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Abstract The western boundary current system off Brazil is a key region for diagnosing variations of
the Atlantic meridional overturning circulation (AMOC) and the southern subtropical cell. In July 2013 a
mooring array was installed off the coast at 11°S similar to an array installed between 2000 and 2004 at
the same location. Here we present results from two research cruises and the first 10.5months of moored
observations in comparison to the observations a decade ago. Average transports of the North Brazil
Undercurrent and the Deep Western Boundary Current (DWBC) have not changed between the
observational periods. DWBC eddies that are predicted to disappear with a weakening AMOC are still
present. Upper layer changes in salinity and oxygen within the last decade are consistent with an
increased Agulhas leakage, while at depths water mass changes are likely related to changes in the North
Atlantic as well as tropical circulation changes.

1. Introduction

The circulation system in the Atlantic transports large amounts of heat as part of the meridional overturning
circulation (MOC) and is to a large extent responsible for the mean climate state in the Atlantic sector. On
decadal to multidecadal time scales MOC variability plays a dominant role for climate variability in the entire
Atlantic sector. Within the tropical Atlantic, interannual climate variability and associated rainfall variability
have a multifaceted socioeconomic impact on the countries from adjacent continents.

The upper ocean flow at the western boundary at 11°S can be decomposed into contributions from the
AMOC, the southern wind-driven subtropical cell (STC), and the Sverdrup-related transport [Schott et al.,
2005]. Using a coupled climate model, Chang et al. [2008] showed that on decadal time scales a drastic
(forced) slowdown of the Atlantic MOC (AMOC) reduces the strength and variability of the West African
monsoon and hence the rainfall over West Africa. They identified significant changes in the ocean
circulation responsible for their results: a slowdown of the AMOC leads to a reversal of the North Brazil
Undercurrent (NBUC) and through interaction with the STCs, to a substantial warming of sea surface tempera-
tures (SSTs) in the eastern and southern equatorial Atlantic. On shorter time scales such as interannual, the varia-
bility of the tropical circulation including the NBUC is found to be mainly wind driven [Biastoch et al., 2008; Hüttl
and Böning, 2006].

To date, the only time series of NBUC transport variability spanning several decades estimated from
observations was presented in Zhang et al. [2011]. In their study, where geostrophic NBUC transports were
estimated from historical hydrographic observations, multidecadal variability has a range of about
6.7 Sverdrup (Sv, 106m3/s). Evidence for such strong NBUC variations from direct current observations is
still pending.

In the framework of the German Bundesministerium für Bildung und Forschung project RACE, a mooring
array consisting of four moorings equipped with current meters, was deployed in July 2013 at the western
boundary at 11°S off the coast of Brazil. In addition, repeated shipboard observations along the sections at
11°S and 5°S were conducted. These observations repeat similar observations at the same location between
2000 and 2004. To address recent decadal changes, the present study compares the two distinct
observational multiparameter time series data sets across the NBUC/Deep Western Boundary Current
(DWBC) circulation system: the consistently reprocessed and studied 2000–2004 moored and ship measure-
ments and the unpublished 2013–2014 analogue data set.
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2. Mean Flow
2.1. Ship Sections of Alongshore Velocity

Individual sections of alongshore velocity (slanted toward 36°T) for the available 7 ship cruises were con-
structed from acoustic Doppler current profiler (ADCP) measurements between 2000 and 2014 (Figure 1a).
Shipboard ADCP data, covering the depth range between about 20m and some intermediate depth (about
500–1000m dependent on the instrument type used), were combined with data from ADCPs lowered on-
station with the conductivity-temperature-depth (CTD) rosette in order to construct full-depth velocity
sections (see Schott et al. [2005] for details). Transports are evaluated in density layers (indicated in
Figures 1a–1c) defined by the following neutral density (γn) surfaces: γn=24.5 kgm�3 divides surface from
thermocline waters, γn= 26.8 kgm�3 represents the lower limit of waters supplying the Equatorial
Undercurrent. The boundary between intermediate and deep water was chosen as γn= 27.7 kgm�3. The
North Atlantic Deep Water (NADW) layer is subdivided into upper, middle, and lower NADW using
γn= 28.025 kgm�3 and γn= 28.085 kgm�3. γn= 28.135 kgm�3 is chosen as the border between NADW and
Antarctic Bottom Water (AABW). The selection of these neutral density surfaces to distinguish the transport of
different water masses follows Schott et al. [2005], but using neutral instead of potential density surfaces.
Neutral densities are the continuous analogue of discretely defined and locally referenced potential density sur-
faces. They have a better accuracy in finding the best-practice isopycnal surface in the global ocean, and their
calculation is simpler than the assembly of the discretely defined and referenced potential density surfaces
[Jackett and McDougall, 1997].

The mean northward transport of the NBUC from the seven ship sections is 23± 3Sv. Uncertainties are given in
terms of the standard error. In the layers of the NADW themean southward transport by the DWBC is�29±7Sv
(Figure 1a). Compared to Schott et al. [2005], the averages are similar for the NBUC but somewhat lower for the
DWBC based on the five first cruises only (Table 1).

2.2. Mean Properties From the Moored Array

In the previous mooring data set (2000–2004) several mooring segments were lost due to instrument failure
and required filling of the gaps. For this study three gap filling methods were tested and resulting transport
time series are compared. For the first method, which was used in Schott et al. [2005], the four leading EOFs
are calculated from the gappy mooring record (explaining 62% of the variance contained in mooring data)
and subsequently used to reconstruct data to fill the gaps. The second method uses the four leading EOFs
derived from the seven ship sections (explaining 86% of variance in shipboard data), which have a higher
spatial, but lower temporal resolution. In another attempt multichannel singular-spectrum analysis (MSSA)
is performed using the Singular Spectrum Analysis - MultiTaper Method toolkit described in Ghil et al.
[2002] available under http://web.atmos.ucla.edu/tcd//ssa/. Using either of these three methods the gap-
filled time series are low-pass filtered (cutoff at 10 days, as the focus here is on longer time scales) and
subsequently mapped into sections every 2.5 days using a Gaussian-weighted interpolation with horizontal
mapping scales of 20 km (cutoff radius at 150 km) and vertical mapping scales of 60m (cutoff at 1500m).
These sections are the base to obtain the transport time series (section 3).

Average transports calculated from the different gap-filled time series agree within 0.6 Sv for the NBUC and
0.1 Sv for the DWBC. Thus, in the following, the transport time series using the ship EOF gap-filling method is
used. Average moored NBUC and DWBC transports for the two observational periods are not significantly
different from each other (Table 1). The significance here and in the following is tested with the t test for com-
parison of means at the 95% confidence interval. The average NBUC transport is 26 ± 1.1 Sv for the moored
observations, which is also not significantly different from the ship-based estimate (Table 1). On the contrary,
the average DWBC transport is only�17.5 ± 1.7 Sv, which is substantially lower than the ship-based estimate.
However, as shown below, the larger southward transport of the ship-based estimate is biased by intrasea-
sonal variability (Figure 1e).

3. Transport Time Series

The transport time series from moored observations exhibits the transport variability of both NBUC and
DWBC in much more detail (Figures 1d and 1e). NBUC transports mapped every 2.5 days range between
about 10 and 45 Sv, DWBC transports between�60 Sv and 20 Sv. Twelvemonth averages of NBUC transports
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Figure 1. (a) Individual velocity sections with transports estimated in the indicated boxes. (b) Average along shore velocity
section from the seven ship sections shown in Figure 1a. (c) Average along shore velocity section from the moored
observations. Red/black dashed lines in Figures 1a–1c enclose the boxes for NBUC/DWBC transport calculations. The insets
in Figures 1b and 1c depict the orientation and location of the sections and moorings. Transport times series (d) for the
NBUC and (e) for the DWBC estimated from moored observations (black line) together with the 90 day low-pass filtered
time series (black dashed line). For the black lines data gaps are filled with ship empirical orthogonal functions (EOFs),
transport time series with data gaps filled with EOFs from the mooring array as blue lines, and gaps filled with the MSSA
method as red lines. Red dots denote transports estimated from the shipboard observations.
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for the first observational period (2000–2004) range between 25± 1.8 in March 2001 to February 2002 and
27.7 ± 3.1 Sv from March 2002 to February 2003 (Table 1). The average NBUC transport between July 2013
and May 2014 is 26.8 Sv ± 1.8 Sv. When considering the mean annual cycle from the first period, the transport
in the later period (27.4 Sv) remains in the range of the 12month averages of 2000–2004.

Within the NADW layer the moored transport time series does not show a decline in DWBC transport as
could be interpreted from the ship sections. The 12month averages range between �13 ± 3.9 and �21.4
± 2.8 Sv, whereas the estimate from the new observational period of �19.2 ± 5.2 Sv (Table 1) falls within
this range (�19.9 Sv when considering the annual cycle). As indicated in Figures 1a and 1e, four of the seven
sections were conducted during elevated southward flow well above the average. These sections captured
the full extent of DWBC eddies and thus maxima in southward DWBC transport [Dengler et al., 2004; Schott
et al., 2005].

To contextualize the observed interannual transport time series of the NBUC, it is compared to other available
transport estimates (Figure 2). Outputs from the hindcast simulation of a 1/10° global nested ocean model,
INALT01 [Durgadoo et al., 2013], covering the time period between 1956 and 2007 are analyzed. Detailed
analysis of themodel runs at 11°S shows that transports calculated in a predefined box (as used for the observa-
tions) and from the coast to the fixed longitude of 33°W (see Figure S1 in the supporting information for details)

are significantly correlated (r= 0.89) at
the 95% confidence level using a t test
for correlation. This permits the direct
comparison of the box transports
from observations (Table 1) with trans-
ports from the numerical simulations
until 33°W.

Interannual variability between the
INALT01 simulation and transport esti-
mates from observations agrees well
for the period 2000 to 2004 (Figure 2),
e.g., even the increased annual mean
transport in 2003 is reproduced by the
model. As a measure of the strength
of interannual variability, the standard
deviation (std) of the 15 year high-
pass-filtered transport time series from
INALT01 is similar to that of the annual
mean observed transports, 1.38 Sv and
1.3 Sv, respectively.

The agreement on interannual time
scale encouraged us to further compare
decadal variability of INALT01 trans-
ports to the geostrophic transport

Figure 2. Annual transport anomaly time series calculated for INALT01
(magenta) until 33°W, together with geostrophic transport anomalies
from Zhang et al. [2011] (blue) and annual transport anomalies from the
moored observations (black squares) calculated within the red dashed
box as indicated in Figure 1c. The long-term variability (15 year low-pass
filtered) is illustrated by dashed lines according to the color coding.
Anomalies of the different time series are calculated with respect to the
mean of the INALT01 simulation for overlapping periods; i.e., subtracted
means are 16.25 Sv for Zhang et al. [2011], 14.88 Sv for INALT01, and
25.2 Sv for moored observations.

Table 1. Average Transports Estimated From Shipboard and Moored Observations (Gaps Filled With Four Leading EOFs Calculated From the Ship Sections) in
Different Time Periodsa

Average Transport Estimates (Sv) Annual Transport Estimates (Sv)

Total Average 2000–2004 2013–2014 3/2000–3/2001 3/2001–3/2002 3/2002–3/2003 3/2003–3/2004 7/2013–5/2014

NBUC Ship 23 ± 3 24 ± 4 20.2 ± 2.3
NBUC Mooring 26 ± 1.1 25.8 ± 1.2 26.8 ± 1.8 25.4 ± 2.4 25 ± 1.8 27.7 ± 3.1 25.1 ± 2.1 26.8 ± 1.8
DWBC Ship �29 ± 7 �34.8 ± 8.6 �14.7 ± 0.6
DWBC Mooring �17.5 ± 1.7 �17 ± 1.6 �19.2 ± 5.2 �13 ± 3.9 �16 ± 2.7 �21.4 ± 2.8 �17.8 ± 3.4 �19.2 ± 5.2

aAverages are calculated as the mean of the individual transport estimates, and error estimates are standard errors. The number of degrees of freedom (n) for
the calculation of the standard error for the ship sections is taken as the number of individual sections; for the time series it is the length of the time series divided
by the decorrelation time scale of the autocorrelation, i.e., ~50 days.
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calculations presented in Zhang et al. [2011]. However, Zhang et al. [2011] included data from 12°S to 4.5°S
and between the coast and 33°W–28°W. As the model also shows significant correlation and similar interann-
ual variability between transport time series at 11°S and 5°S (r= 0.62, std5°S = 1.55 Sv) the comparison of all of
these transport time series is appropriate.

The phase and period (~30 years) of the multidecadal NBUC variability agree among the model and the study
of Zhang et al. [2011]. However, the range of multidecadal variability obtained by Zhang et al. [2011] when
considering data between 12°S and 4.5°S (Figure S2) is ~6.7 Sv and thus larger compared to the range derived
for INALT01 at 5°S (~5.5 Sv) and 11°S (~4.6 Sv). Furthermore, the larger multidecadal variability at 5°S
compared to 11°S for INALT01 points toward local forcing mechanisms. The role of wind-driven versus
thermohaline forcing for NBUC variability is being explored in a separate study.

4. Decadal Changes in Salinity and Oxygen

Comparison of the average sections of salinity and oxygen for the period of 2000–2004 (five cruises for
salinity and four for oxygen) and 2013–2014 (two cruises) gives an indication of decadal changes in the water
mass properties at this location. Here the focus is on water mass changes on isopycnal coordinates, the
robustness of the observed trends, and possible causes. Therefore, salinity and oxygen differences on
isopycnal coordinates between the two observational periods are examined for two latitudes, 5°S and 11°S
(Figure 3). To further corroborate the detected trends in salinity, the hydrographic data from the seven ship
sections are complemented by hydrographic data from the World Ocean Atlas, the Argo program, and CTD
data from cruises carried out by the Brazilian Navy (Figures S4 and S5).

4.1. Salinity

In general, the decadal changes in salinity are coherent between 5°S and 11°S (Figures 3b and 3f) and indi-
cate an increase within the central water range above γn= 26.8 kgm�3 (Figures 3a and 3e). Within the
Antarctic Intermediate Water (AAIW) layer the difference of the two observational periods shows only small
trends with a slight decrease in the upper part of that layer changing toward an increase in salinity at the
border to the NADW (γn= 27.7 kgm�3). However, evaluation of historical hydrographic data shows an
increase in salinity (even if reduced in magnitude to the trend in the central water range) throughout
the AAIW range (Figures S4b and S5). Hence, the results concerning the AAIW appear ambiguous, while
the increase in salinity above γn= 26.8 kgm�3 is consistent among the ship sections and the historical
hydrographic data (Figures 3 and S4a). Within the depth layers associated with the NADW, salinity gener-
ally decreases. The trends below 1500m obtained exclusively from the seven ship sections analyzed in this
study (no additional data available) are small in magnitude but different from zero according to the errors
of the trend (Figure S4b).

4.2. Oxygen

Within the central and intermediate water range decadal oxygen changes are noisy (Figures 3 and S5b). The
coherent features between 5°S and 11°S in the upper layer are the general patchiness and a decrease in oxy-
gen within the AAIW layer between 600 and 1000m close to the western boundary (around γn= 27.4 kgm�3).
At depths of the NADW the oxygen signal is coherent with depth and among 5°S and 11°S showing an
increase in oxygen during the last decade (Figures 3d and 3h).

5. Summary and Discussion

The variability in NBUC and DWBC transport at 5°S and 11°S in the Atlantic is investigated using seven ship
cruises, two mooring time series (2000–2004 and 2013–2014), and a numerical simulation. While former
studies relying on direct observations focused more on intraseasonal to interannual variability of transports
and velocity [Dengler et al., 2004; Schott et al., 2005; Veleda et al., 2012], the focus of this study is on interannual
to decadal changes in transports, velocity, salinity, and oxygen at this location.

Transport estimates from the ship surveys as well as from the moored observations show that the NBUC
transport is similar in magnitude and variability in 2013–2014 compared to the period 2000–2004
(Figure 1 and Table 1). Interannual NBUC transport variability based on direct velocity observations
agrees with the interannual variability obtained from the forced ocean model simulation (Figure 2).
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Figure 3. (a, e) Mean salinity and (c, g) oxygen (in μmol kg�1) sections at 5°S (top row) and 11°S (bottom row) for the seven
cruises averaged on density surfaces and converted back to pressure coordinates as well as (b, f) salinity and (d, h) oxygen
(in μmol kg�1) differences between the two observational periods (2013–2014 and 2000–2004) calculated on density
surfaces and subsequently converted back to the pressure grid. In each panel contoured density surfaces are γn = [24.5, 25,
25.5, 26, 26.3, 26.8, 27.1 27.4, 27.7, 27.89, 28.02, 28.08] kgm�3 as also shown in Figures S4 and S5.
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The error estimates of NBUC transports obtained from moored observations suggest that decadal varia-
bility operating with an amplitude of ≥2.5 Sv (as found by Zhang et al. [2011] and the numerical simula-
tion) would be identifiable with the current observing system at 11°S but could not be detected so far.

The observations further show that the transport in the NADW layer at 11°S is still (in 2013–2014) accomplished
by deep eddies, which have similar properties as assessed during the period of 2000–2004 (Figure S3). In this
layer average transports also do not exhibit significant changes in 2013–2014 compared to the period of
2000–2004 (Table 1). Dengler et al. [2004] suggested a laminar flow at 11°S instead of deep eddies for a weaker
DWBC, which is obviously not the case yet.

Increasing salinity over the past decades within the NBUC region was reported by Biastoch et al. [2009] asso-
ciated with an increase of Agulhas leakage due to the strengthening of the westerlies [Durgadoo et al., 2013].
The Agulhas leakage constitutes the main source of heat and salt for the surface branch of the AMOC.
Biastoch et al. [2009] obtained a salinity trend of +0.028/decade between 1965 and 2005 from available
observational data between 100 and 600m depth and between 40°W–30°W and 5°S–10°S. The salinity
change on isopycnals presented in this study averaged over the entire section and between 100 and
600m depths results in a salinity increase of 0.024 at 11°S between the two observational periods, which
are roughly a decade apart. However, the ship sections as well as the analysis of additional hydrographic data
show that the strongest salinity trend above 0.1/decade is found in the neutral density range
25.0 kgm�3 ≤ γn ≤ 26.8 kgm�3 between about 100 und 250m depth (Figures 3, S4, and S5).

Apart from these trends, interannual variability of salinity is most pronounced in this density range (Figure S4),
where amplitudes above 0.1 were observed. Recently, Kolodziejczyk et al. [2014] could indeed track salinity
anomalies from the Agulhas region toward the NBUC region propagating along the northward and westward
branch of the subtropical gyre of the South Atlantic. They report salinity anomalies of up to +0.12 reaching the
western boundary in 2013 on the isopycnal γn=26.3 kgm�3 consistent with this study (Figures 3, S4, and S5).
Within the upper AAIW layer, salinity changes on isopycnals appear ambiguous between the ship sections and
the analysis of historical hydrographic data (Figures 3 and S4). In addition, decadal oxygen changes within this
layer are patchy (Figures 3d and 3h). Within the depth range of the AAIW and within the longitudinal range,
where a southward recirculation of the NBUC was identified [Schott et al., 2005; Silva et al., 2009, Figure 1], ele-
vated eddy kinetic energy was detected in previous observations [Boebel et al., 1999]. This elevated mesoscale
variability (see also Figures S1b–S1d) together with the large lateral gradients in the mean oxygen distribution
(Figures 3c and 3g) might be responsible for the patchiness in the oxygen trends in this region.

The most coherent feature within the AAIW layer between 5°S and 11°S is the oxygen decrease between 600
and 1000m close to the western boundary, where northward velocities are strongest. A possible explanation
of the observed decrease here is an increased Agulhas leakage. Oxygen concentrations on neutral density
surface γn= 27.4 kgm�3 are higher in the South Atlantic compared to the South Indian Ocean (Figure S6).
At the transition from AAIW to NADW (γn= 27.7 kgm�3) an increase in salinity is observed, which fits to the
general findings of changes in the AAIW layer: a warming and increase in salinity on isopycnals denser than
the AAIW salinity minimum and usually a cooling and freshening on lighter isopycnals [Schmidtko and
Johnson, 2012].

In summary, the salinity increase within the central water and the oxygen decrease within the AAIW range
support findings from previous studies suggesting an increased Agulhas leakage. Ambiguous salinity trends
and a patchiness of oxygen trends within the upper AAIW layer point toward the existence of strong
mesoscale activity.

Within the NADW range salinity changes on isopycnals averaged between 1500 and 4000m over the entire
section at 11°S result in a freshening of�0.007/decade. Regarding themiddle and lower NADW, this is in gen-
eral agreement with the results of Dickson et al. [2002], who reported a freshening trend of �0.01/decade
over the last 3–4 decades in the deep and abyssal layers of the Labrador Sea. They attribute this freshening
to the general freshening of the dense overflows farther upstream instead of local climate forcing, which now
seems detectable south of the equator. However, this does not explain the oxygen increase within this layer.
Steinfeldt and Rhein [2004] suggested that the decrease in the fraction of “young” NADW between 1999 and
2002 was linked to an enhanced recirculation of the DWBC close to the equator. Consequently, it could be
speculated that if this recirculation has decreased within recent years and NADW follows a more direct route
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along the western boundary, oxygen should be less detrained, and hence, a positive oxygen trend would be
expected as detected at 5°S and 11°S (Figures 3d and 3h). Unfortunately, no observations exist to support this
hypothesis. Changes in the upper NADW could mark the arrival of low salinity and increased oxygen waters
formed during the intense convection period in the late 80s and early 90s in the subpolar North Atlantic
[Molinari et al., 1998; van Sebille et al., 2011]. In a recent study, Rhein et al. [2015] estimate a travel time of
newly formed NADW from the subpolar latitudes to 10°S of about 27 years. This time scale would support
the above hypothesis explaining the observed salinity and oxygen trends. However, such travel time
estimates are subject to large uncertainties and mixing along the DWBC route with ambient water masses
could dominate the signal arriving at 10°S.

This study gives a first insight from moored and shipboard observations into interannual to decadal changes
within the western boundary circulation system within the tropical South Atlantic, which is a key region in
order to understand interannual to decadal AMOC and STC variability. The mooring time series at 11°S, which
is anticipated to continue, represents a contribution to the South AMOC observing system [Meinen et al.,
2013], which still needs to be further developed compared to its North Atlantic counterpart to allow assessing
interannual to decadal AMOC variability, its latitudinal coherence, and its impact on climate variations in the
tropics and beyond.
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