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Highly variable upper and abyssal overturning cells

in the South Atlantic

M. Kersalé'?#, C. S. Meinen?, R. C. Perez?, M. Le Hénaff'?, D. Valla3, T. Lamont*>, O. T. Sato®,
S. Dong?, T. Terre’, M. van Caspel®, M. P. Chidichimo®®®, M. van den Berg?, S. Speich'®,
A.R. Piola®>*"", E. J. D. Campos®'?, 1. Ansorge®, D. L. Volkov'?, R. Lumpkin?, S. L. Garzoli'?

The Meridional Overturning Circulation (MOC) is a primary mechanism driving oceanic heat redistribution on Earth,
thereby affecting Earth’s climate and weather. However, the full-depth structure and variability of the MOC are
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still poorly understood, particularly in the South Atlantic. This study presents unique multiyear records of the
oceanic volume transport of both the upper (<~3100 meters) and abyssal (>~3100 meters) overturning cells
based on daily moored measurements in the South Atlantic at 34.5°S. The vertical structure of the time-mean
flows is consistent with the limited historical observations. Both the upper and abyssal cells exhibit a high degree
of variability relative to the temporal means at time scales, ranging from a few days to a few weeks. Observed
variations in the abyssal flow appear to be largely independent of the flow in the overlying upper cell. No meaningful

trends are detected in either cell.

INTRODUCTION

The fundamental role played by the Meridional Overturning Circu-
lation (MOC) in redistributing mass, heat, salt, and carbon within
the global climate system is well recognized (I, 2). The intensity of
the MOC is related to the rate of deep ocean ventilation and thereby
connects the time scales of heat uptake and carbon storage (1). De-
spite its importance, direct observations of the MOC in the Atlantic
before the past decade or two were fairly limited in spatial and tem-
poral coverage, particularly in the South Atlantic (3). As a result,
present scientific knowledge is largely based on model simulations.
Numerical models have suggested that Atlantic MOC variations and
stability can originate and/or be controlled via interbasin exchanges
of heat and especially salt across the South Atlantic gateway con-
necting the Atlantic with the other ocean basins (4, 5). The tradi-
tional view is that there are two complete MOC cells in the South
Atlantic Ocean, with an upper cell that involves northward transports
above ~1000 m and a lower (“abyssal”) cell that involves Antarctic
Bottom Water (AABW) northward transports below ~4000 to
4500 m (Fig. 1) (6-9). These northward transports are compensated
by southward-flowing North Atlantic Deep Water (NADW) between
those two northward-flowing layers, which completes the upper and
abyssal overturning cells as depicted in Fig. 1. The complexities of
these two interconnected cells make the South Atlantic unique; it is
the only ocean basin with an equatorward net heat transport (10, 11)
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that modulates interhemispheric global atmospheric circulations on
decadal time scales (12).

Given the importance of understanding South Atlantic MOC
(SAMOC) variations, substantial resources have been invested in ob-
serving these flows over the past two decades. However, most of the
MOC volume, heat, and/or salt transport estimates in the South Atlantic
have been based on infrequent trans-basin observations from ships,
including quasi-decadal full-depth conductivity-temperature-depth
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Fig. 1. Array locations and simple schematic of water mass overturning transports.
Study area with shaded colors representing oxygen concentrations (umol kg™') at
the surface and along the 34.5°S SAMBA line from the World Ocean Atlas 2018 annual
climatology (38). The tongues of elevated oxygen concentrations along the western
and eastern boundaries identify different branches of recently ventilated NADW as
it crosses 34.5°S (white contours). Locations of the nine SAMBA moorings used for
computing the zonally integrated meridional geostrophic flow are represented as
red squares. Conceptual schematics of the volume transport across 34.5°S and of
the upper and abyssal Atlantic overturning cells are indicated on the left side of the
panel. Colors indicate the classes of seawater density (red, shallow and intermediate;
green, deep; blue, abyssal).
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sections (13-15) and quasi-quarterly expendable bathythermograph
(XBT) transects (11, 16, 17). Indirect estimates have also been made
using blends of data from satellites (altimetry) and Argo profiling
floats irregularly distributed in space and time (18, 19). These studies
have improved our understanding of the MOC across multiple lati-
tudes in the South Atlantic. However, continuous multiyear daily
records of the MOC upper cell in the North Atlantic (20) and pre-
liminary analyses of daily moored data in the South Atlantic (21, 22)
have shown that infrequent snapshot measurements inevitably alias
energetic high-frequency signals into seasonal and longer time
scales. Furthermore, many of these infrequent and/or indirect ob-
servations provide measurements of only the upper water column,
failing to capture important interannual-to-decadal deep density
variations across the Atlantic Basin (23, 24). This study addresses
these shortcomings by producing the first-ever continuous daily
time series capturing the full-depth MOC volume transports along
34.5°S.

We estimated the daily full-depth MOC volume transport using
in situ observations of ocean bottom pressure and acoustic round-
trip travel times from nine pressure-equipped inverted echo sounder
(PIES) moorings in the SAMOC Basin-wide Array (SAMBA) at
34.5°S (Fig. 1). Geographically, this latitude serves as a gateway that
connects the Atlantic Basin with flows from the Indian, Pacific, and
Southern Oceans. Preliminary SAMBA efforts to estimate the
strength of the MOC volume transport focused solely on the upper
cell and used only the two shallowest PIES moorings (1350-dbar
isobath) on either side of the basin (21, 22). Here, we horizontally
and vertically extend this analysis to resolve the daily transport from
the surface down to ~4700 dbar during a 4-year period (September

2013 to July 2017) using data from nine moorings across 34.5°S (see
the Supplementary Materials for additional data details).

RESULTS
The resulting time-mean structure of the MOC flows is illustrated
by the time-mean profile of cumulative transport as a function of
depth (Fig. 2A). The MOC upper cell (red line in Fig. 2A) is found
above 3155 dbar (black dot), while the MOC abyssal cell (blue line)
is found below this interface. The strength of the upper cell is calcu-
lated as the basin-wide transport integrated from the surface down
to the time-mean pressure interface where the zonally integrated
meridional flow changes from northward to southward (1315 dbar;
red dot). The strength of the abyssal cell is calculated by integrating
from the zero crossing of the cumulative transport as a function of
depth (3155 dbar; black dot) down to the interface where the flow
changes from southward to northward (4295 dbar; blue dot). The
resulting volume transport variabilities are not sensitive to modest
O(500 m) changes in these fixed interface levels, nor by allowing
time variability in these levels (see the Supplementary Materials).
The time-mean meridional volume transport from September
2013 to July 2017 is 17.3 + 5.0 sverdrup (Sv) northward in the upper cell
(time mean + bias; 1 Sv = 10° m® s™'; see the Supplementary Materials)
and 7.8 + 2.7 Sv southward in the abyssal cell. The Atlantic and
Arctic Basins are essentially closed in the extreme north, aside from
the roughly 1 Sv of flow through the Bering Strait, which is nearly
canceled by the evaporation minus precipitation integrated over
the entire Atlantic Basin (6). Given that, mass conservation
requires that the transport integrated over the full depth of the
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Fig. 2. Volume transports within the upper and abyssal cells: Mean structure and temporal variability. (A) Estimate of the September 2013 to July 2017 time-mean
basin-wide vertically integrated (or cumulative) volume transport as a function of depth at 34.5°S with the upper cell highlighted in red and the abyssal cell in blue. The
gray layer at the bottom of the panel represents the layer of unobserved flow below the deepest common depth of the interior moorings. The red and blue dots highlight
the time-mean pressure interfaces where the zonally integrated meridional flow changes from northward to southward within the upper and abyssal cells, respectively. The
black dot indicates the transition between the upper and abyssal cells. (B) Temporal anomalies of the upper cell transport (defined positive northward). (C) Temporal anomalies
of the abyssal cell transport (defined positive southward). (B and C) Gray shading indicates the estimated daily accuracy as derived in the Supplementary Materials. Vertical
dashed lines (B and C) illustrate events affecting both cells (July 2015) or only one of the cells (June 2016). Horizontal dashed lines (B and C) indicate anomalies exceeding the
time-mean value by +1 standard deviation; positive anomalies correspond to stronger cell transports, and negative anomalies indicate weaker transports. Sv, sverdrup.
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ocean across SAMBA must be close to zero. SAMBA allows trans-
port calculations from the surface down to 4700 dbar, yielding a
time-mean southward transport of 6.6 + 2.7 Sv integrated between
the surface and this depth (Fig. 2A). This mean flow should equal
the northward flow that crosses 34.5°S below 4700 dbar to close
the mass budget. Historical estimates that have used inverse models
and trans-basin hydrographic sections near this latitude have sug-
gested a mean northward flow of about 2.4 + 1.2 Sv below 4700 dbar
(6). Given the error bar estimates, and the difference in time period
between the historical observations and these new results, the net
flow integrated from the surface to the bottom closes fairly well.
The enhanced resolution afforded by using nine moorings across
34.5°S shows a somewhat stronger and deeper time-mean upper cell
than the previous estimate derived from the two shallowest moor-
ings [14.7 Sv (22)], but the differences are within the range of error
estimates for the calculations. The time-mean strength of the upper
cell is also close to the available mean estimates near 34.5°S from
quasi-quarterly XBT transects [17.9 to 18.1 Sv (16, 17)], snapshot
trans-basin hydrographic cruises [11.7 to 21.5 Sv (15)], and Argo- and
satellite-derived MOC products [19.5 to 20.7 Sv (18, 19)]. Historical
estimates of the abyssal cell strength in this region are far fewer in
number, coming solely from snapshot basin-wide hydrographic
sections between latitudes ranging from 24°S to 32°S [5.5 Sv (13),
1.8 to 5.5 Sv (6), 3.5 to 7.0 Sv (14), 3.9 Sv (7), and 3.0 to 10.4 Sv (15)].
Numerical modeling studies have generally found weaker abyssal
cell estimates than previous observational estimates (9). Perhaps, the
most robust historical estimates of the strength of the AABW flow
come from moored measurements in the channels to the north. The
seafloor topography in the region dictates that most of the AABW that
successfully flows northward from the Argentine Basin to the Brazil
Basin (beyond ~32°S) must pass through the Vema or the Hunter
Channels (25, 26). Historical observations show a total northward
AABW transport of ~4 Sv (25) and ~3 Sv (26) through the Vema and
Hunter Channels, respectively. To the east of the Mid-Atlantic Ridge,
the Cape Basin is essentially topographically closed to the north by the
Walvis Ridge, thus preventing any contribution of AABW in that
region to the large-scale overturning circulation (27). The ~7 Sv of
northward-flowing AABW observed historically in Vema and Hunter
Channels matches remarkably well with our independent estimate
here of 7.8 + 2.7 Sv for the southward upper limb of the abyssal cell.

DISCUSSION

Both the upper and abyssal cells exhibit strong variations at time
scales, ranging from a few days to a few weeks (Fig. 2, B and C),
highlighting the necessity for a continuous-in-time trans-basin
observing system. The upper cell exhibits a daily temporal stan-
dard deviation of 15.5 Sv, about 2.5 times larger than the abyssal
cell standard deviation of 6.2 Sv. The upper cell transport standard
deviation greatly exceeds the variability found in prior model anal-
yses in the region (28). Preliminary estimates calculated with the
Estimating the Circulation and Climate of the Ocean, phase 2
(ECCO2) model (described in Materials and Methods) also show
weaker variability in both cells and a weaker ratio of 1.5 between
the upper and abyssal transport variability. The ECCO2 model does
not assimilate SAMBA observations, so this represents a fully inde-
pendent comparison. The difference in observed transport variability
between the upper and abyssal cells is more than can be accounted
for simply because the ocean grows narrower longitudinally with
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increasing depth. The integration area for the upper layer is rough-
ly a factor of 1.5 larger than for the deeper layer, while as noted earli-
er, the upper layer variability is closer to a factor of 2.5 larger than
that of the deep layer. A key result evident in both of these time se-
ries is the high degree of variability they exhibit relative to the tempo-
ral means. These large anomaly events last from 1 to 50 days and can
occur simultaneously in both cells, e.g., the July 2015 barotropic
event when the upper cell strengthened and the abyssal cell weak-
ened (vertical dashed lines in Fig. 2, B and C). They can also occur
in only one of the cells, e.g., June 2016 (vertical dashed lines in
Fig. 2, B and C). The correlation coefficient between the upper and
abyssal cell time series (without flipping the sign of the abyssal
transport) is r = 0.4, which is significantly different from zero at the
95% confidence level based on the estimated 45 degrees of freedom
(29). Some indication of statistically significant coherence (30) be-
tween the records is found on monthly and submonthly time scales;
however, the coherences are still low at those periods, and overall,
the coherence spectra are noisy. Despite the significant coherence
and correlation, their low values indicate that transport variability
in the abyssal cell is largely independent of the variations in the upper
cell during this 4-year time period.

The daily MOC standard deviation at 34.5°S in the upper cell
(15.5 Sv; reducing to 14.6 or 13.0 Sv with a 10- or 30-day low-pass
filter applied, respectively) exceeds the previous estimate of 8.3 Sv
from the pilot array (21, 22), likely due to better capturing of the
barotropic variations and eddies [e.g., Agulhas Rings (17)] using the
full array resolution. The monthly 13.0-Sv standard deviation also
exceeds those calculated from quarterly XBT transects [2.3 Sv (17)]
and the products derived from satellite and Argo profile data [3.5 Sv
(18)], as should be expected given the reduced temporal resolution
of these observations. The variability derived from this study also
exceeds that observed in the North Atlantic (2.7 Sv with a 10-day
filter at 26°N and 3.3 Sv from monthly averages using the Over-
turning in the Subpolar North Atlantic Program), consistent with
previous analyses suggesting that the MOC variability decreases
northward (23, 31, 32). There are positive trends in the transports
of both cells (stronger upper cell and weaker abyssal cell), but these
trends are not statistically different from zero.

Spectral analysis of the transport time series of both cells con-
firms that the MOC is more energetic in the upper cell than in the
abyssal cell at all time scales from periods of a few days to a year
(compare Fig. 3, A and B). At subseasonal time scales, the spectra
exhibit common peaks of energy in both cells (e.g., at 50 days), while
at other period bands, high energy is observed only in the upper cell
(12 to 20 days; gray shaded area in Fig. 3A). Levels of high energy
are observed between intraseasonal and annual periods in both the
upper and abyssal cells; however, note that the accuracy of the spec-
tra at those time scales is limited due to the relatively short length of
the analyzed record. Spectral distributions may yield more nuanced
results once a few more years of data have been collected. Estimates
of the associated seasonal cycle in the transport of both cells (Fig. 3,
C and D) show that the upper cell (Fig. 3C) is consistent with the
pilot study (22), with semi-annual periods of maximum transport
in July to August and December to January. The seasonal cycle of
the abyssal cell (Fig. 3D) is also semi-annual; however, it is roughly
180° out of phase with the cycle of the upper cell from March to
October but closer to being in phase for the rest of the year. This
likely reflects topographically imposed differences in the internal
waves transmitting the seasonal forcing information (33).
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Fig. 3. Energy distributions and seasonal anomalies of the MOC volume transports. Variance-preserving spectra of the upper cell (A, red) and abyssal cell (B, blue)
volume transports. Spectra were determined using Welch’s averaged periodogram method and a 2-year window allowing 1 year of overlap. Red and blue shading areas
indicate the 95% confidence limits based on the methods in (29), with colors matching the corresponding time series. Vertical black dashed lines indicate the annual,
semi-annual, and 3-month periods (from left to right). Shaded gray area illustrates the 12- to 20-day period band, with high energy in the upper cell and low energy in the
abyssal cell. Seasonal cycle of the upper cell (C, positive northward) and abyssal cell (D, positive southward) volume transport time series. Error bars indicated in the upper
left represent +1 standard error (see the Supplementary Materials for details), with colors matching the corresponding time series.

These 4 years of data from the SAMBA array have provided re-
markable insights on the full-depth structure and variability of the
MOC. Longer time series will be necessary, however, to confirm the
details of seasonal to interannual variability and to detect possible
long-term trends.

MATERIALS AND METHODS

We define the strength of the upper cell as the transport of the
northward-flowing upper layer, which must be balanced in steady
state by an equal transport of a southward-flowing NADW layer.
Likewise, we define the strength of the abyssal cell as the southward
transport of the deeper NADW layers, which must be balanced by
northward-flowing AABW transport in a steady state. The approach
with the SAMBA instruments is to infer full water-column profiles
of dynamic height from vertical acoustic travel times via the Gravest
Empirical Mode method (34). These estimates are combined with
directly measured ocean bottom pressure values to compute both
the geostrophic relative (“baroclinic”) and geostrophic reference
(“barotropic”) components of the meridional flows, respectively,
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between each pair of moored instruments. The barotropic flow is
directly determined from the ocean bottom pressure measurements.
Our method of obtaining the barotropic flow is in contrast to the
zero-net-flow constraint commonly applied as part of MOC compu-
tations at some of the North Atlantic arrays (31, 32, 35, 36). However,
bottom pressure sensors can only quantify the temporal variability
of the barotropic velocity, not the time mean. The time-mean refer-
ence velocity at 1500 dbar is therefore included from a 26-year run
of the ECCO2 ocean state estimate (https://ecco.jpl.nasa.gov/). The
1992-2018 time mean from the ECCO2 model output, with hori-
zontal resolution along the SAMBA latitude of 1/4°, is also used to
provide a time-mean estimate of the meridional flows inshore of the
shallowest moorings on either side of the basin (“boundary”). The
daily wind-driven meridional Ekman flow is derived from the Cross-
Calibrated Multi-Platform (CCMP) zonal wind stress (37) for the
same time period as the moored data. The baroclinic, barotropic,
boundary, and Ekman terms are combined and zonally integrated
across the basin along 34.5°S to compute the total daily meridional
transport per unit depth (details and an error analysis are presented
in the Supplementary Materials).
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/32/eaba7573/DC1
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