YALE
PEABODY
MUSEUM

P.O.BOX 208118 | NEW HAVEN CT 06520-8118 USA | PEABODY.YALE. EDU

JOURNAL OF MARINE RESEARCH

The Journal of Marine Research, one of the oldest journals in American marine science, published
important peer-reviewed original research on a broad array of topics in physical, biological, and
chemical oceanography vital to the academic oceanographic community in the long and rich

tradition of the Sears Foundation for Marine Research at Yale University.

An archive of all issues from 1937 to 2021 (Volume 1-79) are available through EliScholar,
a digital platform for scholarly publishing provided by Yale University Library at
https://elischolar library.yale.edu/.

Requests for permission to clear rights for use of this content should be directed to the authors,
their estates, or other representatives. The Journal of Marine Research has no contact information
beyond the affiliations listed in the published articles. We ask that you provide attribution to the

Journal of Marine Research.

Yale University provides access to these materials for educational and research purposes only.
Copyright or other proprietary rights to content contained in this document may be held by
individuals or entities other than, or in addition to, Yale University. You are solely responsible for
determining the ownership of the copyright, and for obtaining permission for your intended use.
Yale University makes no warranty that your distribution, reproduction, or other use of these

materials will not infringe the rights of third parties.

This work is licensed under a Creative Commons Attribution-
‘ @ @ @ @ \ NonCommercial-ShareAlike 4.0 International License.

https://creativecommons.org/licenses/by-nc-sa/4.0/

SSSSSSSSSSSSSSSSS




Journal of Marine Research, 55, 633-670, 1997

The hydrography and circulation of the upper 1200 meters
in the tropical North Atlantic during 1982-91

by Gennady Chepurin! and James A. Carton’

ABSTRACT

We assemble a collection of 7591 conductivity-temperature-depth stations in the tropical Atlantic
between 5S and 20N for the period 1982-1991 using data from the Soviet SECTIONS program
enhanced by contributions primarily from the WESTRAX and FOCAL/SEQUAL programs. Most of
the stations are west of 30W, forming a series of 21 surveys. In addition there were five multi-ship
basinwide surveys, each taking 1.5-3 months to complete. The quality of the SECTIONS data is
discussed and comparisons between the data sets are shown. Within the pycnocline, southern water is
distinguished by salinity that is 0.3 psu lower than its northern counterpart at the same density. This
difference allows us to distinguish the origin of pycnocline water. Based on this information togcther
with geostrophic analysis we confirm that much of the water transported across the equator in the
North Brazil Current retroflects eastward south of 8N. In summer and fall the water of the North
Brazil Current merges with the water of the North Equatorial Current to form the North Equatorial
Countercurrent, whose axis shifts southward with depth. East of 35W part of the mass transport in the
Countercurrent is lost to the equatorial zone, while the rest continues eastward. During winter and
spring eastward currents are found in two latitude bands, a surface current between 5-10N and a
weaker current south of SN confined to the thermocline. This latter North Equatorial Undercurrent
has no surface expression in winter. During the summer and fall the northern boundary of Southern
Hemisphere water at pycnocline depths is given by the North Equatorial Countercurrent. During the
rest of the year the northern boundary of Southern Hemisphere water only penetrates to the edge of
the weaker North Equatorial Undercurrent south of 5N.

The availability of ten years of data allows us to examine aspects of year-to-year variability.
Among these results the data set reveals strong meandering of the North Equatorial Countercurrent
between 42W and 35W during the summer of 1987. The meandering also appears in contemporane-
ous Geosat altimetry. Another unusual feature occurred in the summer 1986 when there was a strong
thermocline current transporting water northward at the rate of 26 Sv. Water mass analysis shows
that this current was the result of a pressure gradient set up by an intrusion of warm low-salinity water
from the Southern Hemisphere. The fact that this high transport occurred in the interior ocean
suggests that interior flows must be monitored during any attempt to observe meridional transports of
mass or heat.

1. Introduction

The purpose of this paper is to examine the temperature, salinity, and geostrophic
velocity in the upper 1200 m of the northern tropical Atlantic. This layer plays an important
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role in the general circulation of the oceans because it is here that warm water crosses into
the Northern Hemisphere.

Estimates of the northward transport of warm water are fairly consistent. Schmitz and
Richardson (1991) estimated the volume transport of southern water entering the Florida
Current to be 13 Sv (13 X 10% m%/s). At the equator Schott ef al. (1995) suggest that the
western North Brazil Current alone transports 12 Sv of southern water northward at levels
above g, = 26.8. Once across the equator the fate of this southern water is much less
certain. Many studies have shown that only a few Sverdrups of water flows continuously
along the South American coast (Korotaev and Chepurin, 1989; Candela et al., 1992;
Wilson et al., 1994). An additional 3-4 Sv moves northward in the form of anticyclonic
eddies spun off the North Brazil Current (Fratantoni ef al., 1995). The remaining 6 Sv that
crosses the equator in the west apparently enters the zonal circulation system. The
mechanisms by which these flows of southern water move northward are the subjects of
this paper.

The mean and seasonal circulation in the upper layers has been the subject of extensive
efforts in the past 20 years (e.g., Merle, 1978; Cochrane et al., 1979; Katz, 1981; Garzoli
and Katz, 1983; Richardson and Reverdin, 1987; Molinari and Johns, 1994). Despite these
efforts some basic questions remain. In the western basin the motion field is dominated by
the seasonal appearance of the eastward North Equatorial Countercurrent (NECC). An
eastward North Equatorial Undercurrent (NEUC) is also apparent in and below the
thermocline, as suggested by Cochrane et al. (1979) and Molinari and Johns (1994). But,
the relationship between these two currents remains unclear. Much of the hydrographic
data previously analyzed was confined to restricted areas. Because of the presence of
strong seasonal and interannual variability, the eastward extension of these currents still
remains to be defined. Perhaps most important, limitations in the total amount of data have
prevented previous studies from examining year-to-year changes in the circulation of this
region.

In this paper we examine the extensive hydrographic record for the ten-year period
1982-1991. Part of the data comes from two experiments, FOCAL/SEQUAL? (1060 sta-
tions), and WESTRAX? (172 stations). The first of these data sets and an additional
355 stations were obtained from the World Ocean Atlas (Levitus, 1994). In this study these
data have been enhanced by 4931 stations collected as part of the Soviet program
SECTIONS,* the largest hydrographic experiment ever conducted in the tropical Atlantic.

Because most of our data come from SECTIONS (Efimov, 1987) and have not been
extensively documented in the western literature, Section 2 presents this data set.
Fortunately, some overlap exists between this data set and the WESTRAX data set
allowing us to make some temperature and salinity comparisons. In Section 3 we examine
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ocean properties along two meridional sections. One of these is at 44W and represents
conditions in the western basin. The other is at 23W and represents conditions in the central
basin. In Section 4 the data are presented along constant density surfaces. In the late-1980s
some surveys allow us to examine water properties for the whole basin. Otherwise we are
restricted to analysis of properties either in the western or central basin.

2. Data sources and processing

By far the largest data set ever collected in the tropical Atlantic was collected as part of
the Soviet SECTIONS program. The six ships used during SECTIONS were provided by
two different oceanographic laboratories. The Marine Hydrophysical Institute (MHI) of the
Ukrainian Academy of Science in Sevastopol supplied two research vessels for the
experiment, Academic Vernadsky and Mikhael Lomonosov, as well as providing overall
coordination. The State Oceanographic Institute (SOI) of the USSR supplied the Volna,
Jakov Gakkel, Dmitry Ushakov, and Parshin. The hydrographic stations from MHI
research vessels were recorded at 5 m vertical resolution with 65% extending to a depth of
1200 m. The data from SOI research vessels were collected at 10 m resolution, but were
archived in MHI only at 16 standard levels. The common hydrographic data set was
archived in MHI and is the source of the data we report on here. The data set consists of
4931 temperature and salinity profiles collected during 26 surveys carried out during
1984-1990 (listed in Table 1). The 26 surveys were divided into three stages.

During the first stage, 1984—-1985, eight hydrographic surveys were conducted near the
South American coast between 2S to 20N. Each survey consisted of 810 hydrographic
sections made perpendicular to the coast. The spacing between the sections was 100 km,
while the station spacing along each section was 50 km. The objective of this stage was to
define the seasonal cycle of variations in the northwest (Efimov, 1987).

During the second stage, 1986-1988, 12 surveys were carried out between 25-12N
latitude and S8W-5W longitude. During the first two years the sections were oriented
north-south, with 166 km spacing between tracks and 55 km along track spacing. In 1988
the spacing between tracks increased to 333 km. During this stage generally two or three
research vessels were collecting data simultaneously. The objective of stage two was to
investigate seasonal variability of the NECC (Bulgakov et al., 1989).

The third stage, 1989-1990, had seven surveys organized into three experiments
designed to sample the synaptic variability. Two experiments were carried out in the west
and one in the central basin. In the first, carried out in the spring of 1989, two research
vessels were present simultaneously in the western region. Dmitry Ushakov collected data
from west to the east, while Academic Vernadsky collected data from east to the west. The
second experiment was carried out in the east during the fall 1989 by Jakov Gakkel and
Academic Vernadsky. The third experiment was carried out in the west during the winter of
1990. The cruises were carried out using the Parshin and Academic Vernadsky.

Vertical profiling by the research vessels of MHI was done with two conductivity-
temperature-depth (CTD) probes, MHI-4102 and MHI-4201. Both were constructed at
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Table 1. Summary of cruises in the tropical Atlantic.

Experiment

FOCAL/SEQUAL
FOCAL/SEQUAL
FOCAL/SEQUAL
FOCAL/SEQUAL
FOCAL/SEQUAL
FOCAL/SEQUAL
FOCAL/SEQUAL
FOCAL/SEQUAL
FOCAL/SEQUAL
SECTIONS (Ac. Ver.)
SECTIONS (J. Gak.)
SECTIONS (Ac. Ver.)*
SECTIONS (Ac. Ver.)*
SECTIONS (Voln.)
SECTIONS (Ac. Ver.)
SECTIONS (Ac. Ver.)
SECTIONS (J. Gak.)!
SECTIONS (M. Lom.)*
SECTIONS (Ac. Ver.)
SECTIONS (Voln.)**
SECTIONS (M. Lom.)
SECTIONS (Ac. Ver.)
SECTIONS (Voin.)
SECTIONS (Ac. Ver.)
SECTIONS (Ac. Ver.)*
SECTIONS (M. Lom.)!
SECTIONS (M. Lom.)
SECTIONS (Ac. Ver.)
SECTIONS (Ac. Ver.)
SECTIONS (D. Ush.)!
SECTIONS {J. Gak.)
PREWESTAX (M. Bal.)
SECTIONS (Ac. Ver.)
SECTIONS (Ac. Ver.)
WESTRAX (M. Bal.)
SECTIONS (Par.)
SECTIONS (Ac. Ver.)
WESTRAX (M. Bal.)
WESTRAX (M. Bal.)
WESTRAX (M. Bal.)
WESTRAX (M. Bal.)

Journal of Marine Research

Start

07/06/82
10/13/82
01/11/83
03/16/83
07/01/83
10/03/83
01/11/84
04/02/84
07/03/84
08/11/84
10/28/84
01/21/85
03/15/85
03/15/85
06/22/85
07/30/85
07/30/85
03/15/86
03/28/86
03/28/86
07/16/86
09/03/86
02/07/87
02/09/87
06/04/87
06/18/87
05/21/88
07/29/88
04/25/89
05/03/89
09/07/89
08/28/89
10/15/89
11/07/8%
01/01/90
02/08/90
02/08/90
09/17/90
01/16/91
06/20/91
09/07/91

*—salinity is being corrected by bottle data.

**__galinity is being corrected by closest calibrated hydrographic data.

N—data from WOA-94 (Levitus, 1994).

I—salinity cannot be corrected.

End

07/23/82
11/21/82
02/18/83
04/29/83
08/06/83
12/02/83
02/15/84
05/14/84
08/07/84
11/20/84
12/09/84
02/26/85
04/06/85
05/15/85
07/10/85
09/14/85
09/14/85
05/05/86
04/24/86
05/04/86
09/16/86
10/25/86
03/26/87
04/03/87
07/22/87
08/06/87
09/14/88
09/14/88
06/05/89
06/02/89
10/02/89
09/16/89
10/29/89
11/28/89
02/19/90
03/08/90
04/14/90
10/04/90
01/30/91
07/03/91
09/17/91

[55,4

No. of stations

52/
97"
1537
95/
237"
126"
g4/
1027
104"
279
133
167
11
328
164
160
151
168
219
209
298
207
298
300
288
200
168
198
82
161
79
537
75
99
33
119
270
38
25
42
14
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MHI and tested by the state testing agency using standard methods (Kalashnikov, 1985).
The first instrument has an accuracy of 5 X 1074 Siemens/m, +0.025°C and *=3 X
1072 Mpa at the 95% level. The rosette surrounding the MHI-4102 holds 16 bottles.
During the cruises these bottles were used to take the samples of water at standard levels
for nutrient analysis. This instrument has higher conductivity error levels of *2.5 X
1073 Siemens/m. The MHI-4201 was designed to be used while the ship is underway, and
thus does not carry water bottles.

The vertical resolution of the MHI-4102 is one meter. During the cruises the profiles
were smoothed with a 5-m cosine filter, and the data were saved at 5 m intervals. The
vertical resolution of the MHI-4201 depends on ship velocity, but is typically 1-2 m. The
data from this instrument were smoothed and saved at 5 m intervals as well. The surface
value of salinity and temperature represents the first measured value, and has not been
smoothed. The depth of the first measurement varied between 5—15 m. The data presented
here were collected while the CTD was descending.

Temperature and salinity observations for different cruises were compared with each
other and with climatologies of Levitus and Oort (1977), Levitus (1994), and Chernova and
Chmutov (1987). Based on these comparisons we identified some problems with the
salinities. We find the most severe problem with the MHI salinities was an error due to lack
of onboard calibration. The calibration error had the effect of elevating salinities during
five cruises, Academic Vernadsky 1/21/85-2/16/85, 3/15/85-4/6/85, and 6/4/87-1/22/87,
and Mikhael Lomonosov 3/15/86-5/5/86 and 6/18/87-8/6/87 (throughout this paper we
will use dates to identify particular cruises). For depths greater than 600 m the increase was
typically 0.03 psu. Unfortunately, this error depends on depth and varies from cruise to
cruise. Nevertheless, the error is an order of magnitude smaller than average difference in
salinity between Northern and Southern Hemisphere origin waters (Fig. 5). Thus we are
still able to use salinity to separate these water types. For the three cruises of Academic
Vernadsky and for Mikhael Lomonosov 3/15/86—-5/5/86 bottle samples had been collected
and salinity had been determined by titration. For these cruises we developed an empirical
correction to salinity observations. For Mikhael Lomonosov 6/18/87-8/6/87 we were
unable to make such a correction. This cruise covered a unique part of a basinwide survey,
and so the data were used in our analysis. The figure legends indicate where it is used.

The SOI research vessels used hydrozond or zondbathometer CTD probes. These two
probes have identical error characteristics: =3 X 107® Siemens/m, =0.03°C, and =5 X
102 Mpa at the 95% level, all estimated in the same way as MHI data. The calculation of
salinity from conductivity was carried out by engineers aboard the research vessels.
Unfortunately three of the cruises, Jakov Gakkel 7/30/89-9/17/89, Volna 3/28/86-5/4/86,
and Dmitry Ushakov 5/3/85-6/2/85 also had salinity calibration problems. The inaccura-
cies are most evident below 600 m where the profiles are typically 0.03 psu too high. No
bottle data were available for these cruises. However one cruise, Volna 3/28/86-5/4/86,
was a part of a larger-scale transatlantic survey by three research vessels. Thus we were
able to correct salinity for this cruise by comparing profiles on constant density surfaces
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Figure 1. Hydrographic profiles (at ON, 44W) from a SECTIONS cruise on February 23, 1990 and a
WESTRAX cruise on February 11, 1990. (a) Temperature with depth, (b) salinity with depth, (c)
temperature versus salinity.

with neighboring calibrated profiles. Data from the other two cruises were not used in this
study.

As pointed out in the Introduction, SECTIONS immediately preceded the 1990-1991
surveys of the WESTRAX experiment (Johns and Wilburn, 1993). We begin our presenta-
tion of results by comparing the temperature and salinity profiles from SECTIONS and
WESTRAX stations in January, 1990 (Figs. 1-3). In Figure 1 a SECTIONS profile near
ON, 44N from Academic Vernadsky 2/8/90-4/14/90 is compared with a profile from the
WESTRAX cruise Malcolm Baldrige 1/1/90-2/19/90 carried out 12 days earlier. During
those 12 days the thermocline and halocline apparently rose 60 m, but the temperature-
salinity relationship remained the same. In another example, a station from the same
Malkolm Baldrige cruise is compared with one from Parshin 2/8/90-4/14/90 at 9N 52W
(Fig. 2). Here the SECTIONS salinities are 0.05 psu lower for the same temperature in the

TEMPERATURE SAUNITY

SALINITY
4.0 12.0 20.0 28.0 4. 4 . o .
& 2 ) 3 Pt 382,360 388 344 3852 360 368
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w20, Of
o
2
g
~ =400 ~ —400] H
£ £ =
g £ 12. 0]
8 g
-6004 -600]
4,0/
-8004 -8004 —— AC. VERNADSKY
—— M. BALDRIGE
-1000 -1000¢

Figure 2. Hydrographic profiles from a SECTIONS cruise on February 12, 1990 and a WESTRAX
cruise on February 4 at 9N, 52W. (a) Temperature with depth, (b) salinity with depth, and (c)
temperature versus salinity.
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Figure 3. Comparison of average temperature versus salinity for a WESTRAX cruise and a
SECTIONS cruise in the area of overlap between the surveys for January—February, 1990. The
average of a WESTRAX cruise a year later is added to illustrate the year-to-year changes. (a)
Temperature versus depth, (b) salinity versus depth, (c) temperature versus salinity. Dashed lines
in (a) and (b) indicate the root-mean-square profile deviations of the combined data set.

upper 500 m layer than the WESTRAX salinities, although the time difference was only
8 days. This change in salinity between the stations may be the result of the intense eddy
activity we observe in this location, or it may indicate error. The average temperature and
salinity profiles from two WESTRAX and two SECTIONS cruises in the same western
region and season are compared in Figure 3. The averages are indistinguishable from one
another. This result, along with comparisons with individual profiles and with the
climatologies convinces us that there is no systematic calibration problem in our SEC-
TIONS data, although the accuracy may be lower than reported above.

To make our analysis as comprehensive as possible we conducted a search of the World
Data Center archive for other station data during the period. The search excluded data near
the coast in water shallower than 200 m. This search identified 2660 CTD stations of which
638 were contributed by FOCAL (discussed above). The spatial distribution of the
combined data set shown in Figure 4a. The greatest concentration occurs in the northwest
with more than 75% west of 35W (5802 stations). The vertical distribution of the data is
shown in Figure 4b. In the upper 600 m we have over 7000 stations. This number decreases
rapidly below 1000 m, so that by 1200 m we have only 65% of the quantity of data
available at the surface. Based on this data distribution our analysis focuses on the water
properties of the upper 1200 m. For information about deep and bottom water processes the
reader is urged to turn to other studies such as Friedrichs and Hall (1993) and Richardson
and Schmitz (1993). The temporal distribution of the station data is shown in Figure 4c.
Data from 1982-1983 come mainly from FOCAL, while data after 1984 come mainly from
SECTIONS. The seasonal distribution is fairly homogeneous. The minimum data, 1225,
occurs during fall (September—-November), and the maximum, 2804, during summer
(June—-August).

Water properties are more nearly uniform along constant potential density surfaces than
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Figure 4. (a) Station data distribution 1982-1991, (b) distribution of observations with depth,
19821991, (c) distribution of observations with time, 1982-1991,

along pressure surfaces. Here we follow the common oceanographic convention and
evaluate properties along oy surfaces, which represent an approximation to potential
density surfaces. We evaluate oy using the international equation of state for sea water
(EOS-80). The maximum error in o, based on the published instrumental accuracies is
*3.4 X 10°°kg m~? In fact most of the error in the seasonal analyses is an error of
representativeness due to unresolved physical processes. We calculated this error based on
spatial-temporal spectral estimations reported in Korotaev and Chepurin (1989). These
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authors conclude that the error variance is 20% of the observation variance. For oy this
gives us an estimate of =9 X 1073 kg m™3 within the pycnocline and +£10"° kg m~? at
lower depths. For each station the depth of constant o surfaces was determined by cubic
spline interpolation. The error of the pressure calculations for the MHI data is 4.2 db for the
oy = 24.5 surface and 8.5 db for the gy = 26.8 surface. The same interpolation procedure
was used to calculate temperature and salinity on the potential density surfaces. We
estimate the total error at each station to be 0.06 psu and 0.56°C in the pycnocline and
0.03 psu and 0.09°C below it.

Because we intend to work on constant o surfaces we compute a pressure anomaly
stream function according to:

Pq
by =, =8P, — 8P, [ sap,

where P’ = P, — P,, P, is the area-average pressure on a surface of constant og,, d is
anomaly of specific volume, and where the subscripts a and r indicate the surface of
interest and the reference surface. McDougall (1989) has pointed out a difficulty in
defining a stream function on a constant oy surface. However, Zhang and Hogg (1992)
have shown that the error introduced is small as long as the slopes of the isopycnal surfaces
are not large. Because our observations extend only to 1200 m it was decided to assume a
reference level at the interface between Antarctic Intermediate Water (AAIW) and North
Atlantic Deep Water (NADW). This interface, as indicated below, occurs at 0y = 27.6. The
average depth of this surface is 956 = 9.3 m. The maximum depth of 1166 m occurred in
the winter of 1990 at (11N, 48W), while the minimum depth of 714 m occurred in the
winter of 1984 on the equator at 41W. At each station we compute stream function from (1)
using triangular interpolation in the vertical integral. We estimate the uncertainty of stream
function at each station to be 11.2 m%s at oy = 24.5 decreasing to 2.7 m?/s at g = 27.3.

There are three sources of error in the stream function calculation, (1) sampling error
resulting from undersampled spatial or temporal variability, (2) reference level and errors
associated with the hydrostatic or geostrophic approximations, and (3) measurement error
introduced by inaccuracy in the CTD and associated algorithms. We estimate the horizontal
and temporal sampling error based on analysis of neighboring stations to be 15% of the
stream function variability in fall and 23% of the stream function variability in spring.
These sampling-based stream function etror estimates give us error estimates on transport
of, for example, 23.1 + 3.5 Sv for the NECC for the fall of 1984, and 12.2 + 2.8 Sv for the
NEUC in the spring of 1989 at 44W.

The issue of reference level error, a classic problem in ocean circulation studies, has
been examined by Friedrichs and Hall (1993). They find a preferred reference depth of
2100 m. We examine the error introduced by our choice of the oy = 27.6 surface using data
from WESTRAX at 44W. This examination suggests a maximum error of 19%. We have
varied the reference level from 800 to 2500 meters and calculated mass transport in the
upper 800 m layer. The relative error of this calculations is 19% of the stream function
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Figure 5. Temperature versus salinity in the northwest tropical Atlantic (2S-16N and 60W-35W).
Shading indicates regions where more than 100 samples fall into each 0.5° X 0.05 psu bin. Bold
dashed line indicates the mean relationship averaged over all profiles in the western basin. Dashed
lines indicate the average for all southern stations (south of 3N) and northern stations (north of
10N). Contours of constant density are also shown. The pycnocline and intermediate water masses
are bounded by the ag = 24.5, 0y = 26.8, and 5y = 27.6 density surfaces.

variance. The most important part of the measurement error is the systematic error due to
salinity calibration problems. This only introduces a 5% relative error. The total error in
upper ocean stream function, obtained by adding the individual errors (assuming indepen-
dence), comes to =33%.

Temperature, salinity, potential density, and stream function are divided by seasons and
objectively mapped onto a regular 1° X 1° grid. Fach seasonal map is based on data
collected typically over a 1-2 month time span. Initially we attempted to use an iterative
mapping technique similar to that chosen by Levitus er al. (1994). However, the results
were unsatisfying and were redone using statistical objective analysis (Gandin, 1963).
Statistical objective analysis requires estimates of the observation error and its spatial
correlation. For simplicity and consistency with previous studies we assume an isotropic
Gaussian correlation function with a radius of 350 km.

As discussed in the Introduction, and as evident in the temperature-salinity census in
Figure 5, three water mass types commingle in the western tropical Atlantic above 1200 m.
The near surface layer reflects surface processes such as river discharge and rainfall that
lead to reduced salinities. The base of this layer (and the tops of the pycnocline and
thermocline) is marked by a broad salinity maximum with temperature in the range
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21°-26°C and density between oq = 23.8-25.3. Here we choose g4 = 24.5 to define this
interface, following Wilson et al. (1994). Below the pycnocline lies cold, fresh AATW. We
choose gy = 26.8 to define this interface, again consistent with Wilson er al. The layer
between these surfaces defines the pycnocline, as well as the thermocline with which it is
virtually coincident. Notice that the histogram of observations is bimodal within the
pycnocline. The average northern water is 0.3 psu saltier than the average southern water
for the same density. The salinity minimum near oy = 27.3 identifies the signature of
AAIW. We take the lower bound of this intermediate water to be oy = 27.6. For
comparison, Roemmich (1983) chooses o4 = 27.4 while Bub (1993) chooses gy = 27.65.
The analysis described here is limited to considering the circulation in the three layers
defined by these surfaces.

3. Vertical structure with latitude

Here we examine water properties along two heavily sampled meridional sections, one
at 44W representing the western basin and one at 23W representing the central basin. At
44W there were 2] hydrographic sections from 2N to at least 9N, each with better than 1°
meridional resolution. Of the 21 sections three sections occurred during summer 1985, and
two sections during each of fall 1984, spring 1985, spring 1989, and winter 1990. We have
combined all 21 sections into 15 individual seasonal averages. To show the position of the
water masses relative to the strong zonal currents, Figure 6 displays isolines of salinity and
the depths of the three layer boundaries. Shading indicates the position of eastward
currents. We do not attempt to estimate geostrophic currents equatorward of 2N. Salinity
takes on special meaning in this discussion because, as indicated above, Southern
Hemisphere thermocline water is marked by low salinities at a given density. The average
of each of the four seasons is displayed in Figure 7.

We begin our discussion by examining the changes apparent in the surface layer, above
oy = 24.5. Within this layer there is a pronounced decrease in salinity in summer-fall to
below 35 psu at depths between 0—20 m. The salinity minimum is usually located on the
north side of the NECC north of SN, which is also the location of the maximum in rainfall
associated with the Intertropical Convergence Zone. However, it is important to realize that
discharge from the Amazon River provides another potential source of freshwater. The
latter is carried eastward by the NECC and is difficult to distinguish observationally from
local rainfall. Modeling studies by Yoo and Carton (1990) suggest that both processes are
important. By winter-spring the surface layer north of SN has deepened to 100 m and its
salinity has increased to greater than 36 psu. As a result, in this season the surface salinity
exceeds the salinity of the upper thermocline water.

The gy = 24.5 surface separates the surface and thermocline layers. At 44W this surface
deepens from 95 m at the equator to 110 m at 4N and then shallows to 69 m north of 10N.
Superimposed on this mean slope are substantial seasonal variations illustrated in Figure 6.
It is evident that the strongest gradients of the depth of isopycnal surfaces occur in fall,
associated with the intensification of the NECC.
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Figure 6. Depth versus latitude sections along 44W in the western basin. Salinity (thin lines) and
oy = 24.5, oy = 26.8 and o, = 27.6 (bold dash lines) are shown. Eastward zonal velocities
exceeding 5 cm/sec are shaded. Zonal velocities exceeding 25 em/sec are shaded heavily. Thin
dashed line is zero zonal velocity contour.
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Figure 6. (Continued)

The most unusual variations of the oy = 24.5 surface at this longitude occur in the fall of
1984 and the winter of 1991. In the fall of 1984 the slope was unusually intense, with the
change in depth increasing to 83 m between 3N and 7N. In the winter of 1991 the slope was
also unusually strong. During this season the main change in depth occurred between 5N
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Figure 7. Climatological seasonal average salinity (thin lines) and oy = 24.5, oy = 26.8 and oy =
27.6 (bold dashed lines) plotted with depth and latitude along 44W. Eastward zonal velocities
exceeding 5 cm/sec are shaded, zonal velocities exceeding 25 cm/sec are shaded heavily. Thin
dashed line is zero zonal velocity contour.

and 9N and amounted to a change of 81 m. Again, this large slope implied a strong
eastward current that was observed by Bub (1993) using velocity measurements.

The ¢y = 26.8 surface separates the thermocline and intermediate water masses. At 44W
this surface has an average depth of 283 m on the equator, decreasing to 163 m at 10N, and
then increasing with latitude as it enters the subtropical gyre. As with the oy = 24.5 surface,
the depth of the ¢y = 26.8 surface changes seasonally, being deepest in fall at the equator
and in spring at 10ON. These seasonal changes are consistent with those documented by
Molinari and Johns (1994). Interannual variations are also apparent at this depth. The
strongest slope of the oy = 26.8 occurred in the fall of 1984. In contrast, the slope in the
winter of 1991 was normal. This difference suggests that the anomaly in 1984 penetrated to
the thermocline, but the anomaly in 1991 did not.

As suggested above, the slope of the density surfaces implies significant eastward flows
that vary by season and by year. At 44W two cores of eastward current are apparent in
winter and spring (Figs. 6 and 7). One of these is near surface between 7N-11N, while the
other is below the thermocline south of SN. The northern current, which can be interpreted
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as the wintertime expression of the NECC, reaches an average velocity in winter of
24 cm/s and an average transport of 10.9 Sv. The maximum velocity of 34 cm/s occurred in
1991 when the transport reached 18 Sv. As summer approaches, this current gradually
disappears (see, e.g., Figs. 6 and 7). The near-equatorial NEUC has an average velocity of
22 cm/s in winter. This speed increases in strength during spring to a core maximum of
35 cm/s and extends to a depth of 800 m. The maximum speed associated with this current,
43 cm/s, was recorded in spring, 1985. Geostrophic transport at 44W by the NEUC
between 2N and its northern boundary in winter and spring varies from a minimum of 7 Sv
in winter 1987 to a maximum of 22 Sv in spring 1985. It is interesting to compare these
results with the original estimates of NEUC transport by Cochrane et al. (1979). Cochrane
et al. had three pairs of stations during February—April, 1968, all west of 40W. From these
pairs they estimated an eastward transport of 9 Sv. For the July—September period
Cochrane et al. had data from several years. From this data they deduced an average
transport of 28 Sv.

The seasonal vertical structure of the NECC at 44W is shown in Figure 7. Toward
summer the northern countercurrent that we had previously identified as the NECC,
decays. At the same time the southern NEUC raises to the surface and becomes identified
in and above the thermocline as the NECC. Its disappearance from the north and
reappearance in the south is the mechanism by which the NECC shifts southward in spring.
Throughout the rest of the year the NECC gradually shifts northward following the shift of
the Intertropical Convergence Zone. The NECC and NEUC are indistinguishable during
summer and fall. The current clearly penetrates through the thermocline, extending to
400-600 m in summer and fall. This result is consistent with the current meter measure-
ments of Richardson and Reverdin (1987) and with Doppler current profiler observations
reported in Wilson et al. (1994). The latter set of observations shows a distinct southward
shift of the core of the current with depth also evident in Figure 7.

The eastward geostrophic velocity during summer and fall is 54 cm/s, somewhat faster
than the three-summer average of 45 cm/s observed in current meter measurements by
Richardson and Reverdin (1987). The maximum speed of the NECC observed in our
sections, 128 cm/s, occurred in the fall of 1984. These high velocities were also apparent in
direct current measurements reported by Henin and Hisard (1987) in the central basin. At
the time that their study was published it was speculated that the anomalous intensification
of the NECC was responsible for anomalous transport of warm water into the Gulf of
Guinea. The more likely explanation for the anomalous warming of the Gulf of Guinea
during that year was an eastward shift of warm water along the equator (Carton and Huang,
1994). That eastward shift would have caused the intensification of the NECC as well as
warming the Gulf of Guinea.

The discussion above has focussed on the changes observed in the western basin. To
illustrate the changes observed in the central basin we examine water properties at 23W
(Fig. 8). This longitude was discussed previously by several authors (Henin and Hisard,
1987; Garzoli and Richardson, 1989; Tsuchiya ef al., 1992). Here we have examined seven
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Figure 8. Similar to Figure 6 but at 23W. Salinity is uncorrected in summer 1987.

additional sections and have computed geostrophic velocities relative to the oy = 27.6
surface. No attempt has been made to present climatological seasonal averages. Fortu-
nately as indicated by Merle (1983), seasonal variations at this longitude are less than half
those farther west. The average depth of the oy = 24.5 surface is 57 * 12 m at the equator
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Figure 8. (Continued)

and 34 = 4 m at 1IN, The average depth of the o, = 26.8 surface is 262 * 10 m at the
equator and 214 = 9 m at the 11N,

At 23W the NECC varies in latitude between 2N in spring to 8N in summer following
the shift in the trade winds. The maximum velocity is a surprisingly stable 26 cm/s. The
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only significant anomaly occurred in fall 1989 when the maximum velocity increased to
44 cm/s. The volume transport by the NECC ranges more broadly from a low of 6 Sv in the
summer of 1987 to a high of 13 Sv in the summer of 1986.

4. Analysis on density surfaces

a. o, = 24.5 surface. As discussed above, the o3 = 24.5 surface is the boundary between
the surface and thermocline water masses. The oy = 24.5 surface represents most of the
properties of surface water masses, except surface salinity. The height of the oy = 24.5
surface is shown in Figure 9 for each of 15 seasonal analyses in the western basin, with the
corresponding geostrophic stream function shown in Figure 10. Maps of height and stream
function for the four full-basin surveys are shown in Figures 11 and 12. The stream
function on this surface is similar to stream function at the ocean surface.

The most prominent feature of the oy = 24.5 surface is the NECC ridge/trough system.
This system is most pronounced in summer when it extends continuously from west to east
between 3N and 10N. The basinwide surveys show that between 35W and 30W the NECC
divides into two flows, one (12 Sv in the summer of 1986 and 9 Sv in the summer of 1987)
turning southward and the other (13 Sv in the summer of 1986 and 6 Sv in the summer of
1987) continuing eastward. During the fall of 1984 the meridional gradient between the
NECC trough and ridge was especially intense. In this season the oy = 24.5 surface rose
more than 95 m between 3N and 7N.

The summer of 1987 had the most impressive meandering between 42W and 35W. This
meander was due to the presence of a large cyclonic eddy between 5N and 12N. The eddy
extended throughout the upper layers of the water column. Independent confirmation for
the existence of this eddy is provided by the inverted echo sounder time series of Katz
(1993). At 38W Katz reported a drop of dynamic height of more than 12 dyn. cm at 9N. We
have examined the temperature-salinity characteristics of this eddy and found them to
resemble the surrounding water closely. We conclude from this that the cyclonic feature
resulted from an uplift of the thermocline rather than horizontal advection of anomalous
water.

b. o4 = 26.0 surface. The oy = 26.0 surface is representative of the thermocline. The
depth of the oy = 26.8 surface indicates the base of the thermocline. The stream function in
the thermocline is shown in Figures 13 and 14 for the western basin. Shading has been
added to Figure 14 to show low salinity (<.35.6 psu) southern water as it intrudes into the
Northern Hemisphere along this isopycnal surface. The corresponding depth and stream
function maps for the basinwide surveys are shown in Figures 15 and 16. Shading hasn’t
been added to these because mixing is sufficiently large in the central and eastern basin to
prevent identification of southern water.

As indicated in Section 3 horizontal currents at the depth of the middle of the
thermocline are rather different from currents within the mixed layer and upper thermo-
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cline (compare Figs. 12 and 16). The NEUC is present during all seasons to the east of
40W. The average transport north of 2N is 17 Sv. However, to the east of the 35W the
NEUC loses water to the equatorial zone (average 8 Sv), a phenomenon that was also
evident in the surface layer. East of 30W the two countercurrents, the NECC and the
NEUC, become increasingly difficult to separate.

The only occasion when we have sufficient data to observe the fate of water within the
NECC is in the summer of 1986. During this season a total of 26 Sv was diverted
northward near 21W. This leaves only 13 Sv continuing eastward. The magnitude of this
northward transport is astonishing because it approaches the annual average northward
warm water transport across this latitude. Part of this northward flow re-enters the North
Equatorial Current north of 12N. Coincident altimeter sea level measurements from Geosat
(Fig. 17a) are reassuringly consistent with stream function in the surface layer, but quite
different from the stream function at the base of the thermocline. Much of the northward
movement of southern water occurs in the western basin. In this region we can use the
salinity difference between southern and northern waters to track this water. It is striking
that southern water does not intrude into the Northern Hemisphere as an organized current.
In summer it forms a pool south of the latitude of the NECC, but north of the NEUC. In
contrast, in winter and spring southern water is confined to a smaller pool south of the
NEUC. The change in volume with season of these pools is responsible for 3-5 Sv of
northward transport. This value is similar in magnitude to the amount of water being
transported northward in the North Brazil Current. This water is removed seasonally either
by Ekman drift, as suggested by Roemmich (1983) and investigated by Reverdin et al.
(1993), or by anticyclonic eddies, as suggested by Fratantoni et al. (1995).

Year-to-year variations in the pooling of southern water are large. This is especially true
in winter and spring. In the winter of 1986-87 the NEUC was weak and southern water
penetrated to 10N within the thermocline. In the winter of 1989-1990 the NEUC existed
only eastward of 47W so west of this longitude southern water penetrated as far north as
14N. Our data set is too limited to quantify the year-to-year variations in this pooling.

¢. 0y = 27.3 surface. Between gy = 26.8 and oy = 27.6 surfaces lies the AAIW. Low
salinity (33.9-34.6 psu) AAIW forms in the South Atlantic subtropical gyre. The behavior
of this water mass is described in Warner and Weiss (1992), Tsuchiya et al. (1992), and
Gouriou and Reverdin (1992). Gouriou and Reverdin identify intensive interaction
between AAIW and surface water in the equatorial region. They estimate that subsurface
waters below oy = 26.5 are entrained into the surface layer at rate of 11-12 Sv within 5° of
the equator. The stream function at the core depth of this water mass (o, = 27.3) is shown
in Figure 18 for each of 15 seasonal analysis in the western basin and in Figure 19 for the
basinwide surveys. As in Figure 14, shading has been added to show low salinity
(<<34.6 psu) water. The currents below the thermocline do not exceed 5 cm/sec and are
quite noisy, with little seasonal variation. Salinity has a distinctly zonal structure with a
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Figure 9. Pressure on the oy = 24.5 surface in the western basin. Units are db.
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Figure 11. Pressure on the o = 24.5 surface during the basinwide surveys. Units are db. Salinity is
uncorrected east of 33W in the summer of 1987.

northward shift near South America. The basinwide surveys Figure 19 show that water in
the central basin is saltier than in the west, except during the summer of 1986.

5. Summary and conclusions

The water mass properties of the upper layers of the tropical Atlantic were first examined
by Defant (1936) using observations from the groundbreaking Meteor surveys of 1924 and
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1926. The current study can be viewed as an extension of this early work and later efforts
by investigators in the FOCAL, SECTIONS, and WESTRAX programs to examine
synoptic, seasonal, and interannual variations. Here we present a remarkable set of
hydrographic measurements covering the ten-year period 1982-1991. The data are
particularly extensive in the western basin and are sufficient to allow construction of 15
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Figure 14. Stream function on the oy = 26.0 surface in the western basin. Units are 10° m?/s%
Salinities below 35.6 psu on this surface are shaded.
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Figure 15. Similar to Figure 11 but for g4 = 26.8.

seasonal temperature and salinity analyses to 1200 m depth. This depth is close to the
interface between Antarctic Intermediate Water and North Atlantic Deep Water. Besides
the western surveys and a few eastern surveys, five multi-ship basinwide surveys were
conducted. These latter allow us to construct gridded fields for the whole northern basin
representing a 2-3 month average. Together these data have irreplaceable information
about changes in tropical Atlantic circulation during the 1980s. The combined data set
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Figure 16. Similar to Figure 12 but for oy = 26.0.

provides information about the three dimensional structure of temperature, salinity, and
currents, in this important ocean basin.

The analysis portion of the paper is divided into an examination of the vertical structure
at a western and eastern longitude, and analysis of the horizontal structure at the top and
base of the thermocline. The surface layer, containing water with densities less than oy =
24.5, is generally shallower than 110 m at the equator, becoming even shallower toward the
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north. At the top of this layer there is a pronounced low salinity layer in summer—fall where
seasonal averages drop well below 35 psu. The surface salinity minimum is usually located
on the northern side of the NECC, north of 5N. This is also the location of the band of
rainfall associated with the Intertropical Convergence Zone. By winter—spring the surface
layer north of 5N has deepened to 100 m. Its salinity has increased to greater than 36 psu so
that the surface salinity exceeds the salinity of the upper thermocline water.

The pycnocline, which coincides with the thermocline here, spans depths between
100 m and 300 m at the equator at 44W. This is a layer of active interhemispheric transport
in which southern water of lesser salinity crosses the equator. During winter and spring
there are two cores of eastward flowing current. The northern of these, the NECC, is in the
surface layer between 7N and 11N. It reaches an average speed of 24 cm/s at 44W, with an
average seasonal transport of 10.9 Sv.

The other eastward current, the NEUC, is found in and below the thermocline south of
5N. This southern current has an average winter velocity of 22 cm/s, increasing consider-
ably during the spring to a core average of 35 cm/s. Transport estimates for the NECC vary
in the range of 7 Sv to 22 Sv. Toward summer this southern current makes its appearance at
the surface, shifts northward, and becomes the NECC. The NECC in the western basin
reaches an average velocity of 54 cm/s at 3-4N in summer—fall, shifting northward to
7-8N where it disappears in spring, only to reappear again in the south.

To the east of 30W the NECC bifurcates (Fig. 12). One branch turns southward,
contributing its water to the equatorial current system. The other branch turns northward
near the African coast. The average transport of the NECC at 23W is reduced to 8.5 Sv, but
remains fairly stable throughout the year.

In the Introduction we pointed out uncertainties in our knowledge of the route by which
southern water enters the northern subtropical gyre. The total average northward mass
transport in the upper 1200 meters at 12N calculated from our data is 6.7 = 1.2 Sy
(Chepurin and Carton, 1997). This estimate is consistent with the 5.2 Sv estimate of
Friedrichs and Hall (1993) at 11N. This northward transport is the net result of intensive
interhemispheric water exchange. Of the 13 Sv of southern water believed to cross the
equator and enter the subtropical gyre (Schmitz and Richardson, 1991) only 2 Sv are
believed to move northward in the seasonal North Brazil Current north of the NECC.
Another 3-4 Sv are believed to move northward in the anticyclonic rings generated at the
confluence of the North Brazil Current and the NECC (Fratantoni et al., 1995). Evidence is
presented in this study that 3-5 Sv moves northward as a result of the seasonal shift of the
NECC. It is possible that some of this transport occurs through eddies and rings generated
at the confluence of the currents. These results still leave a relatively broad range estimates
of between 2 and 8 Sv of southern water entering the subtropical gyre by transiting the
North Brazil Current, entering the NECC, and exiting northwards east of 23W.

The observations presented in this study show that besides strong seasonal variations,
the circulation in the upper levels of the Atlantic has substantial interannual variations. A
striking example of this occurred in the summer of 1986. During this summer a remarkable



666 Journal of Marine Research [55,4

Fall 1984 Winter 1985
14N

12N+
10N
8N |
6N 1
4N
2N

E . . r . . T r - — —
%UW 55W 50w 45W 60W 55W  50W  45W  40W  35W
Spring 1985 Summer 1985

7 s ==

14N
12N
10N 4
8N =
BN -
4N 4
2N 4

7N

QBOW 55W  50W  45W 40w 60W  55W 50w  45W  40W  35W

o Spring 1986 Summer 1986

12N ] / \

10N | \_/ J

8N | ~

BN 1 m

4N -

N : _

“Uow 55w sow oW 4om  35W BOW  55W 50W  45W  40W  35W
Winter 1987 Summer 1987

14N
12N+
10N -
8N -
BN 1
4N -
2N

WL

740

45W  40W  35W BOW 55W 50W  45W  40W  35W

E T T
%DW 55W 50w
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thermocline current developed that, by itself, was responsible for northward transports of
26 Sv. Understanding the causes of this anomaious condition is the subject of ongoing

work by our group.
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