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Abstract The zonal structure and time variability of the abyssal flow (below 3,000 dbar) in the South
Atlantic western boundary is investigated using a combination of moored observations and simultaneous
hydrographic/velocity sections at 34.5°S during 2009–2018. Moored direct velocity measurements near the
bottom show strong variability with a peak‐to‐peak range exceeding 80 cm/s and dominant signals at times
scales of 1–2 months. Daily time series of the meridional absolute geostrophic volume transport
computed from the moorings reveals a highly energetic record with a temporal standard deviation of 8.3 Sv
and peak‐to‐peak variations of 49 Sv, suggesting a significant contribution of the abyssal layer flows to the
Deep Western Boundary Current time variability. The absolute transport is mostly driven by barotropic
changes that are dominated by variations in the bottom pressure ~650 km away from the continental slope.

Plain Language Summary The coldest, densest waters of the world's oceans sink near Antarctica
to depths greater than 3,000 m and flow into other basins along the complex seafloor of the abyss. These
waters play a key role in redistributing heat and carbon throughout the globe on time scales of centuries to
millennia and therefore have a profound impact on the Earth's climate. The gateway northward into the
Atlantic Ocean is along the western edge of the South Atlantic. This study presents 9 years of unprecedented,
continuous observations of the abyssal flow across 34.5°S off the South American coast together with deep
current velocity measurements collected during eight oceanographic cruises in the region since 2009. By
combining these observations, we provide a general picture of the abyssal circulation in the region and show
that, rather than being slowly changing, it rapidly and strongly varies on time scales as short as 1–2 months.

1. Introduction

The Atlantic Meridional Overturning Circulation (AMOC) is largely responsible for transporting mass, heat,
and salt, all quantities that have a critical impact on regional and global climate (e.g., Buckley & Marshall,
2016 ; Rahmstorf et al., 2015, and references therein). Most studies of AMOC time variability to date have
focused on the upper cell, characterized by southward flow of relatively cold waters that sink in the
high‐latitude North Atlantic and a return northward transport of relatively warm waters in the
upper/intermediate levels. In reality, however, the AMOC also involves a deeper cell that is comprised of
an abyssal limb that conveys very dense waters that originate near Antarctica to the north, where they
upwell and mix into lighter waters that return to the south at middepths adjacent to the southward flow
of the upper AMOC cell (e.g., Lumpkin & Speer, 2007). This abyssal cell is quite weak in the North Atlantic
(e.g., ~1 Sv; Frajka‐Williams et al., 2011); however, in the South Atlantic, this is of nearly equal strength as
the upper cell (e.g., Lumpkin & Speer, 2007). Estimates based on inverse techniques indicate that as much as
5.6 ± 3.0 Sv are transported across 32°S by the abyssal limb, about 45% of the total estimated overturning at
this latitude derived from a transatlantic hydrographic section (Lumpkin & Speer, 2007) and almost 40% of
the total upper cell overturning estimates across 34.5°S derived from continuous in situ time series
observations and Expendable bathythermograph sections (Meinen et al., 2018).

Topographic blocking, that is, the existence of the Walvis Ridge, severely limits north‐south abyssal layer
exchanges in the Cape Basin east of the Mid‐Atlantic Ridge (e.g., Mantyla & Reid, 1983). As a result, the
abyssal AMOC cell flows are largely confined west of the Mid‐Atlantic Ridge. The deeper limb of the
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abyssal AMOC cell is fed by two distinct water masses. The densest bottom waters originate in the Weddell
Sea and leak into the Argentine Basin through deep passages east of the Scotia Sea (Georgi, 1981; Naveira
Garabato et al., 2002). Away from their source, these waters are commonly referred to as Antarctic
Bottom Waters (AABW; Figure 1a). The second component is a dense variety of the oxygen‐poor,
recirculated waters flowing around Antarctica within the Antarctic Circumpolar Current, identified as
Lower Circumpolar Deep Water (LCDW). The LCDW enters the Argentine Basin over the Malvinas
Plateau and east of the South Georgia Island, joining the AABW, and flows northward along the west margin
of the Argentine Basin as a western boundary current (Figure 1a; Naveira Garabato et al., 2002). Although
the mean circulation in the vicinity of 35°S is not yet well determined, a fraction of the AABW eventually
leaks into the Brazil Basin through the Vema and Hunter channels (Hogg et al., 1982; Zenk et al., 1999).
A number of secondary pathways for AABW in the interior of the Argentine Basin have also been proposed
on the basis of hydrographic measurements (Coles et al., 1996; Georgi, 1981). By contrast, hydrographic
measurements collected at different latitudes along the western boundary of the South Atlantic show only
sporadic presence of LCDW north of 34.5°S and west of 30°W (Valla et al., 2018).

Previous efforts to monitor the abyssal MOC cell in the southwest South Atlantic have mainly focused in
measuring the AABW flow between the Argentine and Brazil basins through the narrow Vema and

Figure 1. (a) Schematic diagram of the abyssal circulation in the southwest South Atlantic. The light blue and pink paths represent the flow at the LCDW and
AABW levels, respectively (dashed paths indicate unconfirmed pathways). The red box indicates the domain shown in (b). (b) Vertically averaged bottom‐track
measurements (collected in the deepest ~120 m of the water column) from LADCP casts collected between 2011 and 2018 (red arrows; note that LADCP data
was not collected at all locations during every section). The green arrows are the averages of all of the velocities collected at each location, and the blue arrows at
48.5°W identify LADCP casts collected simultaneously with the current meter measurements at Site BB (shown in Figure 2). The shaded region indicates the
location of an elongated elevation extending south of the array as discussed in the text. (c) Average section of meridional velocity computed from eight LADCP
sections occupied between 2011 and 2018. The solid lines indicate the average neutral density (γ) surfaces used to delimit the water masses. The circles (diamonds)
in all panels are the locations of the pressure‐equipped inverted echo sounder (current‐ and pressure‐equipped inverted echo sounders) along the mooring
array. The name convention for the sites is chosen accordingly with previous studies in the region. Contours in (a) and (b) are the bottom topography from The
General Bathymetric Chart of the Oceans (GEBCO; IOC et al., 2003). AABW=Antarctic bottomwater; LADCP= lowered acoustic Doppler current profiler; LCDW
= Lower Circumpolar Deep Water.
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Hunter channels. On a broader scale, however, the volume transport associated with the abyssal limb in the
South Atlantic is poorly understood. The purpose of this study is to characterize the abyssal flows in the
northwest Argentine Basin at 34.5°S using a combination of nearly 10 years of continuous observations of
volume transports derived from a pressure‐equipped inverted echo sounder (PIES) array, 4 years of contin-
uous, near‐bottom direct velocity observations, and snapshot direct velocity measurements collected during
eight cruises occupied along a repeated hydrographic section.

2. Data and Methods

In March 2009, an array of four PIES was deployed at 34.5°S between 51.5°W (~1,300 m) and 44.5°W
(~4,700 m) to measure the meridional flow at the western boundary (e.g., Meinen et al., 2012). Two addi-
tional current‐ and pressure‐equipped inverted echo sounders (CPIESs), which include a single‐point cur-
rent meter 50 m above the ocean bottom, were added to the array in December 2012. In this paper,
measurements from the four easternmost instruments (three PIES and one CPIES located at depths greater
than 3,500m, Figure 1a) are used to characterize the abyssal flow near the western boundary. The travel time
data collected hourly by the PIES/CPIES are used to estimate continuous full water column profiles of tem-
perature, salinity, and density at each mooring site via the Gravest Empirical Mode (GEM) method (Meinen
& Watts, 2000). These profiles are then combined with the measured bottom pressure data to derive contin-
uous times series of full water column profiles of absolute meridional geostrophic velocity between each pair
of instruments (e.g., between sites B‐BB, BB‐C, and C‐D; see, e.g., Meinen et al., 2017, for more details). Note
that due to the well‐known leveling problem (e.g., Donohue et al., 2010), the bottom pressure differences
only provide estimates of the barotropic flow variability and not the time mean (e.g., Meinen et al., 2012).
For this study, a time mean barotropic velocity between each pair of PIES/CPIES sites, was added based
on the time mean of a 35‐year run of the Ocean For the Earth Simulator (OFES) numerical model
(Masumoto et al., 2004; Sasaki et al., 2008). Following Meinen et al. (2017), constant velocities of 0.13,
0.66, and−0.16 cm/s were added to the daily estimates of the absolute geostrophic velocity full‐water profiles
between sites B‐BB, BB‐C, and C‐D, respectively, in order tomatch the time‐averaged estimates derived from
the PIES at 1,500 dbar to the time‐averaged velocity output from OFES at that pressure level. The results pre-
sented here are not highly sensitive to the choice of this reference level or the numerical model used as input
for the time mean velocities between each pair of instruments.

To estimate the absolute volume transports in the key layers in the abyssal overturning cell, the velocities
that were derived as described above are integrated between neutral density surfaces (γ) that define the layer
interfaces. The water mass interfaces used herein were γ = 28.10 kg/m3 and γ = 28.27 kg/m3 for the inter-
faces between North Atlantic DeepWater and LCDW, and between LCDW and AABW, respectively, follow-
ing Valla et al. (2018) (e.g., Figure 1c). The transports time series described in this article have been averaged
to produce daily values, and the time series have been smoothed with a second‐order Butterworth low‐pass
filter, with a 30‐day cutoff period, applied forward and backward to avoid phase shifts.

Together with the deployment of the PIES/CPIES array, a repeated hydrographic section along 34.5°S
between the coast and 44.5°W, has been occupied annually/semiannually since 2009. Starting in 2011, direct
velocity measurements have also been collected using a TRDI 300‐kHz WH Monitor lowered acoustic
Doppler current profiler (LADCP) during each conductivity‐temperature‐depth cast. The LADCP data have
been processed with the LDEO_IX version 12 implementation of the velocity inverse method (Visbeck, 2002)
in the same fashion detailed by Valla et al. (2018). Eight sections involving LADCP data are available for ana-
lysis between July 2011 and October 2018. Due to rough weather conditions, however, LADCP measure-
ments were not collected offshore of 47.5°W during three of these sections. In this study, we also analyze
the highly accurate LADCP bottom‐track (BT) velocity measurements separately to investigate patterns of
the flow in the deepest layer; these data are available in the deepest ~120 m of the water column.

Hourly direct velocity observations made 50 m off the bottom at site BB using a single‐point acoustic current
meter (~4,100‐m depth; see Figure 1a) collected between December 2012 and October 2016 provide an
unprecedented ~4‐year continuous record of the abyssal flow in the region. These direct velocity data were
smoothed with a second‐order Butterworth low‐pass filter (30‐day cutoff period) applied forward and back-
ward to avoid phase shifts for the analysis.
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3. Results and Discussion
3.1. The Abyssal Flow

The zonal and vertical structure of the abyssal meridional flow as depicted
by the average of the LADCP sections is presented in Figure 1c. West of
~48°W, the LCDW flows southward with relatively stronger velocities
(>5 cm/s) in the upper portion of the layer. This suggests an influence
of the Deep Western Boundary Current (DWBC), which flows southward
west of ~49°W (Meinen et al., 2012, 2017; Valla et al., 2018). East of 48°W
the section shows two northward jets centered at ~47.5°W and ~45.5°W
and a relatively weak southward flow between ~46° and 47°W. The south-
ward flow is deeper than 2,800 dbar and intensifies toward the bottom.
The vertically averaged BT measurements, which have a higher accuracy

than the standard LADCP data, also exhibit this pattern for the near‐bottom flow (Figure 1b). This zonal
structure with relatively weak, successive northward and southward jets east of ~49°W is also observed in
a 5‐year (2009–2014) average section of the meridional flow derived from the OFES model presented by
Meinen et al. (2017). Perhaps more interestingly, our BT measurements also indicate that the AABW flows
southward in this portion of the section, that is, toward its formation region. This result is in agreement with
Meinen et al. (2017), who also found AABWpropagating on average southward between sites C andD on the
basis of 2 years (2012–2014) of PIES data. Those authors highlight that this counter intuitive result implies a
possible alternative pathway through which AABW would flow counterclockwise along the eastern margin
of the Argentine Basin and would reach the array from north of 34.5°S. The existence of such a pathway has
also been speculated by Coles et al. (1996) on the basis of abyssal tracer and hydrographic measurements. By
contrast, no evidence for this has been found from recent water mass analyses (Valla et al., 2018). Our BT
measurements suggests that, at least based on the average of five ship sections, the southward flow is loca-
lized at 47–46°W and colocated over a NW‐SE oriented elongated elevation south of 34.5°S and east of 47°W
(shaded region in Figure 1b). This may imply a small‐scale circulation steered by the local topography and
may explain the southward flow of AABW at this location. It is clear that given the strongly variable deep
flow observed east of site B (e.g., Meinen et al., 2012), it is not yet possible to obtain a conclusive result about
the time‐averaged flow, which stresses the importance of collecting further deep direct velocity observations
in this region.

The abyssal flow can be further analyzed, albeit at a single geographic point, using the 4‐year continuous
CPIES velocity observations at site BB. The time‐average zonal component (U) is 1 order of magnitude
higher and presents greater standard deviation (5.5 ± 15 cm/s) than the meridional component (V, 0.5 ±
4.7 cm/s). The temporal variability greatly exceeds the time mean values for both components, demonstrat-
ing the highly variable nature of the flow. The variance at time scales shorter than 40 hr is less than 3% of the
total variance, indicating diurnal/semidiurnal tides play only a minor role at this location. The strong varia-
bility of the zonal flow associated with longer time scales is depicted by the 30‐day low‐pass‐filtered record,
showing a peak‐to‐peak range of 60 cm/s, while the peak‐to‐peak range of the unfiltered record is 100 cm/s
(Figure 2). The snapshot BT measurements also show a clear prevalence of the zonal flow at this location
(Site BB, Figure 1b). The weak meridional flow may also suggest a transition between a southward abyssal
flow driven by the DWBC onshore and a northward flow offshore. The CPIES current meter data are in
excellent agreement with the three concurrent, vertically averaged, LADCP BT measurements at site BB.
The instantaneous differences in U and V are generally smaller than 3 cm/s (Figure 2). Only one cast, col-
lected in October 2016, shows a large difference in the meridional component (9 cm/s). The power spectrum
of the unfiltered, hourly record is presented in the supporting information and shows energy peaks at peri-
ods 24, 32, 43, and 72 days, with the highest energy concentrated in periods of 26–52 days (supporting infor-
mation Figure S1). Previous observations in the Brazil‐Malvinas Confluence, just south of the PIES/CPIES
array (near 37–38°S) also found significant variability in this frequency band (Garzoli & Simionato, 1990).
Those authors ascribed this variability to propagating topographic Rossby Waves.

3.2. Meridional Transport

In this section, we estimate the absolute meridional volume transport in the LCDW and AABW layers using
the PIES/CPIES records. The absolute transport consists of the sum of a relative (baroclinic) component

Figure 2. Zonal (U, red) and meridional (V, blue) hourly velocity records at
4,100‐m depth at Site BB (48.5°W; thin lines). Also shown are the low‐pass‐
filtered records using a 30‐day cutoff period (thick lines). Red circles (blue
diamonds) are the zonal (meridional) component of the vertically averaged
velocity determined from bottom‐track measurements during three con-
current lowered acoustic Doppler current profiler casts (September 2014,
September 2016, and October 2016).
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estimated from the acoustic travel time measurements and the GEM
lookup tables and a reference (barotropic) component computed from
the pressure measurements made by the instrument (e.g., Meinen et al.,
2012). However, the contribution of the relative component is negligible
in the abyssal layers due to the weak baroclinicity of the flow. Indeed,
the standard deviation of the barotropic component of the meridional
transport across the array within the LCDW/AABW layers is 8.4 Sv, with
a peak‐to‐peak range of 46.9 Sv, while the baroclinic component standard
deviation is 0.3 Sv and the peak‐to‐peak range is 1.9 Sv (not shown).

Daily estimates of the meridional LCDW (ΤLCDW) and AABW (ΤAABW)
absolute transport across the array are depicted in Figures 3a and 3b,
respectively. The time series show strong variability in both layers: The
standard deviation and peak‐to‐peak range are 5.9 and 41.0 Sv for
ΤLCDW, respectively, and 2.3 and 15.2 Sv for ΤAABW. Approximately, 85%
of the variance is concentrated at time scales longer than 30 days in both
layers. A spectral analysis of ΤLCDW and ΤAABW reveals a broad energy
maximum at periods of 70 to 190 days, with peaks at 105 and ~170 days
(supporting information Figures S2c and S2d). These results are in agree-
ment with findings fromMeinen et al. (2017), who also found a significant
variance of the DWBC at 34.5°S in this period range using the first 5 years
of the PIES/CPIES records utilized herein. Those authors associated the
transport variations at these time scales with westward‐propagating vor-
tices consistent with Rossby Wave‐like features. Interestingly, the power
spectra of the now nearly 10‐year‐long bottom pressure records at each
of the four sites involved in the calculation show that only site D presents
variability at these time scales (supporting information Figures S2a and

S2b). According to these results, the aforementioned features would not dominate the bottom pressure varia-
bility well inshore of site D (44.5°W).

The power spectra analysis suggests that bottom pressure variations at site D dominates the variability of the
total abyssal transport (ΤLCDW + ΤAABW). Indeed, these two variables present a high linear relationship (r =
0.88, supporting information Figure S3), meaning that almost 80 % of the variability observed in the daily

estimates of ΤLCDW + ΤAABW are explained by variations of the bottom
pressure at site D. Here we use a simple linear regression (supporting
information Figure S3) to develop a proxy and extend the ~3‐year
ΤLCDW + ΤAABW time series to March 2009 to April 2018 (i.e., the full bot-
tom pressure record at site D). The low‐pass‐filtered time series of ΤLCDW
+ ΤAABW together with the low‐pass‐filtered proxy derived from the linear
regression are presented in Figure 3c. The transports estimated directly
from the PIES/CPIES measurements exhibit a standard deviation some-
what larger (8.2 Sv) than the proxy (6.5 Sv). Large intraannual variations
are observed in both time series (e.g., the transport variation of ~40 Sv
between June and August 2015, Figure 3c). By contrast, interannual varia-
bility is much smaller: The annual mean transports derived from the
proxy have a standard deviation of only 0.8 Sv. This is also observed in
the spectral analysis of the ~9‐year‐length proxy, which shows no signifi-
cant peaks at periods longer than 100 days (not shown).

LADCP direct velocity observations provide independent estimates of
quasi‐instantaneous meridional absolute transport in the abyssal layers
during the dates of each cruise (Table 1). The BT measurements are used
to compute estimates of the absolute transport as follows: For each indivi-
dual section, the vertically averaged BT meridional velocity at each
LADCP station is extrapolated upward to the top of the LCDW layer

Figure 3. (a, b) Time series of the meridional Lower Circumpolar Deep
Water (a) and Antarctic Bottom Waters (b) absolute volume transport.
Both the unfiltered daily transports (gray) and the 30‐day low‐pass‐filtered
transports (filled) are shown. (c) Time series of the total (LCDW + AABW)
meridional absolute volume transport (filled). Superimposed is the proxy for
the total transport derived from the pressure record at site D as detailed
in the text (green). Both time series are smoothed with a 30‐day low‐pass
filter. The circles in all panels are the corresponding transport estimates
derived from simultaneous lowered acoustic Doppler current profiler
bottom‐track measurements (as detailed in Table 1).

Table 1
Meridional LCDW and AABW Absolute Volume Transports (in Sverdrups)
Computed From LADCP Bottom‐Track Measurements Collected During
Five Hydrographic Cruises Across the Mooring Array (See Figure 1
for Location)

Cruise
date

LCDW AABW LCDW + AABW

LADCP PIES LADCP PIES LADCP PIES

July 2011 10.7 2.6 2.6 N/A 12.9 N/A
July 2012 −14.2 1.1 −1.9 N/A −16.1 N/A
Oct. 2016 −6.0 N/A 0.2 −0.7 −5.9 N/A
Apr. 2018 4.9 N/A −0.2 N/A 4.7 N/A
Oct. 2018 1.5 N/A 1.0 N/A 2.5 N/A
AVG ±
STD

−0.6 ±
9.7

0.1 ±
5.9

0.3 ±
1.6

0.0 ±
2.3

−0.4 ±
11.0

0.1 ±
8.2

Note. Also shown are the concurrent estimates from the colocated PIES
measurements. The final row shows the time mean ± standard deviation
of the estimates (the PIES statistical estimates, shown in italics, were
computed using the full record length instead of the individual estimates
corresponding to each hydrographic section). AABW= Antarctic Bottom
Waters; LADClowered acoustic Doppler current profiler; LCDW= Lower
Circumpolar Deep Water; PIES = pressure‐equipped inverted echo
sounder.
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(~3,100–3,200 dbar, Figure 1c) by considering a negligible baroclinicty in the velocity field, as discussed
above. Finally, the resulting velocity field is integrated from the top of the LCDW layer to the bottom and
from sites B to D. Although only three simultaneous estimates between the LADCP snapshots and the
PIES/CPIES are available due to gaps in the records, both estimates exhibit a similar standard deviation
(Table 1 and Figure 3c). The standard deviation from the five estimates derived from the LADCP is 9.7 Sv
for the LCDW layer and 1.6 Sv for the AABW layer, whereas the estimates from the PIES/CPIES transports
are 5.9 and 2.3 Sv, respectively. The LADCP estimates also suggest an average southward LCDW (−0.6 Sv)
and northward AABW (0.3 Sv) transport across the entire array (Table 1). By contrast, the average LCDW
and AABW transports estimated from the PIES measurements are 0.1 and 0.0 Sv, respectively. Note, how-
ever, that these estimates strictly depend on the time mean velocities derived from OFES at 1,500 dbar, as
explained in section 2. Nevertheless, the very large daily standard deviations, as compared to the timemeans,
observed in both the PIES estimates as well as the LADCP estimates highlights the need for continuous deep
ocean observations to ascertain the sense and magnitude of the mean flow. The nearly zonal orientation of
the deep isobaths in the vicinity of the zonal array (greater than 4,000 m, Figure 1b) also hinders the estima-
tion of the along‐isobath abyssal flow across the array. Ongoing plans for extending the array eastward to the
Mid‐Atlantic Ridge will enable a more comprehensive observation of the abyssal flow in the northern
Argentine Basin.

4. Conclusions

Data from eight LADCP snapshots suggest that the abyssal flow is strongly influenced by the DWBC onshore
of ~48°W thus flowing southward on average, while no clear direction of the flow is obtained from these
snapshots farther offshore. This is more likely a result of the strong variability in this region, as shown by
nearly 4 years of continuous current observations at 4,100 m, which present peak‐to‐peak variations of
~100 cm/s and an average value of 5.5 cm/s. The absolute volume transport in the LCDW/AABW layer, that
is, the abyssal limb of the AMOC at 34.5°S, contributes a significant portion of the transport variability asso-
ciated with the DWBC at this location. A daily multiyear time series of meridional absolute transport inte-
grated in the LCDW and AABW layers shows a standard deviation of 8.2 Sv with a peak‐to‐peak range of
49 Sv, as compared to a 22.8‐Sv standard deviation associated with the full DWBC (i.e., the complete flow
below 800 dbar) reported by Meinen et al. (2017) based on much shorter records. Changes in transport are
mainly driven by the barotropic component of the transport, which, in turn, is dominated by bottom pres-
sure variations in the easternmost end of the array, located ~650 km east of the continental slope. The tight
correlation between these two quantities was used to derive a 9‐year‐length proxy of the absolute meridional
transport in the LCDW and AABW layers. This time series indicates that the interannual variability of the
transport is small (<1 Sv) compared to the intraannual variability and that abyssal flow variations are con-
centrated on times scales of 100–190 days. This is consistent with the passing of westward‐propagating
coherent vortices, whereas the current observations at 4,100 m show variability at scales of 26–52 days con-
sistent with topographic Rossby waves crossing the array closer to the western margin of the basin.
Uncertainties in a long‐term and large‐scale characterization of the abyssal flow across 34.5°S are to a large
extent due to the strong variability observed both in current records and transport estimates. These results
highlight the necessity of continuous observations in order to understand the role of the abyssal limb and
its variations in the basin‐wide AMOC.
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