Sea (Reid, 1994; Talley and

McCartney, 1982). MW is least undiluted towards the Mid-Atlantic Ridge and lies at

about the same density as LSW (Talley and McCartney, 1982). AA1W (layer 4), centered

at about 1100 m, is recognized by its high nutrient concentrations, particularly silicate

(Figure 11.5b), high AOU (low oxygen) content (Figure 11.5d), and low salinity. Overlying



AAIW is layer 1, containing the surface and thermocline waters (0-700 dbar). This layer

is directly influenced by the Florida and Antilles Currents (Lai, 1984; Leaman and Harris,

1990; Lee et al., 1990; 1995).

Table 11.4. Definitions of water mass layers by potential density classes used to compute
transports near the continental slope at 24°N and 26.5°N.

Layer Water mass Upper Lower Nominal
density density Depth (m)

1 Surface and thermocline water surface 27.00 o 700
2 AAIW 27.00o 27.6Oo 700-1200

3 MW 27.60o 27.75o 1200-1400

4 UNADW 27.75 o 36.97 02 1400-2200

5 MNADW 36.9702 41.4603 2200-3100

6 LNADW 41.46 03 45.89 04 3 100-4300

7 AABW 45.89 c bottom 4300

Velocity structure

The LADCP velocity measurements collected at 24°N and 26.5°N in the western

boundary region showed a banded structure of northward and southward flows

approximately 50-100 km wide (Figure 11.6). Largest southward velocities (-15 to

-20 cm s1) were centered at about 2000 m (3.6°C) at 24°N (180 km offshore) and 2300 m

(3°C) at 26.5°N (135 km offshore). The location of the most intense southward velocity

core is farther offshore than observed in previous studies at similar latitudes (Leaman and

Harris, 1990; Lee at al., 1990; 1995; 1996). This suggests an offshore meandering of the

DWBC. The southward velocity bands reached from the surface to the bottom at 24°N

and from about 500 m to the bottom at 26.5°N. Offshore of 150 km, the flow was

predominantly southward with a nominal magnitude of about 5 cm s' at both latitudes.

Strong southward velocities (-20 to -25 cm s1) were observed near the bottom at 24°N,
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but smaller values (v -5 cm s1) were observed at 26.5°N (Figure 11.6). The northward

flow was characterized by 15-20 cm s1 maximum velocity cores approximately centered

between 2000-3500 m at 24°N ( 150 km offshore) and between 3000-4000 m at 26.5°N

(- 100 km offshore).

The pattern of deep northward and southward flows is complicated. The banded

structure might be due to topographic Rossby waves (Pickart and Watts, 1990; Pickart

and Smethie, 1993). Lee et al. (1990) observed temporal variations of about 100-day

length in the DWBC, and thus, this banded structure does not necessarily reflect the

longer-term average flow. The distributions of chemical variables near the western

boundary (Figure 11.5) or along the longer sections (Figure 11.2) did not clearly exhibit a

corresponding and consistent banded pattern.

Geostrophic velocities relative to 750 dbar show a striking similarity to the

LADCP velocity structure at 24°N and 26.5°N (Figure 11.7). Bands of northward and

southward flows about 200-km wide are evident at both sections. The strength of the

geostrophic velocities is less than the absolute velocity measured by the LADCP, but the

structure and direction of flow is similar, as noted by Firing and Hacker (1994). This

agreement suggests that a large portion of the measured LADCP velocity is baroclinic.

Geostrophic velocities relative to 4000 dbar at 22.5°N and 26.5°N (Figure 11.8)

show a banded structure of northward and southward currents representing eddies with

horizontal scales of about 100 km. These banded northward and southward currents were

intensified near the surface and decreased in magnitude with depth below about 1500 m.

The banded velocity structure is similar to previous studies near 24°N across the Atlantic

Ocean (Rintoul and Wunsch, 1991; Roemmich and Wunsch, 1985). Averaging over the

full width of the two sections the flow was northward in the upper waters ( 800 m)

relative to 4000 dbar. The intensified southward flow of the DWBC is clearly evident in

both sections as a subsurface southward velocity core close to the continental slope.
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Fluxes of nutrients and oxygen

Next, I describe chemical fluxes in the western boundary region. These chemical

fluxes are of importance to our understanding of the water mass structure and transports

in the DWBC.

Relation between the velocity and chemical data

Comparisons of the distributions of velocity (Figures 11.6-8) with the

corresponding distributions of nutrients and oxygen (Figures 11.2 and 11.5) show that the

relation between the velocity structure and chemical fields is not simple. Along each

section there are clearly two nutrient-poor and oxygen-rich layers centered at 36.89 02

(UNADW) and 45.87 04 (LNADW) from the northern North Atlantic (Figures 11.2, 11.5),

though the DWBC has only one subsurface maximum southward velocity core

(Figure H.6). The maximum southward LADCP currents were centered nominally at

36.92 02 at 24°N and 36.99 02 at 26.5°N. These density levels are not coincident with the

density for UNADW (36.89 2) or LNADW (37.09 02). The density where I observe the

maximum southward velocity of the DWBC is close to the density of MNADW

(36.99 "2). One could argue that the LADCP measurements or the derived geostrophic

velocities are not representative of the mean flow structure. However, the depth of

UNADW (1700 m) and LNADW (3700 m) do not coincide with the depth of the mean

DWBC velocity core (2500 m) described by previous studies (Leaman and Harris, 1990;

Lee et al. 1990; 1995). This presents the paradox as to why the most extreme nutrient and

oxygen characteristics are observed above and below the depth of southward core

velocity of the DWBC? I describe below two possible explanations for this paradox.

First, I consider the characteristics of the source waters to the DWBC. If the

waters that flow southward with the undercurrent had an unique high-latitude source, I

would expect that the DWBC carry the most undiluted chemical signal at the depth of

maximum southward velocity (2500 m). This is not what I observe. I have shown that the



waters between the 36.89 02 and 45.87 04 isopycnals enclose the strongest southward

flow of the DWBC. Waters on these layers have distinct nutrient and oxygen properties

because these have different sources. The oxygen concentration of LNADW can be found

only in the deep waters of the Norwegian and Greenland Basins and in the frminger and

Iceland Basins south of the ridges that separate the deep North Atlantic from the Nordic

basins. The oxygen characteristics of UNADW can be found only at intermediate depths

in the central and southern Labrador basins. The less dense LSW and the more dense

overflow waters (ISOW and DSOW) spread near UNADW and LNADW. At 24°N, these

waters still preserve the signature of the source waters. Thus, one possibility is that the

DWBC carries waters of different sources.

Second, I consider the time scale of the LADCP and tracer data. The time scales

of variability present in the velocity and chemical tracer fields are different. This is

because the distribution of chemical properties might represent a longer-term average of

the flow in the DWBC than the LADCP. The velocity data includes eddies, long waves,

and internal waves which could be time-averaged in the chemical fields.

Fluxes

Nutrient (phosphate, nitrate, silicate) and oxygen fluxes were computed using the

LADCP data at 24°N and 26.5°N (Figure 11.9). The structure of the chemical fluxes show

similar bands of northward and southward flows as the velocity data (Figures 11.6 and

11.7). The magnitude of the fluxes were dependent on the nutrient and oxygen

concentrations in each velocity core (Figure 11.5). Maximum fluxes in the DWBC

occurred at different depths at 24°N (-1900 m) and 26.5°N (-2300 m).

Transport by layers

Net transports for the seven density classes (Table 11.4) were computed with error

bars representing the precision of the LADCP and the chemical data at 24°N



(Figure 11.10) and 26.5°N (Figure H. 11). The net contribution to the precision of the

chemical transport estimates due to the precision of the chemical measurements is small

compared to the precision of the LADCP data (-2 cm si). Transports for the individual

layers are described below.

Surface waters and AAI\V (layers 1-2)

Net volume transports of the surface and AA1W waters (layers 1 and 2) showed a

northward transport that decreases from 20.7±3.4 Sv at 26.5°N (Figure 11.11) to

3.7±2.2 Sv at 24°N (Figure 11.10). Most of the volume transport is contained in layer 1

(3.3±1.4 Sv at 24°N and 13.2±2.3 Sv at 26.5°N). The higher surface transport at 26.5°N

than at 24°N could be explained by differences in strength of the Antilles Current along

the Antilles Arc and The Bahamas (Molinari et al., 1990; Lee et al., 1995). Lee et

al. (1995) estimated transports ranging between 2±8 Sv (85 km offshore) and 5±12 Sv

(125 km offshore) for the top 800 m of the water column off Great Abaco near 26.5°N.

Note that waters shallower than 800 m overlaps layer 2 in this study by about 100 m

(Table 11.4). Nevertheless, the Lee et al. (1995) transport values are in good agreement

with my estimated value of 13±2 Sv for layer 1 at 26.5°N (Figure 11.11).

The total net nutrient and oxygen transports in layers 1 and 2 combined ranged

between 27±26 to 267±39, 2±2 to 16±2, 11±12 to 125±18, and 661±395 to

3629±605 kmol s for nitrate, phosphate, silicate, and oxygen with the higher values at

26.5°N (Figures 11.10 and 11.11). As it will be shown later in this section, the nutrient and

oxygen northward transport in these layers is roughly balanced by southward transport in

the deep layers. Nutrient transports integrated seaward from the western boundary show

that the northward flow in layers 1 and 2 at 24°N increased nearly monotonically away

from the continental slope to a maximum at station 8 (-73°W) and, decreased eastward

for the remainder of the section (Figure 11.12). At 26.5°N, the transport is broadly uniform

within 150 km of the slope reaching maximum values at station 24 (-75°W) and

decreasing eastward thereafter (Figure 11.13).
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Figure 11.7. Geostrophic velocity (v, cm s1) within 300 km of the continental slope.
(a) 24°N section, (b) 26.5°N section. Left panel shows geostrophic velocity relative to
750 dbar. Right panel shows the absolute geostrophic velocities estimated by adding the
relative field to the LADCP velocity data at 750 dbar. Negative velocities represent
southward (equatorward) flow. Northward (poleward) flow is shaded. Contour interval is
5 cm s1. Heavy dashed horizontal lines are the depth of the 36.89 02 ( 1700 m) and
45.87 cr4 (3700 m) isopycnals. Bottom contour is derived from the Etopo5 (U.S.
National Geophysical Data Center) data set
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Figure 11.8. Geostrophic velocity (cm s1) relative to 4000 dbar for the northern and
southern Trident sections. Negative velocities represent southward (equatorward) flow.
Grey areas are northward (poleward) flow. Unless otherwise indicated, contour interval is
2 cm s-i. Heavy dashed horizontal lines represent the depth of the 36.89 02 ( 1700 dbar)
and 45.87 04 (-3700 dbar) isopycnals. Bottom contour is derived from Etopo5 (U.S.
National Geophysical Data Center) data set.



Figure 11.9. Chemical fluxes within 300 km of the continental slope at 24°N and 26.5°N.
(a) phosphate, (b) nitrate, (c) silicate, and (d) oxygen (mmol m2 sd). Negative values
represent southward fluxes. Grey shaded areas represent northward fluxes. Heavy dash
horizontal lines are the depths of the 36.89 02 ( 1700 m) and 45.87 o (3700 m)
isopycnals. Bottom contour is derived from the Etopo5 (U.S. National Geophysical Data
Center) data set.
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Figure 11.10. Chemical and volume transport in seven density classes within 300 km of
the continental slope at 24°N. (a) phosphate, (b) nitrate, (c) silicate, (d) oxygen (kmol sd),
(f) volume (Sv). Positive and negative values are northward and southward transports.
The horizontal limit of integration is 244 km. The error bars in each density class
represent the error of the transports due to the precision of the chemical and LADCP data.



1 -(a)

2-

3-

ci.)

1

5-

6-

7-

(b) -(c)

I.

MNADW

I
AABW

I I I I I I

-20 0 20 -300 0 300 -500 0 500
Phosphate (kmol s) Nitrate (kmol s) Silicate (kmol 1)

a)

3

7

-(d)

-5 0 5 -20 -10 0 10 20
Oxygen (1& kmol s) Volume(Sv)

Figure 11.11. Chemical and volume transport in seven density classes within 300 km of
the continental slope at 26.5°N. (a) phosphate, (b) nitrate, (c) silicate, (d) oxygen
(kmol s-'), (f) volume (Sv). Positive and negative values are northward and southward
transports. The horizontal limit of integration is 244 km. The error bars in each density
class represent the error of the transports due to the precision of the chemical and LADCP
data.
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Figure 11.12. Transport of chemicals in seven density classes integrated seaward from the
continental slope at 24°N. (a) phosphate, (b) nitrate, (c) silicate, (d) oxygen (kmol 1)

Positive and negative values are northward (poleward) and southward (equatorward)
transports.
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24°N Nitrate transport
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24°N Silicate transport

Station 1234 5 6 7 8 9 10!! V V V V V V
-'U

Layer I

-----------
-50-

100
Layer 2

50

0 -----

-50

5

1-50

t -:

I
-200

100

-100

-200

100:-

I
74°W 73°W 72°W

Longitude

Figure ll.12c



Figure 11.13. Transport of chemicals in seven density classes integrated seaward from the
continental slope at 26.5°N. (a) phosphate, (b) nitrate, (c) silicate, (d) oxygen (kmol s').
Positive and negative values are northward (poleward) and southward (equatorward)
transports.
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26°N Silicate transport
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26°N Oxygen transport
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Speer and McCartney (1991) estimated a transport of AA1W (400-1200 m) of

4.3 Sv (integrated seaward from the continental slope to 650 km) at 13°N and 13.1 Sv

(integrated seaward from the continental slope to 450 km) between 7-10°N using

historical oceanographic data. These are in reasonable agreement with my estimates of the

transport within 300 km of the continental slope (0.4±0.8 Sv at 24°N and 7.5±2.2 Sv at

26.5°N, Figures 11.10, 11). Assuming the precision of the LADCP instrument in

measuring the time-varying current flow in the western boundary region amounts to a

precision greater than 2 cm s-i, the error estimates of transport increase.

Mediterranean Sea Water (Layer 3)

MW showed a small southward transport of -1.1±0.9 Sv at 24°N and -2.0±1.4 Sv

at 26.5°N (Figures 11.10, 11). The two transport values are indistinguishable from one

another. There are no published values of the transport of MW at comparable latitudes as

those of this study. This confirms that the influence of MW close to western boundary

appears to be small. Chemical transports for MW ranged between -24± 19 to -39±29, 2±1

to 3±2 kmol s', -15± 12 to -26±19, and -245±207 to -377±308 kmol s for nitrate,

phosphate, silicate, and oxygen with the higher values at 26.5°N (Figures 11.10 and 11.11).

Transports integrated seaward from the western boundary show a hint that the

flow was cyclonic at 24°N. This was apparent between stations 1 and 8 (Figure 11.12). In

the western edge at 24°N, the maximum southward transport was between stations 4 and

5 and the maximum northward flow between stations 7 and 9. There was no obvious

counterpart circulation at 26.5°N (Figure 11.13). This might be an artifact of the choice of

density boundaries between water masses (Table 11.4).

DWBC waters (layers 4-6)

The DWBC waters were observed as a strong southward flow which achieved a

net southward transport of -11.2±7.3 Sv at 24.5°N and -17.8±8.2 Sv at 26.5°N (Figures
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H. 10 and II.! 1). For comparison, geostrophic transports relative to 750 dbar referenced to

the LADCP data, were estimated at -13.4 Sv at both 24°N and 26.5°N. This suggests that

the bulk of the transport in the DWBC had a large baroclinic component. Chemical

transport for nitrate, phosphate, silicate, and oxygen are between -212±135 to -329±152,

-14±9 to -2 1±10, -255±146 to -339±160, and -3017±1958 to -5595±2181 kmol s1 with

the higher values at 26.5°N (Figures 11.10 and 11.11).

The layer definitions for the DWBC enclose the high oxygen (low nutrient) values

measured in the waters comprising the undercurrent (Figure H.4). This is an important

observation of this study. An accurate representation of the transport in the DWBC

should be constrained between density limits enclosing the most recently ventilated

waters in the undercurrent (layers 4-6).

The net transports for each of the layers definitions for the DWBC waters are

shown in Table 11.5. The measured transport in the DWBC increased northward. The

higher nutrient transports measured at 26.5°N could be attributed to differences in volume

transport across the sections. First, the zonal bulk nutrient and oxygen properties of the

DWBC waters were roughly uniform (Figure 11.5). Second, there is no water of

comparable density (36.89 02) east of Great Abaco. Thus, the greater volume transport

appears to be due to greater entrainment of water at 26.5°N than at 24°N within a

comparable density range. The DWBC transport at 26.5°N (-17.8±8.2 Sv) roughly

balances the transport in the surface waters (20.7±3.4 Sv). The remainder of the transport

was accounted by AAIW and AABW (-2.8±1.9 Sv) leading to a net water column

transport of 0.1±13.5 Sv (i.e., not different than zero). This was not the case at 24°N,

since the calculated net water column transport was -19.8±11.9 Sv. Because the transport

of surface waters at 24°N was small (-3.7±2.2 Sv), the difference is attributed to the

larger southward transport in the deep layers (-11.2±7.3 Sv for the DWBC and

-11.2± 1.5 Sv for AABW) than at 26.5°N. The increase in near bottom transport at 24°N

could result from offshore entrainment of recirculating waters of relatively similar

nutrient and oxygen content as the deep waters which is expected to be balanced by
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offshore northward flow across the width of the Atlantic. Recirculation gyres have been

suggested as a possible mechanism for the disparity of transports in the DWBC (Hogg,

1983; McCartney, 1993; Schmitz and McCartney, 1993; Friedrichs and Hall, 1993;

Leaman and Vertes, 1996). However, the physical processes that determine the horizonal

extent and degree of entrainment of interior waters into the DWBC are not well

understood.

Previous volume transport estimates for the DWBC in the tropical North Atlantic

vary greatly (Table H.6). The discrepancy between the estimates could be due to different

definitions of the "DWBC", the observational methods used (CTD' s, bottle data, current

meters, floats), and temporal coverage (single one time cruise to several years). Even

when comparing results from different workers using similar methods it is important to

keep in mind that transport estimates are sensitive to the limits of both vertical and

horizontal integration. For instance, Friedrichs and Hall (1993) defined the transport in

the DWBC as the maximum southward transport integrated seaward from the western

boundary below 4.7°C at 8°N. They estimated this maximum transport to be -26.5±1.8 Sv

at about 800 km offshore of the continental slope. Had they reported the volume transport

within 300 km of the continental slope, their result would have been smaller, about

-16 Sv (estimated using their Figure 9, page 716). This is comparable to my estimates

(Table 11.5) for the DWBC in the western boundary region. Using a similar temperature

range (4.7°C), which is approximately the temperature range of layers 3-7 used in this

study (Table 11.4), I calculated a volume transport of -21±10 Sv. This is not in gross

disagreement with their value (-27±2 Sv). Lee et al. (1995) found the DWBC transport to

be -28.3±3 Sv below 800 m within 85 km of the western boundary. This is comparable to

the results of this study for all waters below layer 2 (-24±10 Sv at 24°N and -2 1±10 Sv at

26.5°N).
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Table 11.5. Net transports in the DWBC at 24°N and 26.5°N. The transport values were
calculated between stations 2-10 ( 244 km) at 24°N and between stations 16-24 (171 km)
at 26.5°N.

24°N section

Water Phosphate Nitrate Silicate Oxygen Volume
(kmol s1) (kmol s') (kmol s') (kmol s') (Sv)

UNADW -5.7±3.2 -86±48 -69±38 -1170±682 -4.5±2.6

MNADW -2.4±1.8

LNADW -6.0±4.2

-37±26 -40±27 -527±372 -2.0±1.4

-89±61 -147±81 -1321±903 -4.8±3.3

Total -14±9 -212±135 -255±146 -3017±1958 -11.2±7.3

26.5°N section

Water Phosphate
(kmol s')

Nitrate
(kmol s')

Silicate
(kmol s')

Oxygen
(kmol s')

Volume
(Sv)

UNADW -9.2±3.7 -144±56 -115±43 -2038±791 -7.7±3.0

MNADW -6.3±2.0 -97±30 -102±31 -1424±435 -5.2±1.6

LNADW -5.5±4.4 -89±66 -122±86 -2133±956 -4.8±3.6

Total -21.1±10.1 -329±160 -339±160 -5595±2181 -17.8±8.2

There are very few previous studies which I could compare the chemical

transports of this study. Brewer et al. (1989) used the AT1O9 data set at 24.5°N

(Roemmich and Wunsch, 1985) and reported a water column oxygen transport of

-6970 kmol s* Using the water mass definitions in Table 11.4, I calculated that about

-6164 kmol s' (using their Table 1 page 478) of their oxygen transport (-6970 kmol s')

corresponded to the DWBC as defined in this study. This is of the same order of

magnitude as my estimated oxygen values (Table 11.5). Rintoul and Wunsch (1991)

reported oxygen and nutrient fluxes using the AT 109 data set at 24°N and 36°N across

the width of the Atlantic (including the Straits of Florida). Their flux at 24°N of nitrate
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(-8±39 kmol sd), silicate (-152±56 kmol sd), and oxygen (-2600± 120 kmol s) were

smaller than the estimates reported here. This is expected as the transport of the Florida

Current nearly balances the interior flow (Roemmich and Wunsch, 1984; Rintoul and

Wunsch, 1991).

Bottom waters (layer 7)

The net transport of the AABW layer within 300 km of the continental slope is

southward at both latitudes (-11.2±1.5 Sv at 24°N to -0.8±0.5 Sv at 26.5°N,

Figures 11.10, 11). The discrepancy between the two transport estimates across the two

sections could be due entrainment of deep waters that recirculate in the interior of the

basin. There are two problems with these transport estimates. First, the LADCP data were

limited to about 5500 m depth and missed an important contribution of AABW. Second,

as it was described earlier, the most undiluted AABW signature was observed away form

the boundary (Figure 11.2). Thus, I am uncertain about the magnitude of my transport

estimates for this layer. Nevertheless, southward transport of AABW in the western

boundary region is consistent with northward transport of AABW in the eastern side of

the basin. Net transport values for AABW have been estimated at 1.4 Sv near 16°N

Wright (1970), 2.1 Sv near 11°N (Friedrichs and Hall, 1993), and 4.3 Sv at the equator

(McCartney and Curry, 1994). Calculated chemical transport in this layer ranged between

-218±29 to -16±10 kmol s nitrate, 15±2 to -1±1 kmol phosphate, -382±50 to

-25±17 kmol s silicic acid, and -3011±400 to -230±147 kmol s oxygen with the higher

transport values at 24°N. To my knowledge, there are no previous studies of chemical

transports of AABW in this region.
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Table 11.6. Estimates of the southward transport of the DWBC in the North Atlantic
(7°-35°N).

Reference Latitude Transport (Sv) Method

Stommel and Arons (1960) 35 20 1

Richardson (1977) 35 24 1, 2

Swallow and Worthington (1961) 33 7 1,2

Amos et al. (1971) 30 22 1

Lai (1984) 28 24 2

Lee et al. (1995) 26.5 23-33 2

Leaman and Harris (1990) 26.5 35 2

Fine and Molinari (1988) 26.5 24 1

22 8 1

19 8 1

This study 26.5 18 3

26.5 13 2

24 11 3

24 13 2

Molinari et al. (1992) 14.5 26 1

Speer and McCartney (1991) 13 25 1

7-10 26 1

Friedrichs and Hall (1993) 8 27 1

Johnsetal. (1993) 8 22 2
Notes: (1) Geostrophy, (2) Geostrophy with direct current measurements, (3) current
measurements
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Sununary

I describe the large-scale characteristics of the deep waters in the Western

Subtropical Atlantic with emphasis on the NADW complex using chemical (nutrient and

oxygen) and physical (temperature, salinity, and current-meter) data collected in August,

1992. The deep cold, salty NADW show three distinct water-type components (UNADW,

MNADW, and LNADW) identified by their low nutrient and high oxygen content

relative to ambient waters and by their different densities. The chemical signature of the

most recently ventilated components are banked against the continental slope and

centered at about 1700 m (36.89 02) and 3700 m (45.87 04). The water-type

characteristics of the waters in the DWBC are evident based on nutrient and oxygen

extrema. Though modified by mixing, the chemical concentrations of the upper and lower

NADW layers are maintained over long distances indicating strong southward advection

in the DWBC. The chemical characteristics of UNADW and LNADW provide clear

vertical limits for the least undiluted North Atlantic waters found in the undercurrent.

Geostrophic calculations and acoustic current (LADCP) data were used to study

the sense and strength of the DWBC within 300 km of the continental slope at 24°N and

26.5°N. The velocity structure is characterized by a banded field of northward and

southward flows of order 200-km horizontal scale. Strong southward velocities

( -25 cm s) were measured centered between 2100-2400 m about 110-130 km offshore

of the continental slope. Volume and chemical transports are calculated for seven density

layers representing surface and thermocline waters, AAIW, NADW, and AABW. The

net volume transport of the undercurrent comprising the NADW (-27.75 Ge-45.89 04) is

estimated to be -11.2±7.3 Sv at 24°N and -17.8±8.2 Sv at 26.5°N. The net transports of

phosphate, nitrate, silicate, and oxygen (-27.75 Ge-45.89 04) are estimated to be -14±9,

-2 12±135, -255±146, and -3017±1958 kmol s1 at 24°N and -2 1±10, -329±152, -339±160,

and -5595±2 182 kmol s' at 26.5°N, respectively. The DWBC is the main vehicle for the

transport of nutrient-poor but oxygen-rich waters from the northern North Atlantic to low

latitudes.



Chapter III

On the Distribution of North Atlantic Deep Water in the Atlantic Ocean Deduced
From a Multivariate Dissimilarity Index



Abstract

The North Atlantic Deep Western Boundary Current (DWBC) is of immense

importance to our understanding of the oceanic renewal of properties and climate change.

It flows southward along the western Atlantic Ocean and carries the most recently

ventilated component waters of the North Atlantic Deep Water (NADW) complex. The

two core waters are rich in oxygen and poor in nutrient content and are approximately

centered on the 36.89 02 and 45.87 04 isopycnals near the continental slope throughout

most of the subtropical Atlantic Ocean. These layers receive inputs from the Nordic,

Labrador and Mediterranean Seas and from the Antarctic. Here I describe the basin-scale

distribution of properties on these density layers. The sources that originate in the North

Atlantic are warmer, saltier, richer in oxygen but poorer in nutrient content than those that

originate in the Antarctic. The waters on these layers follow different paths. I use a

water-type similarity index as the prime tracer to relate the combined basin-scale

distribution of water properties (temperature, salinity, nutrients, and oxygen) in the deep

Atlantic Ocean to the water characteristics observed in the DWBC along these density

strata. It is a sum of weighted differences between the characteristics of the waters that

flow with the DWBC near 24°N and other samples within the basin. It is demonstrated

that the waters that flow with the DWBC can be traced on these density surfaces between

32°S and 40°N along the eastern flank of the American continent without a significant

change in their properties.



Introduction

The circulation of the Atlantic Ocean includes a system of deep western boundary

currents whose ultimate sources are in the Nordic (Norwegian and Greenland Seas) and

Labrador Seas and the Antarctic (Stommel and Arons, 1962; Warren, 1981). The Deep

Western Boundary Current (DWBC) that originates in the North Atlantic carries the most

recently ventilated component of the North Atlantic Deep Water (NADW) complex and it

plays an important role in the global ocean circulation and oceanic climate. NADW is the

most voluminous subthermocline water mass and is roughly centered in the temperature

range between 2-4°C (Worthington, 1981). It is initially composed of overflow waters

formed in the Nordic basins that have been modified during their flow over narrow sills

and oceanic ridges and by mixing with ambient Atlantic waters (Reid, 1994; Carmack

and Aagaard, 1973). The overflows appear to take place across the Faeroe Bank channel

and Iceland-Faeroe Ridge into the Iceland Basin, across the Denmark Strait into the

frminger Basin, and across the Wyville Thompson Ridge into the Rockall Trough (van

Aken and de Boer, 1995; Dickson et al., 1990). North Atlantic source waters to NADW

include Labrador Sea (LSW), Mediterranean Sea (MW), Denmark Strait Overflow

(DSOW), and Iceland-Scotland Overflow (ISOW) waters (Talley and McCartney, 1982;

Swift, 1984; Reid, 1994; Smethie et al., 1993; Price and Baringer, 1994). These waters

eventually mix with Antarctic Intermediate Water (AAIW), Antarctic Circumpolar Water

(AACW), and Antarctic Bottom Water (AABW) as the NADW spreads away from its

source regions (Reid, 1977; Tsuchiya, 1989; McCartney, 1992).

In spite of observational evidence suggesting that the NADW penetrates past the

equator (WUst, 1935; Bainbridge, 1980), studies of its distribution are concentrated north

of 5°S latitude (Speer and McCartney, 1991; McCartney, 1993). The role of the DWBC

in the transequatorial distribution and renewal of water properties in the deep Atlantic is

not well documented. The primary goal of this work is to relate the basin-scale

distribution of measured water properties in the deep interior Atlantic to the water

characteristics observed in the DWBC.



There is a long tradition of using distributions of individual tracers or limited

suites of tracers to deduce features of the circulation of NADW (Wüst, 1935; Speer and

McCartney, 1991; Schmitz and McCartney, 1993; Reid, 1994; Smethie, 1993; Weiss et

al., 1985). I am interested in the influence of the most recently ventilated DWBC waters

on the entire Atlantic Ocean. Because some properties that identify water-types could be

more evident in certain hydrographic domains than in others, it is important to retain all

key variables in basin-scale studies. Details of the water distributions which otherwise are

obscure if one favors one or more variables over others might emerge clearly. For these

reasons I combine chemical (nutrient and oxygen) and physical (temperature and salinity)

properties on two isopycnal surfaces using a water-type dissimilarity index, DREF. The two

isopycnals correspond to the more recently ventilated waters carried by the DWBC

described in Chapter II (GarcIa and Gordon, 1994). DREF values are obtained by summing

the weighted differences of measured physical and chemical parameters between NADW

values at reference stations at the western edge of the Hatteras and Nares Abyssal Plains

and other water samples in the Atlantic Ocean. The differences are weighted by variance

and covariance factors determined empirically from the statistics of the entire data set in

each of the density strata used in this study. The weighting gives more importance to

variables whose variance-covariance factors are smaller and less importance to variables

whose variance-covariance factors are larger.

I show distributions of DREF along two isopycnal surfaces in the Atlantic Ocean

continuous with the upper (UNADW) and lower (LNADW) core waters of NADW.

Using these maps, I discuss the influence of northern and southern source waters and

waters carried by the DWBC in the Atlantic Ocean. The simultaneous use of nutrients and

oxygen along with temperature and salinity is a powerful tool to map the basin-scale

hydrography of the NADW complex, and shows that the most recently ventilated waters

of the DWBC present in the subtropical Northwestern Atlantic can be traced as far as

32°S, farther south than previous studies.
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Data and methods

Data sources and processing

In August 1992, the RVMalcom Baidrige occupied stations between Abaco

(Bahamas), the Bermuda rise, and the western flank of the Mid-Atlantic Ridge as part of

the Trident program, a study of heat flux and hydrography in the DWBC (Figure 11.1).

Water sample methods for the Trident expedition are described in Chapter II. One

objective of Trident was to examine the interaction of waters carried by the DWBC with

the interior NADW complex. I combine the Trident data (see Chapter II) with historical

oceanographic data collected between 1972-92. Primary historical bottle data used in this

study are from the data compilations of Reid (1989; 1994) and the U.S. National

Oceanographic Data Center.

The historical nutrient data in volumetric units were converted to mass units

(imol kg1) assuming a density corresponding to a laboratory temperature of 22°C and

measured salinity (S). Potential temperature (®, °C) was calculated using the algorithm of

Fofonoff and Millard (1983). Unless otherwise indicated, all temperatures I refer to in this

paper are potential temperatures referred to the sea surface. Potential density was

computed using the equation of Millero and Poisson (1981). Unless otherwise indicated,

all densities I refer to in this paper are potential density. Historical oxygen data in

volumetric units were converted to jimol kg' using the molar volume of oxygen as a real

gas and at a density corresponding to temperature and salinity. Oxygen solubility was

computed using the formulas of GarcIa and Gordon (1992) as a function of temperature,

salinity, and a pressure of one atmosphere. Apparent Oxygen Utilization

(AOU, tmol kg1) was computed by subtracting measured oxygen concentration from

oxygen solubility values assuming complete saturation at one atmosphere. The precision

of the historical temperature, salinity, and pressure data are about ±0.01°C, ±0.01,

±5 dbar, respectively (Saunders, 1986; Speer and McCartney, 1991). Table IV.2 shows an

estimate of inter-laboratory precision for historical nutrient and oxygen data.



To assess data quality, the variables temperature, salinity, nutrients (phosphate,

nitrate, silicate), and oxygen data were sorted into 50 latitude by 5° longitude areas. In

each area, these variables were linearly interpolated to common potential density anomaly

levels every 0.50 zo0 (0-800 dbar), 0.10 ioe (800-1500 dbar), and 0.05 LOe

(p 1500 dbar) between the surface and the bottom of each sampled station. Typically, the

historical data consists of 24 depth observations between the surface and the bottom. The

vertical resolution of the bottle data does not justify using higher order interpolation

schemes. Then I computed density using the interpolated temperature and salinity values

and compared this value to the desired interpolation density level, and eliminated samples

with differed in density by more than ±0.02 kg m3. This step eliminated station values

that did not bracketed closely the common density levels. Then for each area, I calculated

the spatially averaged value and a 95% confidence interval using all data at each

interpolated level of density. The confidence interval was defined as the two-tailed

student-t value (c=0.05) times the standard error of the observations. At each density

level, the interpolated values that were significantly different from the mean were not

used in this study. In areas where the number of observations at any density level were

less than 5, the interpolated values were compared to interpolated data in adjacent areas.

In these regions, spurious values were manually eliminated. About 20% of the historical

data were excluded from this study by this data procedure.

There are limitations regarding the use of historical oceanographic data. The

spatial and temporal coverage of the data are not uniform. They are measurements

collected in the Atlantic over several years on different cruises and there are geographic

areas with relatively poor spatial or temporal coverage or both, particularly in the

Northeastern and Southeastern Atlantic. Temporal variability inherent in the data is not

treated here. Although the properties of the Greenland-Norwegian overflow waters show

changes on interannual scales (Read and Gould, 1992; Schlosser et al., 1991), direct

current measurements suggest small seasonal or interannual variability of the flow over

the sills (Saunders, 1990; Dickson and Brown, 1994). The thermohaline characteristics of



subpolar and polar marginal waters also vary on interannual scales (Talley and

McCartney, 1982; Read and Gould, 1992; Cunningham and Haine, 1995). In the deep

(2000 m) subtropical North Atlantic, the magnitude of the estimated decadal scale

chemical and physical variability is small compared to the basin-scale gradients (GarcIa

et al., 1995).

Choice of density strata

The DWBC carries the most recently ventilated North Atlantic waters of the

NADW complex along two layers centered at 36.89 02 (potential density referenced to

2000 dbar) and 45.87 04 (potential density referenced to 4000 dbar) isopycnals identified

by their low nutrient and high oxygen content relative to ambient waters (Figure HT.1).

The characteristics of these layers were described in Chapter II of this dissertation. I refer

to the waters carried by the DWBC on the upper and lower layer as UNADW and

LNADW (Table ffl.1).

Lateral mixing occurs preferentially along isentropic surfaces that can be

approximated by isopycnal (Reid and Lynn, 1971) or neutral surfaces (McDougall, 1987).

My choices of density strata (36.89 2 and 45.87 04) correspond to the most recently

ventilated layers of the DWBC as described in Chapter H. Between 45°N and 45°S the

36.89 02 and 45.87 04 surfaces lie within 500 m of their nominal reference pressures,

2000 dbar and 4000 dbar respectively. At high latitudes these isopycnals lie at shallower

depths and approach the sea surface. In these regions, the density strata are continued

poleward using shallower reference isobars in increments of 1000 dbar (Table ffl.2).

Because isopycnals might move northward and southward with seasonal cooling and

warming at the high latitudes, my choice of these shallow isopycnal surfaces (Table ffl.2)

are approximations. The rms pressure difference between these isopycnal surfaces and

neutral surfaces calculated using McDougall's algorithm is about 50 dbar.



Figure ffl.1. Distribution of chemical and physical variables along 24.5°N in the Atlantic.
(a) nitrate, (b) silicate, (c) oxygen (jimol kg'), and (d) temperature (°C). Measurements
collected as part of the 1981 Atlantis II (AT 109) cruise (Roemmich and Wunsch, 1985).
The heavy dashed lines represent the depths of the 36.89 02 and 45.87 04 isopycnals.
Bottom topography from Etopo5 data set (U.S. National Geophysical Data Center).
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Table ffl.l. Approximate characteristics of UNADW and LNADW (24°N, 74°W) based
upon Trident measurements.

UNADW LNADW
Parameter (36.89 02) (45.87 04)

Temperature (°C) 4.03 2.08

Salinity 35.03 34.91

Depth (m) 1750 3750

Phosphate (jimol kg1) 1.14 1.19

Nitrate (tmol kg1) 17.8 17.6

Silicate (Mmol kg') 12.5 22.0

02 (Mmol kg') 256.5 269.0

AOU (imol kg) 58.0 61.2

Table ffl.2. Density surfaces used to follow the continuation of the 36.89 02 and 45.87 04

isopycnals from the Trident study area in the North (NA) and South (SA) Atlantic.

Density

Surface

NA

UNADW

SA

UNADW

NA

LNADW

SA

LNADW

27.73 27.66 27.88 27.77

32.35 32.32 32.53 32.46

36.89 36.89 37.05 37.03

03 41.50 41.50

- 45.87 45.87

Water property dissimilarity index

Strictly speaking, a water-type is represented by a point on a temperature-salinity

diagram and a water mass by some combination of water-types (Worthington, 1981). The

typical temperature-salinity relation in the Atlantic shows extrema that reflect the



influence of several sources. These extrema also generally occur in chemical

characteristics such as nutrients and oxygen (Table 111.3), and the notion of a water-type

has been extended to include these chemical properties (Bolin et al., 1983; Mamayev,

1975; Thompson and Edwards, 1981; Mackas et al., 1987). Source waters can be

characterized by water-types defined in the parameter space, and their initial or preformed

thermohaljne and chemical characteristics deduced from observations near their source

regions. These are idealized representations of the real source water masses. Nutrients

and oxygen are not conservative constituents. Their concentrations result from diffusion

and advection of waters with varied preformed concentrations and by biochemical

processes. Away from the bottom and surface, where silica (opal) dissolution and uptake

can be significant, silicate is nearly conservative (Broecker et al., 1985).

I use a multivariate method to study the distribution of water-types (c1) relative to

a reference water-type (cREF) on the 36.89 2 and 45.87 04 isopycnals. Using six variables

(temperature, salinity, phosphate, nitrate, silicate or silicic acid, and oxygen), I computed

a sum of weighted differences D(REF I) between cREF and c1,

= [(c, c )T W' (c, cREF)l (Equation ffl.1)REF

where cREF and C1 are the (6, 1) unit vectors listing the measured variables of the reference

water-type and any other water-type on the same isopycnal, resp[ectively. The vector

difference (cI-cREF)T denotes the matrix transpose of (cI-cREF). W is a (6, 6) symmetric

matrix of variance and covariance characteristics calculated using all of the historical data

within ±0.05 kg m3 each of the two density strata used in this study (Tables 111.4 and

ffl.5). The choice of this width corresponds to the approximate density limits for the least

undiluted UNADW and LNADW layers based on Trident measurements. For brevity, I

denote D(UNADW and D(ADw I)
simply as "Do" and "DL".



Table ffl.3. Nominal temperature (°C), salinity, density (o®, kg m3), phosphate, nitrate,
silicate, oxygen (pmol kg') characteristics of source waters to NADW in the North and
South Atlantic Ocean. The characteristics of source waters are derived from extremes in
plots of salinity, nutrients, and oxygen against temperature historical oceanographic data
in the Atlantic (1972-1992). Refer to Table 11.1 for a water mass nomenclature.

North Atlantic sources

Source Temperature Salinity o Phosphate Nitrate Silicate Oxygen

NSBW -0.90 34.92 28.08 0.94 13.8 11.0 306

GSBW -1.00 34.91 28.08 1.05 15.0 14.0 304

ISOW 2.70 35.00 27.91 0.90 13.4 7.0 306

DSOW 2.50 34.98 27.91 1.00 15.0 8.1 296

LSW 3.10 34.82 27.73 1.04 15.7 8.2 303

MW 13.5 36.88 27.75 0.42 7.5 3.9 211

South Atlantic sources

Source Temperature Salinity 0e Phosphate Nitrate Silicate Oxygen

AAIW 2.80 34.14 27.22 2.22 31.1 26.4 258

UACW 2.00 34.62 27.67 2.52 36.5 90.0 170

LACW 1.40 34.73 27.80 2.21 32.0 103.0 194

AABW -0.25 34.66 27.84 2.31 33.2 123.0 230

WSBW -0.90 34.64 27.86 2.30 32.5 117.0 255

The matrix W in Equation ifi. 1 is the inverse of W and was calculated using

singular value decomposition (Press et al., 1992). The rationale for using a

variance-covariance weighting in Equation ifi. 1 for each density stratum was twofold: (1)

I require an objective estimate of relative independence (covariance) and scatter

(variance) of the variables that is consistent with the large-scale water mass distributions,

and (2) D(REF )
values calculated using Equation ifi. 1 become dimensionless. The purpose

of W is to provide more weight to variables whose variance and covariance factors are

smaller and less weight to variables whose variance and covariance factors are larger.
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One or more variables might not add much to the data variance and if so, the information

they provide might be redundant. The worse the precision and sampling errors of the

variables, the larger their expected variance. These factors are inherent in the computed

basin-scale variance of each of the variables. Thus, D(REF
)
values derived from Equation

ifi. 1 are sensitive to the statistical information in the data, rather than to a priori

assumptions about the relationship between the variables.

Calculation of D(REF is analogous to the computation of the statistical distance

between two multivariate means and results in a dimensionless scalar greater than or

equal to zero (Johnson and Wichern, 1988). Equation ffl.1 is the equation of an ellipsoid

in variable space centered at cREF. By definition, a water-type is identical to the

reference water-type CREP if D(REF
1) equals 0±E. Here I calculate the precision of D using

an estimate of the precision of the physical and chemical variables described earlier. In

this case, the precision of D and DL are estimated to be about 0.03 and 0.07, respectively.

The two estimates differ in absolute value because the variance and covariance factors for

the upper and lower isopycnal surfaces are not equal. The variance and covariance factors

for the upper isopycnal are larger, in general, than the variance and covariance factors for

the lower isopycnal surface.

The strength of this water-type dissimilarity method is the simultaneous use of

several chemical and physical variables to examine the distribution of water anomalies

relative to any reference water-type cREF of interest, in this case UNADW and LNADW

(Table ffl.1). This is an objective means for describing and comparing water-types based

upon all of the measured data independent of the number of source waters. Water-types

could then be classified according to their similarity to CREF. One limitation of the method

is that D(REF
)

values do not explicitly provide a direct insight into the processes

responsible for the observed water mass structure. Although calculation of D(REF
j)

values

depends on independent oceanographic measurements, it is difficult to derive flow

patterns directly from their structure when the location of CREF is not at the source of the

flow. In this case, D(REF
1) values tend to increase and decrease both upstream and
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downstream from CREF. The distribution of D(REF 1)
depends upon the influence of CREF

relative to the influence of other water sources. The smallest difference in water-type

characteristics does not necessarily mean that the flow is along this segment. Another

limitation is that Equation ifi. 1 applies to a pair of observations of which one must be

cREF. For example, any two water-types c and c equidistant from CREF might not

necessarily be similar to each other. This is because both and c could be on opposite

sides of the ellipsoid defined by Equation ifi. 1. The parameter D(REF j)
is a dimensionless

representation of the dissimilarity of composition in variable space between any two

water-types.

Observations and discussion

The large-scale characteristics of UNADW and LNADW throughout the entire

Atlantic Ocean from 70°N to 70°S are presented separately, by means of maps of

individual and combined physical and chemical properties on the 36.89 02 and 45.87
2

isopycnal surface. The Atlantic contains numerous basins and ridges (Figure ffl.2), and

thus, spreading patterns are expected to be complex. Also, the water mass structure on

these isopycnals share common features as they are part of the NADW complex, and are

affected by the DWBC and the general circulation. The UNADW and LNADW are

composed of and influenced by multiple source waters (Table 111.3), originating

principally in the northern North Atlantic or southern South Atlantic. Although it is

potentially important, I do not explicitly treat diapycnal mixing.

Characteristics of the 36.89 02 surface

The circulation of the North Atlantic near the nominal depth of the 36.89
2

isopycnal includes three large-scale gyral systems (Figure 8f-g, Reid, 1994). Two of these

gyres are anticyclonic. One gyre is centered near 36°N, 55°W and extends over the

Hatteras-Sohm abyssal plains, while the second is located near 25°N, 30°W and stretches

over the Iberian-Canary Basins. The third gyre is cyclonic and nominally centered at
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53°N, 30°W. This gyral system loops into and out of the Labrador, frminger, and Iceland

basins. The deep circulation in the South Atlantic includes two large scale cyclonic gyres

(Reid, 1989). One is located near 20°S, 15°W and extends over the Mid-Atlantic Ridge.

The second is centered near 70°S, 20°W in the Weddell Basin. A larger mid-latitude

anticyclonic gyre is centered near 30°S, 35°W.

Table ffl.4. Variance and covariance matrix (W) for data on the 36.89±0.05
2 isopycnal

Parameter Salinity Temperature Phosphate Nitrate Silicate Oxygen

Salinity 0.170

Temperature 0.363 4.626

Phosphate -0.099 -0.370 0.460

Nitrate -1.3 14 -4.756 3.090 87.972

Silicate -4.107 -21.999 9.264 127.558 1035.305

Oxygen 1.188 -8.653 -14.171 -201.824 -494.634 3493.869

Table 111.5. Variance and covariance matrix (W) for data on the 45.87±0.05 cr4 isopycnal

Parameter Salinity Temperature Phosphate Nitrate Silicate Oxygen

Salinity 0.036

Temperature 0.083 0.9 17

Phosphate -0.028 -0.143 0.217

Nitrate -0.397 -1.996 1.473 43.066

Silicate -1.987 -10.931 7.738 109.736 1213.656

Oxygen 0.990 4.472 -6.997 -99.833 -524.458 1272.222



Distribution of physical and chemical variables

The 36.89 02 isopycnal is centered at about 1700 m throughout most of the

Atlantic basin, except over the Sohm, Biscay, and Argentine Abyssal Plains, where it

reaches about 1800 m and 2000 m, respectively (Figure ffl.3a). This stratum shoals to

depths 1500 m and with appropriate use of shallower reference levels (Table ffl.2), it

can be traced to about 800 m in the Labrador Basin and to about 1000 m in the Irminger

Basin. North of 60°N, it shallows steeply reaching 200 m in the Norwegian Basin but it is

deeper in the Greenland Basin, about 600 m. South of 45°S, this isopycnal reaches 200 m

near the Malvinas-Scotia Ridge. It is not observed to outcrop anywhere in this particular

data set, but presumably does so at a few locations, at least during extreme winters.

This stratum is generally cold and fresh in the South Atlantic and warm and salty

in the North Atlantic (Figure ffl.3b,c). The range of temperature and salinity is small,

about L' 6°C and iS -1. In the North Atlantic, the waters are warm and salty water

within the Iberian and Iceland Basins, and colder and fresher water in the Labrador basin.

The MW influence in the North Atlantic can be seen by the westward spreading of warm

(4.2°C) and salty (35.05) water past the Mid-Atlantic Ridge at about 30°N (Reid,

1994). In the northwestern North Atlantic, west of the Reykjanes Ridge, cold (3.2°C) and

fresh (34.85) LSW spreads southeast and northeast from the Labrador basin. North of

60°N, warm and saline water from the Greenland and Norwegian Seas spreads south and

southwest into the Irminger and Iceland Basins.

Unlike the extrema observed in the temperature and salinity distributions (Figures

ffi.3b,c), MW does not exhibit significant nutrient and oxygen differences when

contrasted with the ambient waters of the North Atlantic. MW is intermediate in nutrient

and oxygen characteristics between LSW and AACW. In the tropical Atlantic, the

observed salinity maximum is caused by the warm and salty MW influence. It is less
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pronounced in the western Atlantic because of the influence of Nordic and LSW northern

sources and Antarctic southern sources. Mixing modifies the properties of the UNADW

as it progresses southward.

In the subtropical Western Atlantic there are strong west to east and weak north to

south gradients, as would be expected from intense ventilation by the DWBC

(Figure ffl.3b,c). Salty, warm, oxygen-rich, nutrient-poor UNADW extend southward

along the western boundary from about 30°N to as far south as 35°S over the Argentine

basin. In the South Atlantic, the waters on the 36.89 02 surface are colder and fresher,

especially south of 45°S. The large temperature gradients near 55°S occur within the

eastward flowing AACC. South of the subpolar front (50-55°S), temperature and salinity

decrease sharply to about 0.2°C and 34.5 south of 60°S in the Weddell Sea.

There is an inverse correlation between the distributions of nutrients along this

isopycnal and the temperature, salinity, and oxygen patterns (Figure ffl.3, Table ffl.4).

Waters low in nutrients, high in oxygen (LNHO), warm, and salty occur in the northern

North Atlantic, and waters high in nutrients, low in oxygen (HNLO), cold, and fresh

occur in the southern South Atlantic Ocean (Figures 111.4 d-h). The range of chemical

values is large compared with the temperature-salinity ranges: 1.9, 27, 107, 145 pmol kg'

for phosphate, nitrate, silicate, and oxygen, respectively. Lowest nutrient and highest

oxygen concentrations are confined to regions north of the sills north of Irminger and

Iceland Basins and in the northern Labrador Basin. Waters in the Nordic and Labrador

Seas are highly saturated with respect to oxygen (90%). Waters between 40°-60°N show

high oxygen saturation values (85%), and low AOU values (Figure ffl.3h). Most of the

high oxygen (low AOU) values appear to originate from the Labrador Sea source (Figures

I11.3g-h). The highest phosphate and nitrate and lowest oxygen values are associated with

waters carried by the AACC in the Malvinas-Scotia confluence region (Figures ffl.3d-e).

Silicate is highest in the Weddell Sea south of the AACC (Figure ffl.3f). There is a

distinct HNLO region in the Gambia and Madeira Abyssal Plains, off Northwest Africa

(Figures ffl.3d-h). This HNLO feature extends to the Canary and Cape Verde Basins at



22°N; there is no significant distortion of the depth (Figure ffl.3a) or thermohaline fields

(Figures ffl.3b,c). These distinct HNLO probably reflect decomposition of organic matter

in the African upwelling system (Kawase and Sarmiento, 1986; Reid, 1994).

distribution

The distribution pattern of the dimensionless parameter D along the 36.89 02

isopycnal surface (Figure ffl.4) represents the sum of weighted differences in physical and

chemical characteristics (temperature, salinity, phosphate, nitrate, silicate, oxygen)

between the UNADW and other water-types using the combined historical oceanographic

data (Figure ffl.4). The smaller the value of D±O.O7, the closer the water-type

composition to the reference UNADW water-type (Table ffl.1). Lowest (DO.2) values

occur in the subtropical Northwestern Atlantic where I chose the location and

characteristics of the UNADW reference water-type. Highest (D3) values occur in the

Antarctic region.

Upstream from cUNADW, in the subtropical northwestern Atlantic, the smallest D

( 1) values can be traced as far north as 60°N to the Faeroe-Scotland gap. h the band

between 24°-43°N, smallest D values (O.3) extend north-northeast and their

distributions reflect a predominant eastward trend southeast of the Grand Banks. At about

40°N, a tongue of minimum D values extends towards the east and northeast past the

Mid-Atlantic Ridge. This structure is consistent with an anticyclonic recirculation and

northeast advection off Cape Hatteras under the influence of the Gulf Stream-North

Atlantic Current (Reid, 1994; Pickart and Smethie, 1993). North of 45°N, D values

(O.3) extend to the Iberian and Biscay Basins.In this data set, there are few observations

in the Northeastern Atlantic, and thus, it is difficult to resolve the local structure there.

Higher dissmilarities (DO.4) west of the Rockall plateau and north of 45°N, reflect cold

and fresh, LNHO contributions originating from the Labrador, frminger, and Iceland

basins.
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Figure ffl.2. Major geographic names of the Atlantic basin (FZ= Fracture Zone,
AP= Abyssal Plain). Light to dark grey areas represent depth (1-5 km) contours derived
from Etopo5 (U.S. National Geophysical Data Center) data set.
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Figure 111.3. Distribution of physical and chemical variables on the 36.89 02 isopycnal.
(a) depth (km), (b) temperature (°C), (c) salinity, (d) phosphate, (e) nitrate, (0 silicate,
(g) oxygen, (h) AOU Qimol kg'). Light grey areas represent the 4 km depth bathymetry
of the basin and dark grey areas represent the intersection of the depth of the 36.89

2

isopycnal with the local bathymetry. Depth contours are derived from Etopo5 (U.S.
National Geophysical Data Center) data set.
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Figure ffl.4. Distribution of D representing UNADW along the 36.89
2 isopycnal in the

Atlantic Ocean. Light grey areas represent the 4 km depth bathymetry of the basin and
dark grey areas represent the intersection of the depth of the 36.89 02 isopycnal with the
local bathymetry. Depth contours are derived from Etopo5 (U.S. National Geophysical
Data Center) data set.
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The bottom waters of the Greenland (GSBW) and Norwegian (NSBW) Seas are

colder, fresher (denser) and, silicate richer, but of roughly similar nitrate, phosphate, and

oxygen content than the overflow waters (ISOW and DSOW) that ultimately enter the

deep Atlantic (Table ffl.3). In turn, the overflow waters are warmer, saltier, and

nutrient-poorer, but oxygen-richer than the any remnant AABW reaching 45-50°N,

because the Nordic overflows entrain North Atlantic waters which are salty, warm, low in

nutrient and high oxygen content as they pour into the deep subpolar Atlantic basins

(Price and Baringer, 1994). Because LSW is a relatively fresh water input to North

Atlantic waters (40°-60°N) on this isopycnal (Figure ffl.3b), entrainment of warmer and

saltier waters probably occurs at shallower density levels near the Nordic sills. The

Nordic overflows that enter this upper isopycnal mix laterally with recirculated LSW and

are eventually transported southward past the Grand Banks into the Sohm abyssal plain. It

is these LNHO, warm, and salty waters that flow southward in the DWBC on this

isopycnal. Once inside the Sohm abyssal plain, these waters continue southward along the

western margin (Figure ffl.4). Thus, the D structure in the North Atlantic reflects varied

degrees of initial mixing from modified LSW, and to a lesser degree DSOW, and ISOW.

This is consistent with the findings of Chapter II regarding the influence of modified

LSW, DSOW and ISOW on the UNADW and LNADW layers.

South of 24°N, the influence of UNADW is seen clearly along the western

boundary extending over the Demeara-Ceara abyssal plains (Figure ffl.4). Near 5°S and

33°W, D isopleths split over the Ceara and Pernambuco Abyssal Plains. One branch

separates from the coast at 2°S trending towards the east over the Romanche (1 °S) and

Chain (2°S) Fracture Zones of the Mid-Atlantic Ridge. These fractures are topographic

features that do not seem to serve as significant guides for the flow that are reflected by

the observed D trends, presumably because these fractures are very deep relative to the

nominal depth of this isopycnal surface. This can be seen, for example, in the structure

defined by the 0.4 D contour (Figure ffl.4). This contour can be traced as far east as the

Guinea basin. Over the Guinea basin, D 1 values extend as far south as 20°S. Along

the western margin of the Atlantic, small D values ( 1) can be traced southward past
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the Rio Grande rise as far south as 35°S. It is clear that upper waters that spread with the

DWBC along the equator contain a higher proportion of recently ventilated waters than

their southward continuation along the western Atlantic Ocean south of the Pernambuco

abyssal plain. My findings support, at a better spatial resolution, the chiorofluorocarbon

observations of Weiss (1985) who also noted eastward spreading of UNADW off Brazil.

Between 30°-50°S, I note a large gradient in D values over the Argentine basin. This

suggests northeastward flow off the coast of Argentina as suggested by Reid et al. (1977).

The water characteristics at this latitude suggest contributions of relatively LNHO,

warmer, and saltier NADW and HNLO, colder, and fresher AACW.

Characteristics of the 45.87 04 surface

Reid (1989, 1994) examined the circulation of the Atlantic near the nominal depth

of the 45.87 04 isopycnal. In the North Atlantic, surfaces of adjusted steric height at

depths of 3500 m and 4000 m in the North Atlantic ( 18°N) show two mid-latitude gyral

systems (Figures 8j-k, Reid, 1994). One gyre is clockwise, centered at about 36°N, 55°W

and extends over the Hatteras-Sohm Abyssal Plains between about 28°N, 68°W to 42°N,

37°W. The other gyre is counterclockwise, located at about 25°N, 30°W and its main axis

nominally extends over the Iberian-Canary basins. These gyres are dominant mid-latitude

features of the circulation present in both the 36.89 02 and 45.87 04 isopycnals. There are

two smaller gyral systems adjacent to the DWBC near 40°N in the Sohm Abyssal Plain

and 50°N in the Newfoundland Basin. Another smaller gyre occurs near 50°N, 15°W in

the Biscay Abyssal Plain. South of 28°N, two gyral circulations are observed west of the

Mid-Atlantic Ridge and east of the southward flow of the DWBC. The westernmost gyre

is anticlockwise centered near 17°N extending from about 00, 40°W to 28°N, 72°W and

the easternmost gyre is clockwise centered near 8°N extending from about 0°N, 10°W to

1 8°N, 50°W. In the South Atlantic, there are two larger clockwise mid-latitude gyres

located at about 42°S, 38°W over the Argentine abyssal plain, and the other at about

38°S, 10°E in the Cape Basin. A smaller low-latitude anticlockwise gyre is centered at
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about 20°S, 35°W in the Brazil Basin. Near the Weddell Sea, an clockwise gyre is

observed which loops around the Malvinas-Scotia Ridge and into the Argentine Basin.

Distribution of physical and chemical variables

The 45.87 04 isopycnal surface lies in the lower core of the DWBC (Table ifi. 1). It

is centered at 3700 m depth in most of the basin, except near 50°S and 55°N, where it

reaches about 2500 m (Figure ffl.5a). The depth of the 45.87 04 shoals to 3500 m and

with appropriate use of shallower reference levels (Table ffl.2), it shallows steeply to

500 m north of the sills separating the Nordic Seas and the subpolar basins. Over the

Labrador and Irminger basins, it shallows to 3000 m and 2000 m. This isopycnal

intercepts the crest of the Mid-Atlantic Ridge and other ridges at various locations. Along

the western boundary of the North Atlantic, the nominal depth of this isopycnal is about

3500 m. In the eastern North Atlantic in the Canary and Cape Verde Basins, it deepens to

4000 m. The difference in depth of this isopycnal between the Eastern and Western North

Atlantic is attributed to the greater volume of less dense bottom waters in the Eastern

Atlantic. In the South Atlantic, there is a gradual shoaling from 3500 m near l0°S to

3000 m near 40°S in the Western South Atlantic. In the Eastern South Atlantic, this

isopycnal is somewhat shallower. It shoals from about 3750 m near 12°S to 2500 m near

50°S. South of 50°S, the isopycnal shoals and reaches 500 m near 60°S.

As was the case for the UNADW layer, the temperature and salinity patterns along

the 45.87 04 isopycnal also reflect inputs of cold, fresh water and warm, salty water from

the South and North Atlantic, respectively (Figures ffl.5b,c). The range of temperature

and salinity is smaller than on the shallower surface, about ie2.6°C and LS-0.4.

Between 50°N and 35°S, the temperature and salinity ranges are very small but still

contourable (LO0.3°C, S0.1). Between these latitudes, temperature and salinity have

mean values of about 2.1°C and 34.91. North of 50°N, temperature and salinity increase

sharply to 2.6°C and S34.98 over the Irminger and Iceland Basins. In these subpolar

basins, the influence of the Nordic overflow waters is very clear. The warm (2.5°C) and
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saline (34.96) influence of ISOW on this isopycnal is directed southward over the Rockall

Trough and the Iceland Basin. Between 60°-37°N, ISOW cools (2.3°C) and freshens

(34.94) from mixing with colder (2.1°C), fresher (34.91) remnant AACW-AABW.

McCartney (1992), and more recently Reid (1994), discuss the northward spreading of

AABW in the northeastern North Atlantic. DSOW influence is noted west of the

Reykjanes Ridge in the Irminger basin by its LNHO content relative to ambient waters of

the Atlantic. On this isopycnal, DSOW is colder (2.3°C) and less saline (34.92) than

'SOW.

There is no significant signature of warm, highly saline MW on this isopycnal

layer (Figures ffl.5b, c). The MW tongue extends down to 2500 m depth (Reid, 1994), a

depth shallower than the nominal depth of the 45.87 04 isopycnal. The high salinity

source observed on the 45.87 04 layer enters from the northern North Atlantic. In the

western North Atlantic, north-to-south temperature and salinity gradients are weaker than

on the upper isopycnal. A possible explanation could be either weaker advection by the

DWBC, or greater recirculation, or both. The warm (-2.1°C), salty (-34.91) signature of

the LNADW can be traced past the equator as far south as 20°S and 10°S in the western

and eastern Atlantic basins, respectively. At 20°S in the subtropical Southeastern

Atlantic, the water mass structure is less saline (34.88) except adjacent to the Brazil

basin and just north and the Rio Grande Rise. The less saline input on this isopycnal

reflects northward spreading of fresher and colder Antarctic waters.

A pocket of salty (-34.92) and warm (-2.3°C) water is noted at 20°S off the coast

of Brazil, just north of the Rio Grande Rise (Figures ffl.5a,b). Its source appears to be

salty water advected southward by the DWBC as there are no deep highly saline sources

southward at this density level. This feature is also evident in the nutrient (Figures

ffl.5d-g) and oxygen (Figure ffl.5h) structures. The pattern is not simple to interpret but it

suggests enhanced diapycnal mixing between shallower saltier, warmer waters

(UNADW) and deeper fresher, colder waters (AABW) in a region of rough topography

adjacent to the continental slope of Brazil. For instance, at about 18.3°S, 33.4°W, water
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on the 36.89 2 isopycnal (UNADW) is saltier (-34.96), warmer (-3.5°C), less dense

(-27.81 °e) than fresher (-34.71), colder (- -0.1°C), denser (-27.87 Ge) AABW at the

bottom (Figure ffl.6). A linear mixture of about 67% UNADW (0-3.5°C, S-34.96) and

33% AABW (0--0.l°C, S-34.71) results in a water close to the observed values

(0-2.3°C and S-34.92) off the coast of Brazil. South of 30°S, the meridional

thermohaline gradients are large across the South Atlantic, presumably because the

LNADW encounters the eastward flow of the AACW. Both temperature and salinity

decrease sharply to about 00.8°C and S34.66 south of 60°S in the Weddell Basin.

Nutrient (Figures ffl.5d-g) and oxygen (Figure ffl.5h) data share similar

distribution patterns with the thermohaline fields with some notable exceptions: The

basin-scale structure is one of LNHO in the northern and HNLO in the southern Atlantic.

The range of chemical values is large: phosphate -1.5 tmo1 kg', nitrate -22 Mmol kg',

silicate -121 imol kg1, and oxygen -127 imo1 kg'. Lowest nutrient and highest oxygen

(85% saturation) waters are found in the Nordic and Labrador Seas. Nutrients are

highest south of 50°S in the Weddell Sea. Oxygen is lowest in the AACC flow through

the Drake Passage. The Nordic overflows carry LNHO (about 0.9 jimol kg1 phosphate,

14 imol kg' nitrate, 8 imol kg1 silicate, and 290 imol kg' oxygen) waters down the

Iceland and Irminger Basins (Figures ffl.5d-h). Overflow with these characteristics

spreads from the Irminger Basin southwest past Cape Farewell and southeast around the

Flemish Kap. LNHO values are traced southward into the Labrador Basin and Sohm

Abyssal Plain. The waters near the Iceland and Faeroe sills are poorer in oxygen and

richer in nutrient content than the overflow waters that enter the Irminger Basin through

the Denmark Strait at this density.

LNADW is evident as a continuous LNHO tongue along the western margin of

the North Atlantic Ocean. Between the Grand Banks and the Bermuda Rise, there is a

small decrease in oxygen concentration which could be attributed to consumption of

oxygen; however, there is no significant and parallel regeneration of nutrients observed.

The characteristics of the LNADW can be traced past the equator over the Ceara and
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Pernambuco Abyssal Plains. Part of the LNADW tongue is directed eastward across the

Mid-Atlantic Ridge over the Romanche Fracture Zone at 2°S and extends into the Guinea

Basin. The remaining flow of LNADW continues southward over the Pernambuco

Abyssal Plain. This part of the flow is traced to just north of the Rio Grande Rise. Here

the flow turns eastward nominally at 28°S. South of 30°S, the nutrient and oxygen

gradients reflect the input of nutrient rich Antarctic water.

In the Madeira and Gambia Abyssal Plains, off northwest Africa I note a pool of

HNLO (about 1.5 jimol kg1 phosphate, 22 imol kg' nitrate, 45 pmol kg' silicate,

245 imo1 kg' oxygen [73% °2 saturation]) water extending from 5°N to 36°N. As

indicated for the shallower isopycnal surface, there is no significant distortion of the

depth (Figure ffl.5a), or the temperature and salinity fields (Figures ffl.6b,c). This HNLO

pool roughly encloses the Cape Verde Basin and reaches the Mid-Atlantic Ridge at 1 8°N.

Some of this HNLO signal can be traced to the northward flow of antarctic waters over

the Northern Guinea Basin that pass through the Kane Gap near the Sierra Leone Rise.

Over the Hatteras and Nares Abyssal Plains, these waters join the southward flow of the

DWBC.

iL distribution

The distribution pattern of DL on the 45.87 04 surface represents the sum of

weighted differences between the LNADW reference water characteristics (cADW) and

the characteristics of waters (c1) in the combined historical data (Figure ffl.7). Again, the

smaller DL±O.07, the closer is to the composition of LNADW (Table ifi. 1). The

smallest and largest values of DL are observed in the subtropical Northwestern Atlantic

and Weddell Sea regions, respectively. The structure of DL is clearly seen in this map.

The distribution is more homogeneous north of 24°N (upstream) than to the south

(downstream) with most of the structure confined west of the Mid-Atlantic Ridge. This

reflects the predominant roles of the denser northern North Atlantic source waters and the
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Mid-Atlantic Ridge on the distribution of waters. The variance of the variables is smaller

for the deeper isopycnal than for the shallower isopycnal surface (Table ffl.5).

Upstream from cIJADW in the Northwestern Atlantic, lowest DL values ( 1) are

traced to about 60°N in the Iceland, Irminger, and Labrador basins (Figure ffl.7). Waters

closest in characteristics to CADw are concentrated westward of the Mid-Atlantic Ridge.

North of 40°N, the pattern suggests LNHO contributions from dense overflows from the

Nordic Seas and shares similar characteristics with waters in the Irminger and Iceland

Basins. South of 35°N, the similarity of water-types with the DWBC can be traced

southward along the western boundary to lO°S. Downstream from cADW, the smallest

values are traced along the western boundary past the Demeara-Ceara Abyssal Plains.

In the western boundary of the South Atlantic, the tongue of low DL isopleths

splits over the Ceara and Pernambuco Abyssal Plains (Figure ffl.7). One branch can be

traced northeastward over the Romanche and Chain Fracture Zones of the Mid-Atlantic

Ridge. This tongue enters the eastern Atlantic at an angle coincident with the Chain

fracture zone (Figure ffl.7). It continues southward in the eastern Atlantic towards the

Guinea basin but loses its identity south of 25°S. These observations suggest that

LNADW that enter the eastern Atlantic through the Chain Fracture Zone are responsible

for the North Atlantic input to the southeastern Atlantic Ocean. The other branch can be

traced along the western margin of the Atlantic past the Rio Grande Rise to 40°S. In this

density layer the southern branch is more pronounced than in the shallower density

surface. Its continuation is eastward at about 30°S. South of 32°S, the DL isopleths show

steep gradients.

Relation of Atlantic sources to NADW

Here I apply Equation ifi. 1 to a number of North and South Atlantic source waters

(Table ffl.3) and the UNADW and LNADW references (Table ffl.1) to estimate a first

order sense of the influence of source waters in the chemical and physical characteristics



117

of the waters in the DWBC. Note that the sources I consider here (Table ffl.3) do not lie

exactly on the 36.89 02 or 45.87 04 isopycnals; and thus, it is expected that D and DL

values be much greater than zero.

D and DL values suggest that the sources with the most similar characteristics to

UNADW and LNADW reference values (Table ffl.1) are LSW, DSOW, and ISOW

(Table ffl.6). LSW and DSOW are the closest source water to the UNADW and LNADW

reference waters, suggesting than the these waters are important sources to waters

advected southward as part of the DWBC. Note that D and DL values derived from

Equation ifi. 1 should not be compared directly to one another because D and DL are

calculated using different variance and covariance factors specific to the chemical and

physical data on the 36.89 2
(UNADW) and 45.87 04 (LNADW) isopycnals.

Table ffl.6. D values for NADW components (D±O.O3 and DL±O.O7) and sources in the
Atlantic. Note that D and DL values should not be compared across columns because the
variance and covariance factors for data on the 36.89 02 and 45.87 04 isopycnals surfaces
are not equal. Table 11.1 lists a water mass nomenclature.

Source D DL

(-36.89 02) (45.87 04)

NSBW 2.6 3.9

GSBW 3.5 6.1

ISOW 1.1 1.2

DSOW 1.0 0.8

LSW 0.9 1.8

MW 5.6 14.2

AAIW 2.7 5.8

UACW 2.8 3.8

LACW 3.0 3.1

AABW 3.8 4.0

WSBW 2.6 3.9
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Figure ffl.5. Distribution of physical and chemical variables on the 45.87 04 isopycnal
surface. (a) depth (km), (b) temperature (°C), (c) salinity, (d) phosphate, (e) nitrate,
(0 silicate, (g) oxygen, (h) AOU (jimol kg1). Light grey areas represent the 4 km depth
bathymetry of the basin and dark grey areas represent the intersection of the depth of the
45.87 04 isopycnal with the local bathymetry. Depth contours are derived from Etopo5
(U.S. National Geophysical Data Center) data set.
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Figure ffl.6. Temperature and salinity diagram for waters near the continental slope of
Brazil. Data from stations 99 (- 18.6°N, 35.7°W) to 103 ( 18.9°N, 37.7°W) occupied as
part of the South Atlantic Ventilation Experiment (SAVE, Leg 2; 1988) expedition
(Smethie and Jacobs, 1992). Several isopycnals are shown representing approximate
density bounds for UNADW, MNADW, and LNADW as defined in Chapter H. The
heavy triangles and squares represent temperature-salinity values of LSW, DSOW,
150W, UNADW, and LNADW (Refer to Tables 11.1, 11.4, and ffi.3).
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Figure ffl.7. Distribution of DL representing LNADW along the 45.87 04 isopycnal in the
Atlantic Ocean. Light grey areas represent the 4 km depth bathymetry of the basin and
dark grey areas represent the intersection of the depth of the 45.87 04 isopycnal with the
local bathymetry. Depth contours are derived from Etopo5 (U.S. National Geophysical
Data Center) data set.
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Summary

Here I examined the basin-scale distribution of chemical and physical variables

along two density surfaces in the Atlantic Ocean based on measurements (temperature,

salinity, phosphate, nitrate, silicate, and oxygen) collected between 1972-92. These

variables were used to define the core properties of the most recently ventilated waters

that flow in the DWBC in the subtropical Atlantic in Chapter II. The waters in the DWBC

have high oxygen and low nutrient content relative to ambient waters and centered near

the 36.89 2 (UNADW) and 45.87 04 (LNADW) isopycnals surfaces.

I use a water-type dissimilarity parameter, "DREF", to study the basin-scale

distribution of D and DL representing UNADW and LNADW, respectively. DREF is a

multivariate parameter incorporating information from a suite of chemical (phosphate,

nitrate, silicate, oxygen) and physical (temperature and salinity) variables. I conclude

from my observations that the distribution of chemical and physical variables in the

Atlantic along the 36.89 02 and 45.87 04 isopycnal surfaces strongly supports the general

sense of flow described by Reid (1989, 1994).

The characterization of the waters in the DWBC and their source waters from a

multivariate approach provides an additional and new perspective of the tracer patterns

and their large scale influence. This study provides further evidence that the DWBC is

important for the meridional transport of North Atlantic waters to the western and eastern

South Atlantic. It is shown that over large areas along the western Atlantic, the

meridional gradients of temperature, salinity, phosphate, nitrate, silicate, and oxygen in

the upper and lower layers of the NADW complex are small. The characteristics of the

DWBC can be traced between the Sohm abyssal plain and the Argentine basin without

significant change of properties. The water characteristics of the DWBC are not derived

exclusively from waters that flow along the western margins of the Irminger and

Labrador basins. The DWBC also receive inputs from the northern and southern waters
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that enter and recirculate in the North Atlantic subpolar basin as part of circulating gyres.

When these waters acquire the density of UNADW and LNADW they enter the Sohm

Abyssal Plain and flow south with the DWBC.

The distribution of UNADW and LNADW deduced from D and DL follow

somewhat different paths. Although they tend to lie along the western Atlantic Ocean,

the path of spreading of both UNADW and LNADW is not confined along the coast of

America. In the North Atlantic, UNADW is associated with tongue which separates from

the west coast of America nominally at 38°N extending to Newfoundland Basin over the

Mid-Atlantic Ridge. This tongue appears to be part of the subpolar circulation along the

Eastern North Atlantic centered near 48°N and 20°W. This feature is not present in maps

of adjusted steric anomaly (Reid, 1994). My observations strongly supports previous

work that a component of the UNADW separates off the eastern shelf of Brazil near 2°S

(Weiss, 1985; Kawase and Sarmiento, 1986), and continues eastward over the

Mid-Atlantic Ridge into the Guinea abyssal plain. The remaining branch of UNADW

continues to the southwest along the western boundary. LNADW also separates from the

eastern shelf of Brazil near 2°S (Speer and McCartney, 1991), and enters the eastern

Atlantic through the Chain Fracture Zone. This is significant, because in contrast to the

UNADW, the Chain Fracture Zone appears to serve as a guide for the path of spreading

of LNADW. In the case of UNADW, a fairly large length of the Mid-Atlantic Ridge is

below the nominal depth of this isopycnal surface. The southward extension of LNADW

can be traced farther south than the UNADW. Near 28°S, LNADW continues eastward

roughly aligned with the Rio Grande Rise. This topographic feature is shallow enough

relative to the nominal depth of the deeper isopycnal to serve as a guide for LNADW

toward the Mid-Atlantic Ridge. Its continuation past the Mid-Atlantic Ridge is not well

resolved by the present study.
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Chapter IV

Decadal-scale Chemical Variability Along 24.5°N in the Atlantic Ocean Deduced
From Nutrient and Oxygen Data
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Abstract

The subtropical North Atlantic is one of the few places where basin-scale

measurements aimed at studying decadal-scale temporal changes have been collected. In

August 1992, the RVHesperides reoccupied a transatlantic section nominally along

24.5°N previously sampled in April 1957 on the RVDiscovery and in August 1981 on the

RVAtlantis II. Observation of significant warming over the 35-yr period has already been

reported for the ocean layer between 800-2500 m depth; the average rate at the depth of

maximum warming is about 0.01°C yr* I examine decadal-scale variability in the

nutrient (phosphate, nitrate+nitrite, silicate) and oxygen measurements primarily from the

1981 and 1992 sections at 24.5°N. The large-scale distribution of nutrients and oxygen in

the deep Atlantic reveal strong west to east gradients consistent with more recent

ventilation along the western margin of the subtropical North Atlantic than elsewhere at

this latitude. The basin-scale water mass structure remained relatively unchanged from

1981 to 1992. Zonally averaged differences of the chemical data reveal that the maximum

increase in temperature and salinity at 1100 m is roughly coincident with an apparent

decrease in oxygen concentration of about -7 imol kg'. The oxygen decrease is

equivalent to an average rate of -0.6 tmol kg' yr'. The vertically integrated water column

oxygen utilization rate is -0.9 mol m2 yr'. This is roughly equivalent to 23-33% of the

new production rate in the Sargasso Sea. The oxygen decrease at 1100 m cannot be

explained using oxidative ratios relating regeneration of nutrients and oxygen

consumption. The oxygen decrease is not highly conelated with zonally averaged changes

in the nutrient measurements. The nutrients show small or insignificant changes at

1100 m over the 11-yr period. Part of the oxygen decrease might have been caused by the

precision (-20-30%) of the oxygen data and changes in solubility (-20%) due to the

measured warming. The chemical changes appear to be caused by changes in the

characteristics of the source waters entering 24.5°N near 700-1700 m.
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Introduction

Assessment of long-term, large-scale physical and chemical variability in the

ocean is an important step toward understanding global climate change. It allows

validation and refinement of climate predictive models. Variability in the North Atlantic

at interannual and decadal scales has been reported previously (Talley and McCartney,

1982; Schlosser et al., 1991; Read and Gould, 1992; Ostlund and Rooth, 1990;

Cunningham and Haine, 1995; Roeminich and Wunsch, 1984; Parrilla et al. 1994). On

decadal scales, significant warming has been observed between about 700 to 3000 m

depth from transatlantic sections nominally at 24.5°N taken in August 1981 (AT 109, leg

I) and in October 1957 and April-May 1959 (Roemmich and Wunsch, 1985). Parrilla et

al. (1994) found that the warming trend continued nearly uniformly between 800-2500 m

depth by comparing the 1981 and 1957 data with a new transatlantic section along 24.5°N

in August 1992 on the RVHesperides (WOCE-A5). The warming is associated with an

increase in salinity so that the long-term historical temperature-salinity relation in the

subtropical North Atlantic has remained relatively unchanged from 1957 to 1992. The

maximum rate of temperature increase, most apparent at 1100 m, was 0.01°C yr'. Neither

Roemmich and Wunsch (1984) nor Parrilla et al. (1994) described source waters or

caused for the observed temperature and salinity changes at 24.5°N.

More recently, Joyce (1995) suggested a roughly similar average rate of increase

in temperature of about 0.5°C per century for water between 1500-2500 dbar

(1500-2500 m) based on discrete measurements (1922-90) collected near station S in the

Sargasso Sea (-32.2°N, 64.5°W). It is not clear whether this apparent long-term warming

trend is caused by anthropogenic increases in atmospheric CO2 as predicted from climate

change models, or by natural ocean variability, or both.
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In this Chapter, I evaluate some chemical changes associated with these

thermohaline changes and examine possible causes and significance. I use the nutrient

and oxygen measurements from the 1981 and 1992 sections along 24.5°N to examine

decadal variability.

Data and methods

The AT109-11 and WOCE-A5 expeditions at about 24.5°N collected continuous

conductivity-temperature-depth (CTD) and discrete Niskin bottle measurements. They

differed in station spacing and sampling location primarily in the east and west ends

(Figure IV.1). The 1981 cruise had a CTD station spacing of about 70km (90 stations)

and the 1992 cruise, 60 km (101 stations). The 1981 survey deviated northeast from the

nominal latitude of 24.5°N near 22°W. The 1992 survey deviated from 24.5°N near

72°W. The 1992 section coincided in time with the August 1992 Trident expedition on

the RVMalcom Baidridge between Abaco Island, the Bermuda rise and the Mid-Atlantic

Ridge (Figure IV. 1). The Trident and WOCE-A5 cruises provided a means to compare

the data from similar locations in the western basin. In all cases, oxygen titrations and

automated nutrient analysis were done onboard after collection. Oxygen measurements

were obtained by L. V. Worthington (Woods Hole Oceanographic Institution) on

AT1O9-11, and by J. Escañez (Laboratorio Oceanografico de Canarias) on the WOCE-AS.

Nutrients (phosphate, nitrate+nitrite, nitrite, silicate) were measured under the supervision

of Louis Gordon on AT 109-11 following the methods of Atlas et al. (1971), and by

Antonio Cruzado on the WOCE-A5 following the methods of Whitledge et al.(1986).

Bottle data from the 1981 and 1992 transatlantic sections were interpolated to a

standard grid with 24 depth levels (about 250 m spacing) and 57 longitudinal positions

(about 0.8° longitude spacing) using an inverse squared distance method. To examine

differences between the sections, the 1981 interpolated values were subtracted from the

interpolated 1992 data at common locations. The resulting gridded difference data were

smoothed to reduce small scale features of 100 km wide (Roenimich and Wunsch,
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1984). Potential density (°e) was computed using the equation of state of Millero and

Poisson (1981). Potential temperature (0, °C) was calculated using the algorithm of

Fofonoff and Millard (1983). All temperatures in this paper are potential temperatures

referred to the sea surface.

Lozier et al. (1994) found that averaging oceanographic variables along pressure

surfaces in areas of steep isopycnals can result in an anomalous representation of the

water structure. To investigate this possibility in this study, I averaged pressure

differences along 01 (potential density anomaly referenced to 1000 dbar) using the 1981

and 1992 sections. I chose this density because of its proximity to the depth of maximum

temperature and salinity increase (1100 m). The rms deviation of pressure averaged along

a isopycnal surfaces for the 1981 and 1992 sections is 25 dbar. This is small when

compared to the depth range (800-2000 m) of the layer of maximum measured

temperature and salinity changes and the vertical resolution of the bottle data. In the study

region, the isopycnals are relatively flat and averaging properties along pressure or

isopycnal surfaces do not yield different results.

Primary historical data sources are from the Reid and Mantyla data base (Reid,

1994; 1989) and National Oceanographic Data Center (Table P1.1). I also use data from

the Geochemical Ocean Section Study (GEOSECS) for Atlantic stations (Bainbridge,

1980) and the combined Transient Tracers in the Ocean (TTO) programs (Williams,

1981). In all cases, the historical nutrient data in volumetric units were converted to mass

units (imol kg') at a density corresponding to a laboratory temperature of 22°C and

measured salinity. Oxygen data in volumetric units were converted to pmol kg1 using the

molar volume as a real gas and at a density corresponding to temperature and salinity.

Compared to the TTO data, the GEOSECS phosphate measurements might be

systematically high by 0.02 imol kg (Fanning, 1989; Broecker, 1985). I use the
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corrected GEOSECS phosphate data. This correction is small in the deep water column

and does not affect the results of this study. Below about 150 m, nitrite concentrations are

below detection limits (±0.0 1 imol kg'). For brevity, I will refer to nitrate+nitrite as

Table IV. 1. Historical data (1972-92) used in this work. (see Figure IV. 1 for their cruise
tracks). [Woods Hole Oceanographic institution (WHOI), Scripps Institution of
Oceanography (Sb), Lamont-Doherty Earth Observatory (LDEO), and Instituto Espanol
de Oceanografia (lEO)].

Cruise/Leg Ship Cruise dates Institution

AT1O9-H Atlantis II Aug.-Sep., 1981 WHOI

AT1O9-I Atlantis II Jun.-Jul., 1981 WHOI

Trident Baldridge Aug., 1992 LDEO

EN 129 Endeavor Apr., 1985 WHOI

WOCE-A5 Hesperides Aug., 1992 WHOI-IEO

GEOSECS Knorr Jul., 1972-Apr., 1973 SlO

TTO-NAS Knorr Apr.-Oct., 1981 SlO

TTO-TAS Knorr Dec., 1982-Feb., 1983 SlO

KN1O4 Knorr Jul.-Aug., 1983 WHOI

0C133-ll Oceanus Jan., 1983 WHOI

0C202 Oceanus Jul.-Sep., 1988 SIO



40°N

30°N

-
20°N

1 0°N

00 _

26°N

25°N.

24°N
80°W

J:\

1
// rJ

60°W 40°W 20°W
Longitude

Figure IV. 1. Station positions for the cruises used in this work. The upper panel shows
historical data collected since 1972 having meridional positions crossing the AT1O9-ll
and WOCE-A5 sections (see Table IV. 1). The lower panel shows a detailed view of the
WOCE-A5 (light solid line) and AT1O9-ll (heavy solid line) station positions. The
selected hydrographic sections are superimposed on depth contours derived from the
Etopo5 (U.S. National Geophysical Data Center) data set with dark to light grey shading
breaks indicating 2, 3, and 4 km, respectively.

()0



139

Table [V.2. Estimate of precision (± I SD) of the AT 109-H and WOCE-A5 chemical data.
Numbers in parenthesis indicates the number of data points in the calculation.

Western Atlantic (75°-45°W)

Cruise Phosphate
(tmol kg1)

N+N
(imol kgt)

Silicate
(Mmol kg')

Oxygen
(imol kg')

AT1O9-ll 0.04 0.5 1.8 2.2
(81) (83) (83) (86)

WOCE-A5 0.08 0.3 1.9 1.4
(58) (79) (82) (83)

Eastern Atlantic (20°-44°W)

Cruise Phosphate
(tmol kg')

N+N
(jimol kg')

Silicate
(jimol kg')

Oxygen
(iimol kgt)

AT1O9-ll 0.03 0.2 0.6 1.9
(65) (64) (64) (74)

WOCE-A5 0.08 0.2 0.9 1.6
(62) (88) (94) (99)

Estimates of the precision of the chemical and physical data are necessary to this

study of temporal changes. The long-term precision of the historical temperature, salinity

(5), and pressure data are ±0.01°C, ±0.01, ±5 dbar (Saunders, 1986; Speer and

McCartney, 1991). I had to assess the long-term precision of the nutrient and oxygen data

of the transatlantic sections and historical data collected since 1972 near the cruise tracks

(Figure [V.1). None of the historical data sets used in this study included precision data or

accuracy estimates. Also, the historical data collected since GEOSECS are not

geographically coincident with the 1981 and 1992 sections (Figure [V.1). Following the

method of Saunders (1986), I estimated the inter-laboratory precision of the nutrient and

oxygen data. Temperature was fitted to the nutrient and oxygen data by linear

least-squares for water with 0 1.8°C in the western basin and 0 2.1°C in the eastern

basin. I assume that changes in the characteristics of the deep waters of the subtropical

North Atlantic within the temperature ranges described above are small on these time

scales and demonstrate this later. Though the eastern basin is more suitable for analysis of
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inter-laboratory precision because of relatively small spatial gradients (Saunders, 1986;

Broecker et al. 1985; Ostlund and Rooth, 1990), I require basin-scale precision estimates,

and thus, I used data from stations across the entire 24.5°N section. The standard

deviation of the measured values for each chemical variable from the expected values

calculated from the coefficients of the regression lines for stations in the western

(45°-75°W; O1.8°C) and eastern (20°-44°W; O2.l°C) basins are shown in Table P1.2.

I take these deviations to represent one estimate of the inter-laboratory precision (± 1 SD)

of the AT 109-11 and WOCE-A5 chemical data used in this study.

Observations and discussion

A comparison of the distribution of properties between the AT 109-11 and

WOCE-A5 sections across 24.5°N is presented by means of maps of distribution of

physical and chemical differences and zonally average differences profiles. Also, I

describe the large-scale characteristics and mixing near the depth of maximum

temperature and salinity changes (Parrilla et al., 1994). Then, I describe possible chemical

and physical causes for the observed changes across 24.5°N.

Distribution of differences along 24.5 °N (1992-81)

My analysis of the 198 1-92 temperature and salinity differences across 24.5°N

agrees well with that of Parrilla et al. (1994). The deep (1000-4000 m) Atlantic generally

shows an increase in temperature and salinity over the 11-yr period; warming is greatest

in the depth layer between about 800-1800 m (Figures IV.2a,b). Vertical bands of

warmer, saltier water (50-60°W) and cooler, fresher water (60-70°W) of nonuniform

horizontal scale are more noticeable in the western than in the eastern basins. East of the

Mid-Atlantic Ridge, the deep Atlantic shows warmer, saltier waters except below about

4000 m. These trends appear also in a comparison of the 1981 and 1957 data (Roemmich

and Wunsch, 1984).
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Figure IV.2. Distribution of differences (1992-198 1) of physical and chemical data along
24.5°N. (a) temperature (°C), (b) salinity, (c) phosphate, (d) nitrate+nitrite, (e) silicate,
and (f) oxygen (tmol kg'). Grey areas represent a positive change over the 11-yr period
(1992-8 1). Heavy dashed contours indicate zero change. Heavy horizontal dashed lines
represent the depths of the 36.89 o (-1700 m) and 45.87 a4 (-3700 m) isopycnals using
the AT 109-TI data. Bottom topography is derived from the Etopo5 (U.S. National
Geophysical Data Center) data set.



I

I

a.)

142

7ft \V 60°W 50°W 40°W 3OW 2ftW
Longitude

Figures IV.2a,b



E

-a

[I

143

1

70°W 60°W 50°W 40°W 30°W 20°W
Longitude

Figures IV.2c,d



[I]

2

E

0)

I

ci)

6

.& (\ '-IL
-3L_Jc

j\

?i'

L) /

?

thzJr5
ii ( \ç-,

I2l

, \j,
/

I ' /

70°W 60°W 50°W 40°W
Longitude

Figures IV.2e,f

30°W 20°W



145

The nutrient and oxygen changes in the deep interior Atlantic (800 m) are small

but certainly measurable given my estimates of the precision of the chemical data

(Table IV.2). The deep Atlantic shows alternating vertical bands of relatively enriched

and impoverished waters with respect to both nutrient and oxygen concentrations over the

11-yr period (Figures H.2c-f). They also show that most of the structure is found in the

western Atlantic between 1000-4000 m roughly coincident with the bands of temperature

and salinity changes described earlier. The patterns of nutrient and oxygen differences in

concentration along 24.5°N are not simple to interpret but they suggest that warmed,

saltier waters appear broadly coincident with waters diminished in oxygen and nutrient

content suggesting some large-scale correlation between the apparent chemical and

physical changes. The deep subtropical Northwestern Atlantic receives waters richer in

oxygen but poorer in nutrient content than the eastern basin due to advection in the Deep

Western Boundary Current (DWBC) between about 1700 m (36.89 02) and 3700 m

(45.87 04) as described in Chapters II and ifi.

Zonally averaged difference profiles

Vertical profiles of the zonally averaged changes in temperature and salinity show

cooling and freshening most evident between 400-700 m and below about 4500 m

(Figures IV.3a,b). The depth range between about 700-4500 m shows an apparent

increase in temperature and salinity. Significant warming is observed between

700-1700 m. The depth of maximum average increase in temperature ('-0.2°C) and

salinity (-0.02) near 1100 m (Figure IV.3a,b), is approximately coincident with the depth

of maximum decreases in oxygen (--7 imol kg'), phosphate (--0.04 imol kg"), and

silicate ('--0.2 jimol kg') over the 11-yr period (Figures IV.3c,e,f). N+N shows a small

increase at this depth, about -7 imol kg' (Figure IV.3.d).
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Figure IV.3. Zonally averaged differences for the physical and chemical observations
across the width of the sections at 24.5°N as a function of depth: (a) temperature (°C),
(b) salinity, (c) phosphate, (d) nitrate+nitrite, (e) silicate, and (f) oxygen (jimol kg'). The
solid line indicates the mean difference of the observations as a function of depth. The
broken lines represent the 95% confidence interval at each depth defined as one standard
error times 1.96.
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In view of the average chemical differences in concentration in 1992 relative to

1981 (Figure IV.3c-f), oxygen shows the most obvious change in concentration

(-7 Mmol kg') near 1100 m, the depth of maximum temperature and salinity increase.

This is clearly seen in the vertical profile of averaged oxygen differences across 24.5°N

(Figure IV.3f). This decrease in oxygen content has taken place at an average rate of

about 0.6 pmol kg' yr* The apparent changes in the nutrients near this layer are small

(Figure IV.3). The standard error of the mean differences along 24.5°N as a function of

depth for both the nutrient and oxygen changes in concentration are smaller than or

comparable to my estimated precision of the nutrients and oxygen data (Table IV.2). A

two-tailed t-test (a=0.05) suggests for oxygen the average decrease is significantly

different from zero near 1100 m.

Before exploring possible explanations for the apparent changes in the chemical

constituents, it is instructive to briefly examine the water mass characteristics of the layer

near 1100 m in which the maximum decrease in temperature, salinity, and oxygen

occurred.

Large-scale characteristics and mixing near 1100 m at 24.5°N

Here I describe the average chemical and physical characteristics of the waters

near the layer at 1100 m along 24.5°N; the depth of maximum change in the temperature,

salinity, and oxygen (Figure IV.3). Averaged over the width of the Atlantic using the

AT 109-H data, this layer is salty (-35.08), warm (-6°C), but nutrient-rich (-18 jimol kg'

silicate) and oxygen-poor (-185 mol kg'). With this relatively high silicate content, the

water near 1100 m corresponds broadly to diluted Antarctic Intermediate Water (AA1W).

The salinity signal suggests the influence of Mediterranean Sea Water (MW, WUst, 1935;

Reid, 1994). From the averaged salinity and temperature values, the layer of maximum

changes is centered at about 32.16 o (-27.6 Ge). Compared to source characteristics

(Table P1.3), the layer near 1100 m is slightly less dense than Labrador Sea Water (LSW)
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and MW, and slightly denser than AAIW. However, its density is slightly greater than the

density of AA1W in the North Atlantic (27.5 cr0; Tsuchiya, 1989).

Using historical oceanographic data (1972-92) linearly interpolated to the 32.16 o

isopycnal (Figure IV.4), it is found that this surface is centered close to 1100 m

throughout most of the Atlantic basin, except in the Argentine abyssal plain, where it

reaches a nominal depth of 1500 m. North of 55°N, it shallows steeply to about 100 m in

the Norwegian, frminger, and Labrador basins, while south of 55°S, it reaches 100 m

south of the Scotia Ridge (see Figure ffl.2 for geographic locations).

Table P1.3. Approximate characteristics of Labrador Sea Water (LSW), Mediterranean
Sea Water (MW), and Antarctic Intermediate Water (AAIW).

Parameter LSW MW AAIW

Temperature (°C)

Salinity

00

Phosphate (imol kg')

Nitrate (imol kg')

Silicate (imo1 kg')

3.1 13.5 2.8

34.82 36.88 34.14

27.73 27.75 27.22

1.04 0.42 2.22

15.7 7.5 31.1

8.2 3.9 26.4

Oxygen (pmol kg') 302 211 258

A first order estimate of the mixing proportions between LSW, MW, and AA1W

describing the average composition of the water near 1100 m at 24.5°N can be made by

considering linear mixing using the conservative variables of temperature and salinity and

conservation of mass. In the Iberian basin near the Gibraltar Strait, MW is warm, salty,

and nutrient and oxygen-poor. In the Argentine basin, AAIW is cold, fresh, nutrient-rich

and oxygen-poor. In the Labrador basin, LSW is cold, fresh, nutrient-poor, oxygen-rich

(Table IV.3). In the western subtropical Atlantic, LSW, MW, and AAIW more or less
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preserve source characteristics based on data collected during the GEOSECS program

near 52°W (Figure IV.5). The three source waters do not lie exactly on the same density

surface. The temperature and salinity characteristics of the layer at 1100 m at 24.5°N is

close to a temperature-salinity surface joining LSW, AAIW, and MW. My results show

that about 19% of LSW, 30% of MW, and 51% of AAIW results in a water-type of

0-6°C and S-35.08. I can not rule out the influence of other source waters in the

Atlantic to the layer near 1100 m. The results of this linear mixing calculation are

qualitatively consistent with the meridional distribution of physical and chemical

variables near 52°W (Figure IV.5), that is, the influence of northward flowing AA1W,

southward flowing LSW, and the influence of westward flowing MW (Reid, 1989; 1994).

Some possible causes for the apparent chemical changes

What causes the oxygen decrease in concentration near 1100 m at 24.5°N in the

subtropical North Atlantic? Though several possible processes could contribute to an

oxygen decrease in concentration, not all are probable. The decrease could conceivable

reflect an inter-laboratory measurement error between the 1981 and 1992 sections but this

seems unlikely as the zonally averaged oxygen differences do not show constant or

proportional offsets with depth (or density), and the short-term precision (0.3 pmol kg)

and the interlaboratory precision (1.4-2.2 imol kg') are both small compared to the

observed maximum difference (-7 Mmol kg1) near 1100 m (Figure IV.3f). Below about

2200 m, the average oxygen differences are small. It is therefore likely that the oxygen

difference centered nominally at 1100 m reflects a real temporal decrease in concentration

between 1992 and 1981. If the decrease in oxygen concentration between 700-1800 m is

indeed real, there are at least two possible explanations: the changes reflect consumption

due to mineralization of organic matter, or changes in physical forcing, or both. I examine

these mechanisms in turn. My discussion focuses primarily on the layer between

800-2200 m, though I recognize that the layers above and below this depth range have

also experienced changes between 1992 and 1981 (Figure P1.3).



152

Organic matter decomposition and atmospheric inputs

I examine some possible biochemical processes that could account for the

observed changes in the nutrients and oxygen. These include, but are not limited to,

in-situ regeneration of nutrients and oxygen consumption of particulate (POM) and

dissolved (DOM) organic matter, atmospheric inputs of nutrients to the euphotic zone,

and changes in primary production.

In-situ regeneration of nutrients and oxygen consumption

Can the decrease in oxygen concentration at 1100 m (Figure IV.3f) be explained

by in-situ degradation of POM? Nutrients and oxygen are not conservative variables.

They result from an interplay of biogeochemical changes as well as advective-diffusive

processes. If the Atlantic is in steady state, then regeneration of nutrients and oxygen

consumption should be balanced by photosynthesis, renewal or ventilation, and

sedimentation. By steady state, I mean that the rates of input and output of any variable

within the ocean remain constant for relatively long periods of time. In this case, there

would be no changes with time in the observed chemical concentration fields. During the

in-situ degradation of labile particulate organic matter (POM), oxygen is consumed and

inorganic nutrients (nitrate and phosphate) are released in more or less constant molar

stoichiometric oxidative ratios between phosphate, nitrate, and oxygen of

i.P:N:-AO=1:16:138 according to Redfield et al. (1963).

If the change in oxygen concentration (1992-81) at about 1100 mis due solely to

in-situ consumption of oxygen as a result of degradation of POM, I expect nitrate and

phosphate should reflect corresponding changes. Assuming the Redfield et al. (1963)

oxidative ratios, an oxygen consumption of 7 imol kg' at 1100 m (Figure IV.3f)

accompanies the regeneration of about 0.05 and 0.8 imo1 kg' of phosphate and nitrate

concentrations of oxidative origin, respectively. More recently, Anderson and Sarmiento

(1994) found that the zP:LN:zC:-i.O ratios are roughly constant



153

(1:16±1:117±14:170±10) with depth below the main thermocline in the South Pacific,

Indian, and South Atlantic Oceans from a two end-member linear mixing model along

isopycnal surfaces. Because of influence of more than two end-members, they did not

carry their analysis to the North Atlantic, however. Using these ratios the expected

increase in regenerated phosphate and nitrate concentrations is somewhat lower, about

0.04 and 0.7 imo1 kg' for phosphate and nitrate, respectively. These concentrations

would measurable given the long-term interlaboratory precision of the phosphate and

N+N data from the AT 109-11 and WOCE-A5 data sets (Table IV.2), but no such increase

was clearly observed at 1100 m (Figure IV.3).

Despite uncertainty about the constancy and magnitude of the Redfield et

al. (1963) oxidative ratios (Jackson and Williams, 1985; Sambrotto et al., 1993; Minster

and Bouhladid, 1987; Fanning, 1992; Toggweiler, 1993; Michaels et al., 1994; Anderson

and Sarmiento, 1994), remineralization of organic matter would imply in all cases a

definite (positive) increase in N+N and phosphate of oxidative origin assuming that the

oxygen decrease in concentration at 1100 m represents solely oxygen consumption.

However, the actual difference in the zonally averaged decrease in phosphate is negative,

about -0.04 pmol kg', and the increase in N+N is too small, about 0.4 jimol kg' (Figures

IV.3c,d). If this slight N+N increase in concentration at 1100 m represents a regenerative

N+N fraction from remineralization of POM, it could account for about 49-58% of the

decrease in oxygen concentration at this depth. Phosphate measurements are more

sensitive to analytical problems than N+N measurements and perhaps this could be a

reason for the apparent decrease in phosphate. Below 1500 m, both N+N and phosphate

show an average decrease over the 11-yr period rather than the increase that would be

expected from remineralization of POM. There is no observational evidence for changes

in sign between the ratios of nitrate, phosphate, and carbon of oxidative origin and

oxygen consumed as a result of degradation of organic matter (Minster and Bouhladid,

1987; Anderson and Sarmiento, 1994; Broecker and Peng, 1982). In summary, there is no

simple linear relationship between the oxygen and nutrient differences as expected from

the Redfield et al. (1963) model.
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Away from the bottom and surface where silica (opal) dissolution, formation, and

uptake by organisms can be significant, silicate is nearly conservative (Broecker et al,

1985; 1991). Opal is used by diatoms and radiolarians to form hard parts and it is not part

of the soft organic tissue (POM) that undergo in-situ regeneration of nutrients and oxygen

consumption according to the model of Redfield et al. (1963). Thus, the distribution of

silicate at mid-depths can be used as an independent nutrient variable uncoupled from the

biochemical processes affecting the distribution of N+N and phosphate. Some portions of

the deep layers of the Atlantic at 24.5°N show positive increases in silicate

(Figure IV.2e). This would be expected from silica dissolution and resuspension from the

sediments, from mixing of source waters of different preformed values, or from up-slope

advection of silicate-rich waters. I note that most of the silicate increases I observed in the

deep waters are found near the western flank of the Mid-Atlantic Ridge and are relatively

small, about 1-2 jimol kg'. The changes in silicate are not uniform and are comparable to

my estimated precision for silicate data (±0.6-1.9 imol kg'). The pattern is not a simple

one but it suggests that an increase in the dissolution of silica in the sediments and

advection of silicate-rich AABW near the Mid-Atlantic Ridge could be factors in

explaining the deep silicate positive increases. Consistent with the small decrease in the

average N+N (Figure IV.3c) and phosphate (Figure IV.3d) below 1500 m over the 11-yr

period, silicate also shows an average small decrease except for a small average increase

in concentration between about 1200-3500 m (Figure IV.3e).

Oxygen consumption rate and relation to new production

Can the decrease in oxygen concentration at 1100 m be explained by exports of

new production from the euphotic zone at 24.5°N to this depth? The average rate of

oxygen decrease I find (-0.6 imol kg1 yr') at 1100 m (Figure IV.3f) is close to the

reported average rate of in-situ oxygen consumption of -0.9 imol kg' yr' at 1100 m

obtained from 3H-3He water mass dating in the Beta Triangle (22.5°-32.5°N,

28.5°-38.5°W) study area (Jenkins, 1982; 1987). His rate estimate is not necessarily

representative of the entire subtropical North Atlantic gyre. Integrating the averaged



155

oxygen difference profile (Figure IV.3f) between the bottom and 50 m, I obtain a rate of

oxygen decrease of about -0.9 mol m2 yr. This is smaller (by about 86%) than the

estimated net water column rate of oxygen decrease of -6.4 mol m2 yP' I calculated using

the formulation of Jenkins (1982) for the same depth range (50 m and the bottom). The

vertically integrated average rate of oxygen concentration decrease between 1992-81 I

calculated is smaller than the rate of oxygen decrease estimated using water dating

techniques.

If the decrease in oxygen concentration (Figure IV.3f) solely represents

consumption of oxygen as in the model of Redfield et al. (1963), I would expect a

stoichiometrically equivalent downward flux of organic carbon from the photic zone to

the deep water column and a corresponding regenerative increase of nutrient (N+N and

phosphate) concentrations. I do not have carbon measurements but I can estimate their

expected downward flux based on my estimated oxygen consumption rate. Using a

zC:-L0 ratio of 106:-138 (Redfield et al., 1963), I estimate a carbon flux change of about

0.7 mol C m2 yr' (8.3 mol C m2 yP') based on my calculated rate of oxygen decrease

for the water column (0.9 mol 02 kg' yr'). This is about 10% of the annual mean primary

(82.1 g C m2 yr') and 33% of new (25.3 g Cm2 yr') production rates at station S in the

Sargasso Sea (32.2°N, 64.5°W) based on '4C data collected between 1953-63 (Platt and

Harrison, 1985). More recently, Lohrenz et al. (1992) estimated the annual primary

production at the Bermuda Atlantic Time-series Study (BATS, -3 1.8°N, 64.2°W) station

to be 110.4-144 g C m2 yr' using '4C data collected between 1988-90. Assuming that

new production is about 31% of total primary production (Platt and Harrison, 1985), this

corresponds to new production rates between 34.2-44.6 g C m2 yr'. My expected change

in carbon flux (-8.3 mol C m2 yr') represents about 19-24% of the above estimates of

annual new production rates at the BATS station.
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Figure [V.4. Depth of the 32.16 o in the Atlantic Ocean. Depth contours based on
historical oceanographic data collected since 1972 (see Chapter ifi). Dark to light grey
shading breaks indicate the approximate bottom topography at 1, 2, 3, and 4 km. Bottom
topography is derived from Etopo5 (U.S. National Geophysical Data Center) data set.
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Figure [V.5. Distribution of physical and chemical variables based on GEOSECS data
near 54°W. (a) depth (km), (b) temperature (°C), (c) salinity, (d) silicate, and
(e) oxygen (imo1 kg').
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A priori, it is difficult to justify a large organic flux to account for the oxygen

consumption that does not produce a corresponding enrichment of phosphate and N+N.

Maximum nutrient enrichment takes place at or near the depth of the oxygen minimum

layer where maximum phosphate and N+N concentrations are found due to

mineralization of organic matter reaching this depth. N+N shows a small enrichment

(0.4 imol kg) at 1100 m but phosphate shows a decrease or a small change

(Figures IV.3c,d). The change in oxygen, N+N, and phosphate (Figures IV.3c-e) could

imply a slow decomposition of surface derived carbon-rich but nutrient-poor organic

matter between 800-1800 m. This implies a preferential remineralization process. There

are some problems with this hypothesis (Toggweiler, 1993). Nitrogen and phosphorus in

the organic material must be preferentially recycled at shallower depths leaving less labile

organic carbon fractions to sink deeper and decompose maximally at 1100 m.

Based on nitrate, oxygen and water mass age relations, carbon flux estimates

range between 3 1.8-60 g C m2 yr' near station S (Jenkins and Goldman, 1985; Jenkins,

1982; 1988; Spitzer and Jenkins, 1989; Altabet, 1989); or 74-86% higher than my

estimated carbon flux. My estimated carbon flux is equivalent to 23-33% of the new

production rates at the BATS station (Lohrenz et al., 1992; Michaels et al., 1994).

These calculations are crude estimates since the bulk of the oceanic oxygen

consumption and degradation of POM appears to take place in the upper 1000 m of the

water column (Redfield et al., 1963; Jenkins, 1982; Martin et al., 1987; Anderson and

Sarmiento, 1994). The average decrease in oxygen content I observe near 1100 m does

not appear to be directly a product of oxygen consumption of surface-derived organic

matter in the overlying euphotic zone at 24.5°N. I would expect a maximum decrease in

oxygen content near the surface and a more or less exponential decrease with depth

(Jenkins, 1982). I argue that the decrease in oxygen near 1100 m cannot be due to

oxidation of new production at 24.5°N. First, the change in carbon flux from the euphotic

zone required to account for my calculated net water column rate of oxygen decrease

represents a large fraction of primary and new production measurements in the Sargasso
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Sea. Annual new production in the Sargasso Sea is more or less balanced by annual

nitrate fluxes to the euphotic zone (Platt and Harrison, 1985). Second, the oxygen

decrease at about 24.5°N between 700-1700 m (Figure IV.3f) represents an average value

over spatial and time scales greater than those estimated by discrete primary production

rate measurements, suggesting that more complex processes might be at play near this

depth range.

Atmospheric deposition of nutrients to the euphotic zone

It is important to find an explanation for the apparent oxygen decrease at 24.5°N

which requires an increased organic matter consumption, or a decrease in export of

oxygen-rich water to the subtropical North Atlantic, or both, over the 198 1-92 period.

The former hypothesis implies an increase in primary productivity in the euphotic zone to

account for an increase in the consumption of organic matter at depth. This could imply

an external source of nutrients to the euphotic zone which could increase primary

productivity.

A potential source of nutrients in the subtropical north Atlantic and over terrestrial

ecosystems that could have changed over the past few decades is atmospheric deposition

(Fanning, 1989). Duce (1986) estimated the total nitrogen deposition over the Sargasso

Sea between 9-18 mmol N m2 yr'. Assuming C:N-6.6 and -O:/.N-8.6 ratios

(Redfield et al. 1963), this atmospheric nitrogen deposition over the surface ocean could

translate into an oxygen consumption of as much as 155 mmol m2 yP'; or 1.4 g C m2 yr'.

This carbon flux is less than 2% and 6% of the estimated annual primary and new

production rates for the S or BATS stations (Platt and Harrison, 1985; Lohrenz et al.,

1992; Michaels et al., 1994). My estimates depend on the absolute value of the Redfield

et al. (1963) oxidative ratios. Nevertheless, the expected changes in oxygen and carbon of

oxidative origin are small when compared to the required flux of external nutrients to the

euphotic zone via atmospheric deposition. Thus, I argue that this mechanism does not

seem to clearly explain my estimated decrease in oxygen content at 1100 m. This is
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consistent with earlier findings that nutrient atmospheric inputs do not appear to

significantly increase primary productivity on annual time scales (Knapp et al., 1986;

Schlesinger, 1991).

Physical processes

Next, I examine some possible physical processes that might account for the

observed chemical changes at 24.5°N.

Changes in oxygen solubility

Could the decrease in oxygen content at 1100 m be explained by changes in the

solubility of oxygen due to the warming at this depth? Changes in atmospheric pressure,

salinity, and temperature affect the solubility of oxygen in seawater. Using the oxygen

solubility equations in seawater of Garcia and Gordon (1992), the temperature change

required to account for a 7 imo1 kg' change in oxygen concentration is - 1°C at a salinity

of -35.08 and one atmosphere of total pressure. On the 32.16 a1 isopycnal, the

temperature and salinity change required to account for a 7 imol kg change in oxygen

solubility are 1°C and S-0.2 at one atmosphere of total pressure. Since the average

maximum warming (198 1-92) observed at 1100 m depth is about 0.2°C (Figure W.3a),

this would account for only 20% of the oxygen concentration change at this depth. Thus,

most of the oxygen decrease cannot be explained on the basis of this change in the

solubility due to the -0.2°C warming of the waters before they reached this depth.

The lack of an equivalent nutrient increase near the 1100 m layer where the

decrease in oxygen content is relatively large could be provided by changes in

temperature at the source formation regions. Changes in temperature have profound

effects on deep water convection and horizontal transport of heat and fresh water and the

absorption of atmospheric 02 into the interior ocean. It is not unreasonable to assume

sea-surface changes in temperature on annual or decadal time-scales in the Atlantic larger
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than observed change in temperature near 1100 m at 24.5°N (Figure IV.3a). For instance,

Kushnir (1994) used the Comprehensive Ocean-Atmosphere Data Set (COADS) to

examine interdecadal sea-surface temperature (SST) changes in the North Atlantic north

of 30°N. He found that the interdecadal SST fluctuation relative to the mean displays

relatively cold and warm periods over large portions of the North Atlantic. A careful

analysis of SST anomalies over the North and South Atlantic is required to examine in

detail their effect on oxygen solubility. Water properties of the subpolar and polar waters

vary on interannual scales (i.e., Read and Gould, 1992; Schlosser et al., 1991; Talley and

McCartney, 1982; Levitus et al., 1994, Cunningham and Haine, 1995). Because

fluctuations in temperature and salinity could be relatively large, I cannot rule out the

hypothesis of changes in temperature of the source waters.

In addition, there are other physical factors that could have changed the oxygen

concentration of the waters at their source formation regions such as, but not limited to,

equilibration time, gas transfer, air injection of bubbles, and mixing. For example, when

the mixed layer deepens, deeper waters might be incorporated into it, perhaps adding

waters containing more nutrients and less oxygen content, in general, than present in the

mixed layer. To the extent that more oxygen from the atmosphere dissolves surface water

(ice-free) while the net biological uptake of nutrients is small, such as in winter because

of light limitation, the preformed nutrient concentrations could increase. Reducing the

mixing depth of the water column, implies that less deep nutrient-rich, cold water entered

the formation of the waters resulting in lower nutrient (higher oxygen) preformed values.

My results show a broadly uniform decrease in oxygen concentration between

800-2500 m across the subtropical North Atlantic except as noted (Figures [V.2, 1V3).

This suggests that more complex processes might be at play at the source formation

regions or during water mass spreading and mixing. Both chemical and physical changes

in the source waters cannot be ruled out as a hypothesis to explain the apparent changes at

24.5°N.
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Meridional displacements of the waters at 24.5°N

Could the apparent changes be explained solely by meridional displacements on

decadal time scales? First, I note the uniformity of zonal changes in temperature and

salinity across -24.5°N over the 11-yr period (Figures P1.2 and P1.3). The effect of

meridional displacements must be consistent for all physical and chemical variables. To

verify this possibility, I examined bottle data from several historical cruises having

meridional tracks crossing the AT 109-H and WOCE-A5 cruises (Figure P1.1). I linearly

interpolated the historical bottle data between 1000-5000 m at intervals of 500 m. I

compared the historical data to the AT 109-H and WOCE-A5 data. In all cases, I find no

significant evidence that meridional displacements account for the apparent chemical and

physical changes between the AT 109-H and WOCE-A5 observations to give consistent

shifts in physical data and chemical concentrations within this depth range ( 1000 m) at

24.5°N. A simple displacement of intermediate waters (800-2200 m) from south to north

of 24.5°N, in general, has the effect of increasing the nutrient and lowering the oxygen

concentrations. Shifting intermediate waters from north to south of 24.5°N near 1100 m

has the opposite effect. Nutrient concentrations increase from north to south in the

Atlantic Ocean because of the influence of northward advection of nutrient-rich

(oxygen-poor) Antarctic waters (Figure P1.5). The measured decrease in the nutrient and

oxygen data over the 11-yr period is not consistent with uniform meridional

displacements.

I use the TTO and GEOSECS expeditions (Table P1.1) to illustrate the above

point of meridional displacements. The data were collected roughly a decade apart and

have cruise tracks approximately coincident between 1 5-45°N (Figure P1.1). Meridional

distributions of temperature, salinity, silicate, and oxygen bottle data interpolated to

1000 m are nearly unchanged where they cross 24.5°N (Figure P1.6). Data interpolated to

the same depth from the AT1O9-H and WOCE-A5 observations show small differences
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when compared to the TTO and GEOSECS data. Near 34°N, the temperature, salinity,

and oxygen measurements from the TTO and GEOSECS are at a relative maximum and

minimum, respectively. No horizontal advances seem to account for the chemical and

physical data differences at both 34°N and 24.5°N at the same depth (or density).

In summary, the above results suggest that simple north-south displacements of

these chemical and physical characteristics do not appear be the major cause for the

observed changes (800-2200 m) at the locations where I have historical data coverage.

This supports previous findings regarding this possibility. Roemmich and Wunsch (1984)

found that horizontal displacements of the isotherms do not account for the observed

temperature and salinity changes between 800-2000 m at 24.5°N. In addition, Ostlund

and Rooth (1990) showed that the distributions of radiocarbon and tritium at intermediate

depths (1000-1500 m) in the western subtropical Atlantic (25°-35°N) were unchanged

from 1972 to 1983.

Variability near 1100 m across 24.5°N

The zonal distribution of physical and chemical fields across the Atlantic at

24.5°N are not uniform. The deep western subtropical North Atlantic receives inputs of

more recently ventilated waters from the northern North Atlantic than the eastern basin. It

is instructive to compare the AT 109-11 and WOCE-A5 data along the 32.16 cli ( 1100 m)

isopycnal surface without averaging across the width of the basin. This permits a

qualitative comparison of both data sets near the depth where most of the changes are

taking place. Figure IV.7 shows the distributions of depth, temperature, silicate, and

oxygen of the AT 109-H and WOCE-A5 data linearly interpolated to the 32.16 o

isopycnal surface. For comparison with these data sets, I also show historical data from

several cruises crossing the AT 109-11 and WOCE-A5 cruise tracks at various locations at

24.5°N (Figure P1.1, Table IV.l).
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A common feature of the AT 109-11 and WOCE-A5 sections is that they do not

show a constant or proportional offsets of all the distributions of chemical and physical

data from 1981 to 1992. The observations indicate that the range of values is somewhat

greater in 1992 than in 1981. The average differences (1992-81) I calculate using the

physical and chemical data on this isopycnal surface are comparable to my earlier

estimates of the changes in temperature, salinity, and chemical concentrations at 1100 m

described earlier (Figure P1.3). The data on this isopycnal surface show an average

increase in temperature (0.1°C) and salinity (0.02), a decrease in depth (-55 m), and a

decrease in oxygen (-7 imol kg') but small changes in the nutrients (phosphate,

-0.04 imo1 kg; N+N, 0.4 jimol kg'; silicate, 0.2 imol kg') in 1992 when compared to

1981. The historical data indicate some of the inter-decadal variability on this isopycnal

surface. More recent historical measurements agree with the WOCE-A5 observations,

while older data agree with the AT1O9-11 observations.

If the warming near 1100 m in the Atlantic at 24.5°N is due to increases in the

supply of a water mass, for instance an increased influence of westward flow of MW

along this latitude; then I would expect a clear east-west temperature and salinity

difference gradient. Although there is some hint of east to west gradient in the

temperature and salinity differences across 24.5°N on the 32.16 o isopycnal

(Figure P1.7), it is small and difficult to interpret. Again, the isopycnal range of

maximum temperature, salinity, and oxygen changes include several water masses of

North and South Atlantic origin. Since the maximum changes are below the thermocline

(700-1700 m) and broadly uniform across 24.5°N except as noted suggests changes in the

preformed properties of the waters spreading at this latitude. Again, the possibility of

changes in the characteristics of source waters reaching 24.5°N seems to be a viable

hypothesis.

Some observational and climatological data indicate freshening and cooling at

high latitudes (Brewer et al., 1983; Levitus et al., 1994; Read and Gould, 1992). Other

data collected both in the atmosphere and the ocean at high latitudes suggests no major
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temperature changes, however. For example, a forty-year (1950-90) temperature record in

the lower troposphere over the Arctic Ocean show small evidence of greenhouse warming

(Kahl et al., 1993). Swift (1984) found no significant evidence of changes in temperature

and salinity in the Denmark Strait overflow waters between 1957-73. Thus, it is not clear

if the physical and chemical changes at 24.5°N are due to greenhouse warming, or natural

fluctuations, or both. If the uptake of CO2 is partly driven by the ocean's 'biological'

pump, changes in nutrients and oxygen should show changes in the ability to remove CO2

from the atmosphere.

Waters below 800 m affected by the temperature increase have not been in direct

contact with the atmosphere from order one to several decades (Talley and McCartney,

1982; Jenkins, 1987; Broecker, 1991; Reverdin et al., 1993; Haine et al., 1995). Bottle

data, collected in the 1920s suggest that the apparent temperature increase near 24.5°N is

more or less uniform and spans several decades (Joyce, 1995). This suggests warming

that took place before the large anthropogenic increase in atmospheric CO2, and thus is

probably of natural origin. It is reasonable to assume that similar changes in the nutrient

and oxygen constituents took place, though it seems that these changes took place in a

non-linear fashion.



Figure P1.6. Distributions of chemical and physical data linearly interpolated to 1000 m
based on GEOSECS, TTO, AT1O9-ll, and WOCE-A5 measurements near 54°W.
(a) temperature (°C), (b) salinity, (c) silicate, and (d) oxygen (jimol kg').
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Figure IV.7. Zonal distributions of chemical and physical data from the AT1O9-ll and
WOCE-A5 sections linearly interpolated to the 32.16 o isopycnal surface. (a) depth (km),
(b) temperature (°C), (c) silicate, and (d) oxygen Qimol kg1). The heavy solid line indicates
the AT 109-H data and the light solid line the WOCE-A5 data. I also show historical data
(1972-92) collected near (±0.5°) 24.5°N interpolated to the 32.16 o isopycnal surface (see
Figure [V.1).
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Summary

I examined evidence for decadal scale chemical changes across the subtropical

North Atlantic at 24.5°N as deduced from nutrient and oxygen measurements collected in

1981 (AT 109-11) and in 1992 (WOCE-A5). This work is the first attempt to assess

chemical variability on these time scales using two sections across the width of the North

Atlantic. Zonal plots of temperature and salinity differences (1992-81) across the Atlantic

at 24.5°N show bands of warmer, saltier waters approximately coincident with nutrient

and oxygen poor waters. The data show that the layer between 700-1700 m has

experienced an apparent decrease in oxygen concentration greater than the precision of

the data. The depth maximum oxygen decrease is coincident with that of maximum

temperature and salinity increase. Shallower and deeper waters show small changes in the

nutrient and oxygen data over the same time period. The water-type characteristics of the

layer at 1100 m (32.16 o) roughly corresponds to a mixture of AA1W, MW, and LSW.

A small percentage of the decrease in oxygen concentration could be accounted

for by precision of the data and changes in the solubility of oxygen due to the warming at

the time of atmospheric exchange. If the oxygen decrease in concentration of the water

near 1100 m is solely a product of biochemical consumption of particulate organic matter,

the vertically integrated rate of oxygen concentration decrease is equivalent to an

unrealistic high proportion of new production. Annual new production in the Sargasso

Sea is more or less balanced by annual nitrate fluxes to the euphotic zone.

Nutrients (phosphate, N+N, silicate) show small changes between 1992 and 1981.

The expected changes in N+N and phosphate of oxidative origin are small but

measurable. However, there is not a simple linear relation between the changes in oxygen

and nutrient concentrations at all depths as expected from nutrient-oxygen stoichiometric

molar ratios. An alternative hypothesis is that the decrease in oxygen content is due to

oxidation of organic matter rich in carbon but poor in phosphorus and nitrogen. This

possibility also seems unlikely. There is no observational evidence for an increase in the
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supply of particulate organic matter near 1100 m over the 11-yr period or changes in the

stoichiometry of the Redfield et al. (1963) ratios.

The broad uniformity of the average temperature, salinity, and oxygen changes

across the basin near 1100 m suggests natural changes in the source water characteristics.

However, it is difficult to assess the temporal and spatial scales of the apparent chemical

changes given the quality and coverage of the available historical nutrient and oxygen

data in the Atlantic. To understand the nature of the chemical changes on oceanic scales it

would be desirable to collect periodically high-quality measurements at similar locations

with basin wide coverage. In the future, we must strive to increase the spatial-temporal

resolution, quality, and multi-disciplinary nature of our chemical and physical

measurements. First, this will provide evidence regarding the relative importance of

coupled ocean-atmosphere and interior ocean processes and shed some light on the

relevant time scales. Second, this will provide a baseline for future studies in selected key

areas of the ocean in the upcoming decades.
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Chapter V

Summary of Conclusions
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This dissertation emphasize the use of precise nutrient and oxygen data for the

characterization of the waters that flow in the DWBC, its influence on the deep waters of

the Atlantic, and the assessment of chemical variability in the Atlantic.

The distributions of chemical (phosphate, nitrate, silicate, and oxygen) and

physical (temperature and salinity) variables indicate that the DWBC influences the

hydrography in the subtropical Northwestern Atlantic. The DWBC is the main vehicle for

the transport of relatively cold, salty, nutrient-poor but oxygen-rich waters of northern

North Atlantic origin within the entire Atlantic, most notably between about 1700 m

(36.89 2) and 3700 m (45.87 04).

A water-type dissimilarity parameter, "DREF", defined in terms of chemical and

physical differences between reference water-types in the DWBC (D and DL) and in the

deep Atlantic is a powerful tool to study the basin-scale distribution patterns of the water

characteristics of the NADW complex throughout most of the basin. The direct effect of

the DWBC is to provide cold, salty, nutrient- and oxygen-rich waters to 35°S in the

northern Argentine Basin and 2°E in the central Angola Basin

Sections collected in 1981 and 1992 across the subtropical North Atlantic indicate

changes in the temperature, salinity, nutrient and oxygen content of waters between about

700-1700 m. The layer of maximum chemical changes is roughly coincident with the

depth of maximum temperature and salinity changes during the same time period. The

nutrient and oxygen data suggests that the apparent changes could be caused by temporal

changes in the source characteristics of the waters entering the basin at these depths, but

the existing oceanographic data is not of sufficient temporal coverage to address the scale

of the chemical changes across the basin.
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