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Abstract.3

Simultaneous direct velocity measurements (shipboard ADCP) and hydro-4

graphic data (CTDO2) are used to investigate the upper ocean circulation5

and water masses distribution in the western tropical Atlantic. Seven ver-6

tical sections along 38◦W from the South American coast to 15◦N were taken7

from 1999 to 2005 as part of the Pilot Research Moored Array in the Trop-8

ical Atlantic (PIRATA) program. An Equatorial Undercurrent (EUC) multi-9

core structure is described, suggesting a complex feeding process at this lon-10

gitude. Two main EUC cores lie above and below the 20◦C surface, respec-11

tively. Strong observational evidence of thermocline ventilation is found in12

both EUC and North Equatorial Undercurrent (NEUC) regions. Salinity-13

oxygen analysis suggests that subtropical high salinity water from the North14

Atlantic is carried by one of the EUC cores. The North Equatorial Coun-15

tercurrent (NECC) was measured from 3◦N to 14◦N. The second branch of16

the NECC (nNECC) lies between 8◦N and 14◦N, and carries both North and17

South Atlantic waters. The nNECC was recently measured in the eastern18

tropical Atlantic but was never directly measured in the western part of the19

basin. In most of the PIRATA cruises analyzed, the two NECC cores are 3◦20

to 4◦ apart from each other. During July 2003, the two cores were found to21

be connected with no westward flow between them. Astonishingly, the July22

2004 cruise captured the exact moment in which the nNECC detaches from23

the sNECC to migrate northward. No NECC reversal was detected during24

any of the winter and spring cruises, supporting previous numerical model25
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research showing that this current never reverses direction, presenting only26

an intensification and change in direction of the Ekman flow due to the ITCZ27

displacement.28
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1. Introduction

The tropical Atlantic Ocean has been intensely investigated since the 1960’s when the29

ETAMBOT I and II observational programs were carried out [Austin, 1963; Cochrane,30

1963; Metacalf and Staculp, 1967; Luedemann, 1967; Metacalf , 1968]. During the 1970’s31

and 1980’s, the Global Atmospheric Research Program (GARP) - Atlantic Tropical Exper-32

iment (GATE), François Océan Climat Atlantique Equatorial (FOCAL), and the Seasonal33

Response of the Equatorial Atlantic Experiment (SEQUAL) were the main observational34

programs. A collection of 24 articles in Geophysical Research Letters, volume 11, number35

8, August 1984 concentrates the first year of results from the FOCAL/SEQUAL two-36

year joint program. Reprints from the Journal of Geophysical Research, volumes 91 and37

92 collect more observational and modeling articles from these programs. During the38

1990’s, the western tropical Atlantic was the research target due to the inter-hemispheric39

mass and heat budget. The Western Tropical Atlantic Experiment (WESTRAX) [Brown40

et al., 1992] provided one of the first acoustic profiler velocity measurements in the re-41

gion through the Pegasus system. The World Ocean Circulation Experiment (WOCE)42

supplies a large number of large-scale observational data all around the world. However,43

there is still a need for high-resolution observational data that covers the whole tropical44

basin and that continually collects information throughout the year for a long time period45

(decades). The lack of oceanic and atmospheric data in the tropics limits our ability to46

make progress on important climate issues. Therefore, the Pilot Research Moored Array47

in the Tropical Atlantic (PIRATA) [Servain et al., 1998] attempts to address this lack of48

data. The PIRATA Autonomous Temperature Line Acquisition System (ATLAS) moor-49
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ings are transmitting meteorological and oceanic measurements via satellite in real time50

since 1998, similar to the Pacific TAO program.51

In the past, much of the knowledge on ocean circulation was obtained from maps of52

geostrophic velocity computed indirectly from temperature, salinity, and pressure: the53

Dynamic Method. However, there are well known technical limitations, mainly in the54

equatorial and boundary regions. The numerical modeling, still indirect but much more55

powerful, provides relatively good multidimensional velocity maps. However, nowadays56

neither analytical nor numerical methods are able to supply velocity with the desired level57

of details. Therefore, direct ocean velocity measurements, which nowadays use acoustic58

systems, are essential for understanding ocean dynamics.59

Besides the high-resolution time series from the ATLAS buoys, high-resolution vertical60

profiles of ocean velocity, temperature, and salinity (and dissolved oxygen after 2003) have61

been measured along 38◦W during PIRATA oceanographic cruises once a year. The ship62

data complete the buoys information since they are important when drawing a picture63

of the upper circulation at a given location and time. Near 38◦W, where the western64

PIRATA buoys are strategically deployed, only a few direct velocity measurements had65

been done up to 8◦N and none northward this latitude. Thus, the PIRATA direct velocity66

observations (and CTD) are novel observations that supply a fresh view of the 38◦W67

meridian from the South American coast to 15◦N (Figure 1). The main goal of this68

work is to present additional descriptions of the upper layer currents and water mass69

distribution at the western PIRATA sites.70

This text is organized as follows. The next Section describes the data sets. Section 3.171

presents the water masses distribution while Section 3.2 discuss the upper ocean circu-72
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lation, describing the main currents. Section 3.3 presents additional analysis using the73

combined velocity, salinity and dissolved oxygen vertical maps. Section 4 summarizes the74

main ideas.75

2. Data

The data set used in this study is part of the Pilot Research Moored Array in the76

Tropical Atlantic (PIRATA), a multi-national cooperation Program [Servain et al., 1998].77

Since 1998 oceanographic surveys have been conducted by the Brazilian effort once a78

year for maintenance of the Autonomous Temperature Line Acquisition System (ATLAS)79

moorings, shown in Figure 1. Underway shipboard Acoustic Doppler Current Profiler80

(ADCP) data were collected, Conductivity-Temperature-Depth (CTD) sensors were cast,81

and Expendable Bathythermograph (XBT) probes were released. The track lines and82

CTD locations for the seven cruises considered herein are shown in Figure 1. The tracks,83

dates, and data types for each cruise are summarized on Table 1. The timing of the84

cruises was dictated primarily by the mooring battery time-life and by vessel availability85

rather than by scientific considerations. However, effort was expended to match the cruise86

dates with the southernmost Inter-tropical Convergence Zone (ITCZ) position due to its87

relevance to the South American rainfall.88

2.1. Shipboard ADCP

Velocity was measured by a 75-kHz vessel-mounted ADCP from RD Instruments on89

board the Brazilian Navy R/V Antares. The data were collected continuously along the90

cruise tracks along 38◦W (Figure 1), from 1999 to 2005 (Table 1). These ADCP data are91

novel observations in the western tropical Atlantic since the track-lines reach 15◦N at this92
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longitude. There is only a limited set of observations beyond 5◦N around this longitude93

[Arhan et al., 1998; Bourlès et al., 1999a, b, 2002].94

The seven PIRATA ADCP data sets were named Transect or VM-DAS according to95

the employed data acquisition software (Table 1). The processing and calibration of the96

obsolete Transect data are difficult and this raw data type is no longer recommended nor97

supported. The raw data were collected using a vertical bin length of 8 m with the first98

reliable bin representing a velocity mean from 16 to 24 m in depth. The depth range was99

about 400 m but it is dependent on sea state; the range was less than 250 m when the100

ship headed into heavier weather.101

The data were processed and calibrated using the Common Ocean Data Access System102

(CODAS) developed and maintained by a group of the University of Hawaii [Firing et al.,103

1995]. The original 5-min mean values have been processed and further averaged into104

1/4◦ horizontally. ADCP absolute current was determined by using standard shipboard105

gyroscopic compass heading and navigation from the Global Positioning System (GPS).106

The accuracy of the mean velocity profiles was estimated to be better than 5 cm s−1.107

2.2. CTDO2

Hydrographic data were collected with a SeaBird SBE 9Plus CTD instrument at each108

degree of latitude along 38◦W (Figure 1). The CTD profiles along the cruise track were109

500-m in depth but restricted to 300 m and to the north of 4◦N for the first cruise110

(JAN1998), and restricted to the ATLAS sites for the last two cruises (JUL2004 and111

JUL2005). Instead of 11.5◦N, the ATLAS system was deployed at 12◦N on FEB1999.112

Due to the restrictions in January 1998, this cruise was not used here.113
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During APR2002 and JUL2003, the CTD casts were simultaneous to the ADCP profiles114

while during the other cruises there is a time lag of a few days, preserving however, the115

synopticity. For this study, ATLAS and XBT data were used to fill out the CTD salinity116

and temperature gaps, when available. At the ATLAS sites the CTD profiles were deeper,117

reaching levels between 1000-m depth and the local bottom.118

The conductivity, pressure, and temperature sensors were calibrated before each cruise.119

Additional calibration was provided by in situ water samples (Nansen bottles) at standard120

depths and by thermosalinograph data. Duplicity of sensors was used when available as121

a means of quality control. Dissolved oxygen sensors were installed on the CTD system122

after 2003 and water samples were used for calibration.123

3. Water Masses and Upper Circulation

A 7-year series of vertical sections of ADCP and CTD data, as summarized on Table 1,124

is presented (Figures 3 to 5). Figure 2 displays the water masses configuration along125

38◦W during July 2003. Superimposed are the 20◦C and 27◦C isotherms, commonly used126

to represent the thermocline position and the mixed layer lower boundary, respectively127

(thick gray lines). The 24.5 Kg m−3 and 26.75 Kg m−3 density surfaces determine the top128

and bottom of the pycnocline (thick black lines).129

Figures 3 to 5 display velocity sections of the upper zonal current system at 38◦W and,130

on the right of each map, the correspondent Theta-S diagram. On top of the velocity maps,131

circles mark the CTD stations and triangles point to the ATLAS sites (See Figure 1 for132

horizontal distribution). Besides temperature and density, the salinity was overlaid (thin133

black lines). The Theta-S diagrams were computed from the CTD casts at the ATLAS134

sites along 38◦W and on the equator when available (see section 2.2 for details). The two135
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upper density surfaces plus the 27.1 Kg m−3, as the Intermediary Layer lower limit, were136

included.137

Analyzing velocity, salinity and temperature together is essential in order to understand138

water mass origin and current pathways.139

3.1. Water Masses

The water mass distribution in the tropical Atlantic has been recently investigated140

[Wilson et al., 1994; Stramma et al., 2005a, b] and a good review is found in Stramma141

and Schott [1999]. Therefore, a brief description is presented here.142

Different water masses are well identified along 38◦W up to 15◦N (Figure 2 and Figures 3143

to 5). The Tropical Surface Water (TSW) with temperatures of about 27◦C forms the144

mixed layer, therefore lying above the 24.5 density layer (Figure 2). Underneath, the145

Atlantic Central Water is characterized by a linear Theta-S relationship, and is located146

between the 27.1 density layer and the thermocline (20◦C) (Figures 3 to 5). The South147

Atlantic Central Water (SACW) is fresher and warmer (and contains less dissolved oxygen)148

than the North Atlantic Central Water (NACW), therefore a separation between the two149

can be seen clearly by the salinity front north of 10◦N (Figure 2) and in the Theta-S150

diagrams (Figures 3 to 5). Low salinity (36 to 36.25) and high temperature (20◦ to 25◦C)151

characterize the eastern TSW, which lies above the SACW and re-circulates in the tropical152

Atlantic into the zonal current system. The atmospheric convective process, i.e. rainfall,153

associated with the Atlantic ITCZ affects the TSW characteristics due to the large input of154

fresh water. The Salinity Maximum Water (SMW), also called Subtropical Underwater,155

is characterized by salinity maximum at densities around 24.5 and 25 Kg m−3. The156
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SMW is formed in the tropics-subtropics transition region by subduction and progresses157

equatorward as a subsurface salinity maximum, ventilating the tropical thermocline.158

The salinity front between the SACW and the NACW extends zonally across the entire159

North Atlantic Ocean from the Caribbean Sea to the African coast [Onken and Klein,160

1991]. Its eastern part, The Cape Verde Frontal Zone (CVFZ), has been intensively161

investigated [Onken and Klein, 1991; Spall , 1992; Klein and Siedler , 1995; Lozier et al.,162

1995; Vangriesheim et al., 2003]. This frontal system is an effective barrier between163

different water masses rather than a blender; water exchange most likely takes place as164

the result of large-scale horizontal instabilities which are responsible for the high temporal165

variability in the frontal position [Perez-Rodriguez et al., 2001].166

3.2. Velocity Field

An overview of the mean flow field and its fluctuations was given by Stramma and Schott167

[1999], which includes the direct velocity descriptions of Schott et al. [1995] and Schott168

et al. [1998]. Focused on the warm water formation and escape process, Lee and Csanady169

[1999] review current understanding in the tropical Atlantic. An extensive analysis of the170

currents in the equatorial west Atlantic was presented by Bourlès et al. [1999a]. The mean171

pathways and volume transports in the pycnocline and surface layer for water flowing be-172

tween the subtropical and tropical Atlantic Ocean (Subtropical-Tropical Cells; STC) was173

recently determined through climatological observations by Zang et al. [2003]. Therefore,174

there is a relatively detailed description of the western tropical Atlantic circulation. How-175

ever, Zang et al. [2003] emphasizes the lack of measurements in the North Atlantic STC176

region; an important key process for climate understanding. At 38◦W, only a few direct177

velocity measurements were collected up to 8◦N. The PIRATA program provides novel178
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direct velocity measurements north of 8◦N and up to 15◦N which will be described here.179

Transports of the main upper currents were computed and are presented on Table 2.180

3.2.1. The EUC181

Between 2◦S and 3◦N, the Equatorial Undercurrent (EUC) depicts an eastward multiple182

core structure above the 26.75 density layer, with two well defined cores within the pycn-183

ocline (Figures 3, 4, and 5). A close up on the EUC region is shown on Figure 6. Schott184

et al. [1995] describes two eastward cores in the EUC at 40◦W during March 1994. No185

dynamical explanation was given regarding the double core existence. They also mention186

that no North Atlantic water was carried by the cores at that time. Goes et al. [2005]187

examined velocity sections at 44◦W, 41◦W, and 35◦W from a cruise conducted in February188

2002. The authors demonstrate that the single EUC core at 44◦W and 41◦W separates189

into the NEUC and EUC by 35◦W, with the former composed of northern hemisphere190

waters and the latter southern hemisphere waters. These results indeed point to a very191

complex EUC behavior at 38◦W.192

The southernmost and deeper EUC core is located mainly between 1◦S and the equator,193

and always below the 20◦C. Figure 6 shows that the 20◦C is always between the two main194

EUC cores. They must therefore have distinct water mass origins and dynamics. This195

southern EUC core carries water with salinity fresher than 36, typically eastern Atlantic196

waters. This low-salinity water originates from the eSEC bifurcation in the western At-197

lantic [Bourlès et al., 1999b]. The second EUC core is on top of the thermocline, shifted198

slightly northward, and is always above the 20◦C layer (Figures 3 to 6). During MAR2000,199

APR2001, and APR2002, there is an inflection on the 24.5 line around 1.5◦N associated200

with this northern core intensification (Figures 3 and 4). This core coincides in position201
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with high salinity patches of values greater than 36.25. This is a strong observational ev-202

idence for the thermocline ventilation process where subducted high salinity subtropical203

waters flow equatorward to feed the zonal current system [Lazar et al., 2002; Zang et al.,204

2003].205

An extra subsurface core between the surface and the 27◦C layer was measured during206

the winter. During FEB1999, despite the lack of profiles, a subsurface core about 45 cm207

s−1 was measured near 2◦N. During MAR2000, this feature was found at 4◦N and has208

about 10 to 20 cm s−1, being almost detached from the EUC but connected to the NEUC209

(Figure 3). An eastward near-surface flow with velocities of up to 40 cm s−1 above the210

EUC have already been observed, as discussed by Bourlès et al. [1999b]. The authors211

mention that a possible explanation for this flow is the near-equatorial location of the212

ITCZ that leads to a relaxation of the wind forcing and an eastward pressure gradient.213

However, an eastward flow above the EUC was observed around 2◦S in September 1995214

and during two October cruises described by Schott et al. [1998], time in which the ITCZ215

has its northernmost position. Another possible explanation for this feature was the216

influence of the vertical advection of eastward momentum in the presence of large mean217

shear on the east component fluctuations. Bourlès et al. [1999b] also mention that works218

using numerical experiments explain the presence of this flow in the numerical results due219

to the weakness of the vertical viscosity coefficient used in the model.220

During MAR2000, APR2001, and APR2002, the EUC is shallower and more intense221

(Figures 6b, 6c, and 6d). The core velocity is over 100 cm s−1 and the transport during222

APR2001 is 31.8 Sv (1Sv=1×106 Kg m−3; Table 2). No velocity was measured above 24 m223

depth, but the data suggest that the EUC reaches the surface during these cruises. During224
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July cruises (Figures 6e, 6f, and 6g), the EUC is deeper (around 150 m depth). During225

JUL2003 and JUL2004, this current is relatively weaker (75 cm s−1) with no connection226

with the surface during JUL2004. Otherwise, during JUL2005, this current is strong (95227

cm s−1). JUL2005 seems to be an anomalous event, suggesting therefore a strong inter-228

annual variability. It is important to remember here that the JUL2004 section was taken229

diagonally from 38◦W,15◦N to 35◦W,3◦S. During this cruise the EUC is mostly at and230

southward of 35◦W.231

The data set described here has no measurements during the fall season and, therefore,232

does not allow for an appropriated seasonal cycle investigation. Arhan et al. [2006] analyze233

the annual cycle of the EUC using a realistic ocean general circulation model and compare234

the results with observations. The authors describe two well defined transport maxima235

along the year: one during summer and fall and a second, most pronounced near the236

western boundary, during April-May. The intensified March and April EUC described237

here agrees well with the model results.238

3.2.2. The nSEC and NECC239

North of 2◦N and above the thermocline, there are the two opposite currents directly240

driven by the wind: The northern branch of the South Equatorial Current (nSEC) and241

the North Equatorial Countercurrent (NECC). Both currents exhibit a strong seasonal242

cycle associated with the ITCZ meridional displacement [Katz and Garzoli , 1984; Katz ,243

1987; Garzoli , 1992].244

The nSEC carries surface fresh and hot water from the eastern tropical Atlantic, with245

salinity fresher than 36 and temperatures warmer than 27◦C. Its westward flux is weak246

during the winter cruises, with a maximum westward velocity of -25 cm s−1 at 3◦N during247
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FEB1999. This current is limited to regions above 70 m depth and between 2◦N and 5◦N248

during this cruise. During MAR2000 its core is at 5◦N but there is also a westward flow at249

3◦N and 120 m depth. The transports are -1.1 Sv for FEB1999 and -2.5 Sv for MAR2000250

(Table 2). During the spring cruises, the nSEC is a broad current between 2◦N and 8◦N251

with a surface core of -45 cm s−1 and transports about -7.5 Sv for APR2001 and -14.3252

Sv for APR2002. During summer cruises, the nSEC lies southward and centered at 2◦N,253

with the core velocity higher than -80 cm s−1. A stronger westward transport of -17.3254

Sv is observed during JUL2003. During JUL2005, the nSEC zonal component is weaker255

compared with the other July cruises, and its transport is only -4.8 Sv. At the same time,256

the EUC is intensified, probably related to an abnormal relaxation on the trade winds257

this year.258

The NECC, for a long time and due to the lack of direct velocity measurements, was259

improperly defined as the eastward surface flow (1) lying between 3◦N and 8◦N, (2) that260

is fed by South Atlantic waters only, and (3) that reverses direction during spring seasons.261

In a recent work, Urbano et al. [2006] show that the NECC lies between 3◦N and 13◦N,262

and that new observational programs should extend the measurements north of 8◦N which263

might then be used in new NECC heat, mass, and vorticity budget analysis. The authors264

also show that the NECC has a second northward core between 8◦N and 13◦N through the265

year; we will return to this important subject later on in this text. The velocity sections266

presented here, Figures 3 to 5 and Figure 7 clearly show the NECC extending north of 8◦N.267

During APR2002 (spring), the NECC is completely north of 8◦N while the nSEC is located268

between 2◦N and 8◦N. Regarding (2), previous work [Mayer and Weisberg , 1993; Bourlès269

et al., 1999a, b] had already showed that the NECC is fed by both the NBC retroflection270
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and by the North Equatorial Current (NEC), the southern limb of the subtropical North271

Atlantic gyre. The simultaneous ADCP, salinity and dissolved oxygen data disposed in272

vertical maps (Figure 8) show that the NECC is fed by both Northern and Southern273

Hemispheric waters (See Section 3.3 for oxygen analysis). Regarding (3), Bourlès et al.274

[1999a] show trough ADCP and CTDO2 data that the NECC was present in boreal spring275

(April-May 1996) west of 40◦W, fed with water of Northern Hemisphere origin only. The276

ADCP sections presented here (Figure 3) show that the NECC was also present in both277

boreal spring of 2001 and 2002, north of 7.5◦N. Jochum and Malanotte-Rizzoli [2003]278

showed through model results that the NECC never reverses direction and that only the279

Ekman layer becomes stronger and changes direction. Therefore, the novel direct velocity280

PIRATA measurements together with previous results provide strong evidence to settle281

this old NECC definition.282

Urbano et al. [2006] rediscovered the nNECC at 35◦W but the second core has never283

been observed directly. Recent direct velocity data in the eastern Atlantic [Stramma et al.,284

2005a] displays the NECC double core structure. However, the PIRATA ADCP data are285

the first direct velocity observation in the western Atlantic that measured the second286

core of the NECC. Urbano et al. [2006] described that these features are in Sverdrup287

balance; they must therefore be generated by the particular structure of the wind field.288

Consequently, the two cores of the NECC are the direct result of the finite width of the289

ITCZ, which has two curvature maxima of the zonal wind stress. The distance between290

the cores is directly proportional to the width of the ITCZ. A good picture that describes291

the nNECC seasonal behavior was presented by Urbano et al. [2006], their Figure 6.292
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Figure 7 presents the positive velocities only in the NECC region and for all PIRATA293

cruises. During the winter (i.e. FEB1999 and MAR2000; Figures 7a and 7b), the NECC294

displays the two-core structure 3◦ to 4◦ apart from each other. During FEB1999, the295

sNECC reaches 40 cm s−1 at 7◦N and 80 m depth, while the nNECC has 20 cm s−1
296

from 24 to 70 m depth. Both cores together account for 10.5 Sv (see Table 2). During297

MAR2000, the sNECC has 30 cm s−1 at 7◦N extending from 24 to 110 m depth, while298

the nNECC has a subsurface core of 10 cm s−1 at 12◦N. The total transport is 7.4 Sv.299

During spring (i.e. APR2001 and APR2002; Figures 7c and 7d), the ITCZ reaches300

its climatologically southernmost position and the NECC has the lowest transport value301

of the seasonal cycle. It is not clear, from the observational evidence analyzed so far,302

whether the nNECC remains at that time. However, based on the temperature and303

salinity information shown in Figure 7, it is possible to infer that the NECC depicts a304

weak main core at 7◦N and up to 40 m depth. The 27◦C and 36 psu lines outcrop the305

surface contouring the southern core. Near 8◦N, a subsurface core of 10 cm s−1 can be306

associated with the nNECC. During APR2002, a nNECC of 10 cm s−1 is identified around307

11◦N and at 50 m depth, extending below 120 m. The sNECC shows a 40 cm s−1 core at308

9◦N, but it is restricted between 8◦N and 10◦N (Figure 7d), with an eastward transport309

of 4 Sv.310

During summer (i.e. July cruises; Figures 7e, 7f, and 7g), the NECC presents different311

features. When the sNECC and nNECC are close, it is difficult to identify the nNECC.312

However, the deep structure often associated with the northern core reveals its presence313

(see Figure 5 for deep structure). During JUL2003 (Figure 7e), the sNECC is stronger,314

with a subsurface core of 100 cm s−1 at 6.5◦N and 60 m depth. The nNECC is also stronger,315
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with 30 cm s−1 between 40 and 80 m depth. At this time, the NECC has its strongest316

transport (17.9 Sv) of all cruises presented here. The JUL2004 map (Figure 7f) shows317

a very important phase of the nNECC; this transect depicts the moment in which the318

nNECC apparently starts to detach from the sNECC to go back to its original position at319

11-12◦N. The sequence of events shown by Figure 7 agrees well with the nNECC position320

in the climatological seasonal cycle of transport presented by Urbano et al. [2006], their321

Figure 6. The sNECC has 60 cm s−1 at 5◦N and 70 m depth, and the total NECC transport322

was 9.8 Sv. During JUL2005, the sNECC core is 70 cm s−1 at 6.5◦N and around 60 m323

depth. Alone, the sNECC transport is 11.4 Sv. During JUL2005 the nNECC (Figure 7g) is324

evident but its full development is expected to happen in September-October, as presented325

by Urbano et al. [2006]. Unfortunately, there are no measurements during these months.326

The nNECC reached 20 cm s−1 at 110 m but was not stronger than 10 cm s−1 at 70 m327

and at 30 m depth (Figure 7g). Alone, the nNECC transport is 2.8 Sv (Table 2).328

3.2.3. The NEUC329

In pycnocline levels and between 3◦N and 7◦N, the eastward North Equatorial Under-330

current (NEUC) [Molinari et al., 1981] is associated with an evident slope on the 26.75331

density layer north of 4◦N in all cruises but FEB1999 (Figures 3 to 5). However, this332

density surface cannot determine the NEUC lower limit since there is an eastward flow333

below this surface. During the winter (Figure 3), the NEUC was connected with both334

EUC and NECC; it was isolated during spring (Figure 4), and connected only with the335

NECC during the summer cruises (Figure 5). On top of the NEUC, similarly to the336

EUC, another patch of high salinity is found. It suggests that the NEUC is also fed by337

subtropical water through thermocline ventilation.338
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In FEB1999 (Figure 3), the maximum velocity is 50 cm s−1 centered at 5◦N and 150339

m depth. Its transport is 8.9 Sv (Table 2). During MAR2000, the NEUC reaches 35 cm340

s−1 at 4◦N, and its transport is 5.6 Sv. The shallower ADCP sampling during APR2001341

(Figure 4) renders inconclusive the determination whether the NEUC core is as weak as 10342

cm s−1, or wether it is deeper than the 130 m depth sampled. However, during APR2002,343

the NEUC also has a weak core of 10 cm s−1 centered at 5◦N. The transport during this344

two spring cruises are only 0.7 and 1.0 Sv, respectively (Table 2).345

During the summer, the NECC is displaced southward and aligned with the NEUC346

(Figure 5). The NEUC core is added to the NECC eastward flow. During JUL2003 and347

JUL2005, the NEUC is centered at 5◦N, above the 24.5 density layer, and south of the348

NECC. During both cruises the core velocity is 30 cm s−1, and the transports are 3.4 and349

5.4 Sv, respectively. In JUL2004, the NEUC is northward of the NECC, centered at 6◦N,350

and is part of the eastward flow usually associated with the nNECC deep structure. Its351

transport is 3.6 Sv.352

Even though connected with the NECC and EUC, the NEUC core is below the ther-353

mocline, and therefore it is commonly assumed that this current cannot be directly wind-354

driven. However, the dynamics regarding both north and south Equatorial undercurrents,355

in the Atlantic and Pacific oceans, is still not completely understood. There are two hy-356

pothesis: McCreary et al. [2002] suggest that the undercurrents are driven by off-equatorial357

upwelling and that they are an essential branch of the thermo-haline circulation. Jochum358

and Malanotte-Rizzoli [2004] suggest that in addition to the McCreary et al. [2002] mech-359

anism, there is the Eliassen-Palm flux of the Tropical Instability Waves (TIWs). It is360

the particular structure of the TIWs that leads to maxima in the convergence of the361
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Eliassen-Palm flux at approximately 4◦N (5◦S), thereby determining the position of the362

undercurrent.363

It is important to mention that the NEUC transport computation is difficult due to its364

proximity to both the EUC and the NECC. Besides, the lower integration limit used here365

for the NEUC transport computation was only 250 m and the acoustic profiles did not366

reach this depth in all cruises.367

3.3. Dissolved Oxygen Analysis

The upper water column in the western tropical Atlantic has not only distinctive368

temperature-salinity correlation but also temperature-oxygen and salinity-oxygen corre-369

lation, which can be used to infer more details about the origins of regional water masses370

[Wilson et al., 1994]. However, extra care must be taken since dissolved oxygen is a371

non-conservative property. PIRATA CTDO2 stations at each degree of latitude from the372

PBR06 cruise (JUL2003) allow us to combine the oxygen concentration with salinity and373

velocity (Figure 8) to better understand the upper circulation along 38◦W.374

Figure 8a displays the vertical section of dissolved oxygen with concentrations higher375

than 3.5 ml l−1 shaded. For this cruise, the concentration range is narrow, being between376

3 and 4 ml l−1. Usually subtropical waters have oxygen concentration of 4 to 5 ml l−1,377

while typical deep and poor oxygen waters have less than 2 ml l−1.378

Subtropical North Atlantic water is found north of 11◦N, on pycnocline levels and379

associated with the SMW which sinks northward of 15◦N. This water is associated with380

the NEC (see Figures 8b and 8c for velocity and Figure8c for salinity). For JUL2003,381

as for FEB1999, the maximum salinity value associated with the SMW is 36.75 while382

for all the other cruises the salinity maximum is over 37 psu (Figures 3 to 5). The383
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high variability and intense eddy activity there probably mixed the waters leading to384

lower salinity values. Also, Figures 8b and 8c, the zonal and meridional velocity fields385

respectively, display several changes in flow direction at this depth. Another reason for386

the lack of higher salinity at 15◦N at those cruises is the NECC northward displacement,387

which restrains the penetration of SMW equatorward.388

Between 2◦N and 11◦N, and above 100 m, there are three regions of low oxygen con-389

centration (Figure 8a). South of 1◦N, both the eSEC and the upper EUC carry high390

salinity (36 to 36.5 psu) and relatively low oxygen water (3.4 to 3.5 ml l−1). From the391

meridional velocity field (Figure 8c) both the eSEC and the upper EUC show a southward392

component. The eSEC water is flowing southwestward before joining the northwestward393

NBC/NBUC system and turning anti-cyclonicaly to feed the EUC west of 38◦W. [Zang394

et al., 2003] show through climatological data that the EUC is ventilated by South At-395

lantic subtropical water both through a western boundary route (NBC/NBUC) and an396

interior route across 6◦S, between the western boundary and 10◦W. The high salinity397

water found here within the eSEC is probably from the interior route.398

The northwestward nSEC (1◦N to 5◦N) carries relative high oxygen waters (over 3.5 ml399

l−1). Salinity higher than 36 is found in subsurface levels, while low salinity is found above400

75 m, probably due to heavy equatorial rainfall activity. [Zang et al., 2003] suggest that401

the high-salinity water of North Atlantic origin flows westward in the NEC, skirting the402

region of high potential vorticity under the ITCZ, then flows southward and southeastward403

into the NECC (see Figure 8). Part of these waters, along with South Atlantic waters404

retroflected from the NBC, may upwell along the path of the NECC in the upwelling405

regions under the ITCZ and near the African coast. Some of these waters may also become406
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entrained into the westward nSEC and then be drawn into the EUC. These serpentine407

pathways are consistent with the numerical modeling results of Malanotte-Rizzoli et al.408

[2000] and Inui et al. [2002], and with the features presented in Figure 8.409

At 6◦N and 9◦N, the sNECC and nNECC, similarly to the upper EUC, are fed by low410

oxygen, but very fresh (35.25 to 36), water. In most likelihood, strong rainfall activity411

associated with the ITCZ and the Amazon River runoff contribute to the surface low412

salinity in this region.413

Two cores of low oxygen are found north of 8◦N and below 100 m depth. These two414

low oxygen regions are associated with two well-defined northwestward flows at 10◦N and415

14◦N (Figures 8b and 8c). The southern core is fresher and has less dissolved oxygen (35416

psu and 3 ml l−1) than the core north of the front (35.75 psu and 3.2 ml l−1). Waters from417

the Guinea Dome upwelling (10◦N, 23◦W), which have low oxygen, join the NEC north418

and south of the Cape Verde Island to form the CVFZ and flow westward [See Stramma419

and Schott [1999], their Figure 4].420

4. Summary

Additional information about the upper ocean circulation is provided using direct ve-421

locity measurements and hydrographic observations from annual PIRATA cruises along422

38◦W and from 1999 to 2005. The velocity data described here are novel observations423

since the meridional sections extended up to 15◦N while the previous few direct velocity424

data northernmost latitudes reached up to 7.5◦N.425

The EUC multiple core structure is described. Strong observational evidence of ther-426

mocline ventilation is given by high salinity, apparently from the North Hemisphere,427

associated with the northernmost EUC core. This core is frequently found on the top of428
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the thermocline while the southern core is below 20◦C. Whether the high salinity water is429

from the South or North Hemisphere can only be defined through lagrangian analysis and430

high-resolution model experiments. Observational evidence of thermocline ventilation in431

the NEUC region is also provided by the PIRATA data. An important contribution of432

the seven PIRATA velocity sections is that the EUC multiple core structure at 38◦W433

shows itself to be much more complex then thought and that 38◦W is a key region for the434

understanding of thermocline ventilation and therefore climate.435

One of the most important results of this work is the direct measurement of the NECC436

northern branch (nNECC). In a recent paper, Urbano et al. [2006] rediscovered the NECC437

second core but the strongest observational evidence of this feature was only found, at that438

time, in ship-drift and surface drifter data. Until the PIRATA ADCP data, the NECC439

second core had never been observed directly in the western tropical Atlantic. Urbano440

et al. [2006] suggested a dynamical mechanism driving the NECC cores and presented a441

climatological picture of the seasonal cycle of transports computed from the QuikSCAT442

data. In that picture, the NECC cores are 4◦ apart from each other from January to May.443

In June-July-August, the cores are connected due to the northernmost ITCZ position. In444

September, the second core has its strongest transport and the cores are again 4◦ apart.445

In November-December the seasonal cycle starts again. The seven PIRATA velocity maps446

did not completely fill the seasonal cycle, but were able to register the different phases of447

the nNECC, supporting the climatological description.448

For a long time, the NECC was thought to be the eastward flow between 3◦N and449

8◦N, only fed by South Atlantic waters through NBC retroflection. As no retroflection450

can occur during spring, it was also thought that the NECC reverses direction during451
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that time, mainly during April. The PIRATA observations, together with previous recent452

results, present strong observational evidence that the NECC does not actually reverse453

direction. During the two spring cruises presented here (APR2001 and APR2002), the454

NECC is weak and caries both North and South Atlantic waters. Therefore, the PIRATA455

observations supply strong evidence to settle the old NECC definition.456

The water mass distribution along 38◦W had been extensively described and reviewed457

by previous works. Therefore, few new information was added and most of the features458

described here are in agreement with previous findings. Otherwise, the simultaneous459

CTDO2 and ADCP maps shed light on the currents feeding processes, mainly about the460

NECC. The dissolved oxygen observations described here, even though limited to one461

cruise (JUL2003), were essential in order to support the idea that the NECC is indeed462

fed by both South and North Atlantic waters, and that there is strong variability on this463

feeding process, with strong eddy activity between the NECC and NEC superimposed464

on the mean flow field. Also, the high-resolution salinity field in the northernmost part465

of the sections (between ATLAS buoys) displays the western part of the CVFZ. A fresh466

view is provided by the simultaneous velocity and salinity maps from the equator to the467

CVFZ region.468

The PIRATA ship data described here are invaluable to complete the investigations469

using the high-resolution timeseries from the ATLAS systems. However, measurements470

during the fall season are still missing. The western tropical Atlantic still needs more471

detailed direct velocity observations, mainly in the tropical-subtropical band, a key region472

to climate research. The observational discussion presented in this note are presently473
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being subject of high-resolution ocean modeling at CPTEC/INPE, and shall contribute474

to enlarge the picture inferred from the observational evidence presented here.475
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Table 1. Summary of Brazilian PIRATA cruises, dates and ADCP/CTD data types.

Cruise Alias Boreal Season Section Data type

PIRATA BR I a JAN1998 winter 15N-4N , 38◦W CTD
PIRATA BR II FEB1999 winter 15◦N-3◦S , 38◦W Transect/CTD
PIRATA BR III MAR2000 winter 15◦N-2◦S , 38◦W Transect/CTD
PIRATA BR IV APR2001 spring 15◦N-3◦S , 38◦W VM-DAS/CTD
PIRATA BR V APR2002 spring 15◦N-3◦S , 38◦W VM-DAS/CTD
PIRATA BR VI JUL2003 summer 15◦N-3◦S , 38◦W VM-DAS/CTDO2

PIRATA BR VII JUL2004 summer 15◦N,38◦W- 3◦S,35◦W VM-DAS/CTDO2
b

PIRATA BR VIII JUL2005 summer 15◦N-2◦S , 38◦W VM-DAS/CTDO2
b

a Will not be used here.

b CTDO2 at ATLAS sites only.

Table 2. Current transports in Sverdrups (Sv) at 38◦W for each PIRATA cruise.

Cruises EUC sNECC nNECC NECC nSEC NEUC
Limits of 2S-3N 3-8N 8-14N 3-14N 0-8N 3-7N

integration 24-250m 24-120m 24-250m 24-120m 24-120m ≈70-250m

FEB1999 23.5∗ 7.6 4.6 10.5 -1.1 8.9
MAR2000 29.0∗ 5.3 3.6 7.4 -2.4 5.6
APR2001 31.8 1.0 – 1.0 -7.5 0.7∗

APR2002 10.7∗ 3.4 2.1 4.0 -14.3 1.0
JUL2003 14.3 13.1 4.6 17.9 -17.3 3.4
JUL2004 17.9 4.4 7.4 9.8 -13.8 3.6
JUL2005 21.2 11.4 2.8 12.9 -4.8 5.4∗

∗ Incomplete sampling of the current domain leading to underestimated values.
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Figure 1. Western PIRATA array. ATLAS moorings (squares), CTD stations along 38◦W

(circles) and VM-ADCP Brazilian tracks (lines). The gray contours show the bathymetry.
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Figure 2. The water masses along 38◦W for July 2003: Tropical Surface Water (TSW); South

Atlantic Central Water (SACW); Salinity Maximum Water (SMW); and North Atlantic Central

Water (NACW). Contours are salinity with gray shade for values over 36 psu. Density surfaces

of 24.5 and 26.75 Kg m−3 (thick black lines) and temperature surfaces of 20◦C, 25◦C, and 27◦C

were superimposed (gray lines).
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Figure 3. Vertical maps along 38◦W (right) and correspondent Theta-S diagrams (left) for

winter cruises. Shaded colors show the ADCP zonal velocity component in cm s−1. Positive

(eastward) velocity in red and negative (westward) velocity in blue, with zero velocity in thin

white lines. Overlaid are salinity (black thin lines) with contour interval of 0.25, temperatures of

20◦C and 27◦C (white thick lines), and densities of 24.5 and 26.75 Kg m−3 (black thick lines). On

the top, circles are the CTD stations and triangles are ATLAS moorings. The Theta-S legend

displays the latitudes in degrees.
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Figure 4. Same of Figure 3 but for spring.
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Figure 5. Same of Figure 3 but for summer.
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Figure 6. Positive velocity section in the EUC limits. Overlaid is the salinity contours of 36

and 36.5, and temperature contours of 27◦C (shallower) and 20◦C.
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Figure 7. Positive velocity section in the NECC limits. Overlaid is the salinity contours of 36

and 36.5 (thick black contours), and temperature contours of 27◦C (shallower) and 20◦C (light

gray contours). In f and g, there is no high-resolution salinity available, while temperature are

from XBT.
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Figure 8. Vertical distribution of dissolved oxygen, salinity and velocity along 38◦W for July

2003. (a) Contours of dissolved oxygen; values above 3.5 ml l−1 were shaded in gray. (b) dissolved

oxygen superimposed on the zonal velocity. Dark (light) shades are westward (eastward) flow. (c)

salinity superimposed on the meridional velocity. Dark (light) shades are southward (northward)

flow; thick gray line is zero.
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