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Data and Methods
In this study, moorings in the South Atlantic MOC Basin-wide Array (SAMBA) at 34.5°S are used
to estimate the absolute meridional geostrophic transports associated with the western and eastern
boundary currents as well as the interior flows. The array consists primarily of Pressure-equipped
Inverted Echo Sounder (PIES) moorings, some of which are also equipped with a near-bottom current
meter (CPIES). In its present configuration, there are approximately 20 SAMBA moorings of different
types active at any given time. However, the focus here is on the nine PIES and CPIES instruments on
the western and eastern boundary that have provided continuous daily observations from September
2013 to July 2017 (see Table S1 and Fig. 1 for locations). Since we do not use the near-bottom current
meter data from the CPIES in this study, hereafter we simply refer to the CPIES as PIES. The modern
techniques involved in analyzing PIES data to estimate volume transports have been widely discussed,
and only a brief description of the methodology is provided here. For additional details of how this
methodology has been adapted to 34.5°S see papers by (21, 22, 39).
A PIES measures both the bottom pressure and the round-trip time for an acoustic signal to travel
vertically from the bottom-moored instrument to the sea surface and back. All hourly PIES travel time
(?) and bottom pressure records were low pass filtered using a second order Butterworth filter passed
both forward and backward to avoid phase shifting – the cutoff period for the filter was 72 hours. Tidal
response analysis (40) determined semidiurnal and diurnal tidal bottom pressure constituents for each
instrument; these tidal constituents were subtracted from the bottom pressure time series prior to
filtering. The final filtered hourly ? and bottom pressure measurements were then subsampled to one
value per day at noon UTC.
The Gravest Empirical Mode (GEM) technique allows the ? record from a PIES to be combined
with historical hydrographic data from the region to produce estimated full-water-column profiles of
temperature, salinity, density, and/or dynamic heights (34). Previously, these analyses have been
successfully generated on the western boundary (8), eastern boundary (39), or on both boundaries (21,
22). A data set of 378 CTD and 5215 Argo profiles on the eastern boundary, and of 485 CTD and 3332
Argo profiles on the western boundary, are available from 1983 up to the present day (Fig. S1, upper
panels). These profiles are used to create the GEM lookup tables along each boundary (Fig. S1, middle
panels). Zonal gradients in density or dynamic height profiles between neighboring PIES yield fullwater-column profiles of the baroclinic (density-driven) component of the geostrophic velocity relative
to an assumed level of no motion (i.e., the reference level). Only the component of horizontal velocity
which is orthogonal to the transect between PIES is provided (i.e., meridional velocity across our zonal
transect). With the GEM method, we use the scatter between the original data (CTD and Argo) and the
resulting smoothed lookup tables to provide a natural “accuracy estimate” for the GEM fields (Fig. S1,
lower panels). This scatter represents the true ocean variability about the GEM temperature and salinity
fields. The root-mean-square differences between the smoothed GEM field and the original CTD and
Argo data in the example presented for the western and the eastern boundaries range from about 1.5°C
for temperature at the surface (where seasonal variability is maximum) down to around 0.05-0.3°C in
the deep ocean. Adding more hydrographic casts in the future will yield better coverage of the ?
parameter space, but essentially the same accuracy for the GEM field (39).
The absolute geostrophic velocity at the reference level is estimated from the zonal gradients in
bottom pressure between each pair of PIES (34). Differences in bottom-pressure measured between the

PIES provide the temporal-variations of the barotropic (pressure-driven) component of the absolute
geostrophic velocity. Due to the well-known ‘leveling’ problem (40), the bottom pressure differences
can provide only the time variability of the reference velocity. For this study the time-mean velocity at
1500 dbar from the Estimating the Circulation and Climate of the Ocean, Phase 2 (ECCO2;
https://ecco.jpl.nasa.gov/) ocean state estimate was added to the time-varying bottom-pressure derived
reference velocity variability to produce the absolute reference level velocities. This time-varying
reference velocity was added to the PIES-GEM relative velocity profiles to yield full-water column
time series of absolute velocity perpendicular to the transect between moorings. The ECCO2 output
was also used to provide a time-invariant estimate of the flows on the continental shelves/upper slopes
inshore of the shallowest moorings following previous methods (21, 22). Using a different numerical
model, like the free-running Ocean general circulation model For the Earth Simulator (OFES, see (21)
for more details about the use of this model for referencing MOC volume transport), instead of ECCO2
did not substantially alter the mean transport results (not shown). We chose ECCO2 because its ocean
state is constrained by observations (N.B., no SAMBA data are used in constraining the model).
Finally, the Ekman transports were estimated using the winds from the cross-calibrated multiplatform
(CCMP) product version 2.0 (37) as in (21).
The resulting total basin-wide meridional absolute velocity is determined as the sum of the above
components; this total was then zonally integrated to produce full-depth profiles of transport per unit
depth from the surface down to ~4700 dbar. The deep transport calculations and integrations (below
~1500 dbar) must take into account the highly variable topography in the abyssal ocean (eastern and
western slopes, and Mid-Atlantic-Ridge). Integrating geostrophic velocities in the presence of this
topographic complexity leads to regions known as ‘bottom triangles’ that are not sampled. To estimate
the transports within these areas, the PIES-GEM density profiles are first vertically extrapolated below
their deepest common depth using the GEM lookup tables. The transport within these areas are then
estimated geostrophically, taking into account the ratio between the ocean area and the portion of the
span between mooring sites that is below the sea-floor. The impact of the bottom triangles on the
abyssal transport accuracy estimate is presented in the following section.
To produce volume transport estimates of the upper and abyssal MOC cells, the transport per unit
depth profiles were integrated vertically. The vertical integration limits were determined based on the
changes in sign of either the record-length time-mean transport per unit depth profile or of the recordlength time-mean cumulative vertical integral of the transport per unit depth. For the upper MOC cell,
the vertical integration limits were from the sea surface down to the point where the time-mean
zonally-integrated flow (i.e., the transport per unit depth profile) changes from northward to southward
(at 1315 dbar; red dot in Fig. 2A). For the abyssal-cell, there is a portion of the flow that is deeper than
our deepest moorings which is unsampled. As a result, the vertical integration cannot go from the seafloor up to the zero crossing of the transport per unit depth profile in a parallel manner to what was
done for the upper-cell. Instead, the abyssal-cell upper vertical integration limit is chosen to be the
point where the cumulative transport from the surface downward reaches zero (mean depth of 3155
dbar; i.e., the black dot in Fig. 2A where shallow and deep limbs of the upper-cell have perfectly
balanced to yield mean zero cumulative transport). The lower integration limit for the abyssal-cell is
chosen as the point where the transport per unit depth profile changes from southward (i.e., the upper
limb of the abyssal-cell) to northward (mean depth of 4295 dbar; blue dot in Fig. 2A). Temporally
constant integration limits were thus used for the upper and abyssal transports. Tests with time-varying
integration limits that vertically followed the instantaneous zero velocity crossings when both cells are
detected (75% of the time) show standard deviations of 484 dbar and 327 dbar for the upper (red dot in

Fig. 2A) and lower (blue dot in Fig. 2A) interface boundaries, respectively. The resulting transport time
series are not highly sensitive to modest changes (within these standard deviations) in the vertical
integration limits (as evidenced by correlations of r = 0.99 for both cells with transports computed
using time-varying vs. time-mean vertical integration limits).
The seasonal anomalies of the MOC volume transport time series (Fig. 3) are determined using the
continuous daily 2013-2017 data, with each daily climatology smoothed with a second-order
Butterworth low-pass filter using a 90-day cutoff period passed both forward and backward to avoid
phase shifting. This filtering is applied to a three-repeating-year climatology, and only the central year
is kept to eliminate edge effects/transients in the smoothed climatology. Error bars indicated in the
upper left of each panel represent plus/minus one standard error. The standard error is calculated as the
standard deviation of the difference between the 90-day low-pass filtered daily data and the
corresponding daily climatology, divided by the square-root of the number of years of data available.
We assume with four years of data we have four independent degrees of freedom, which is a fairly
conservative estimate.
Transports Accuracy Estimates
Because of the sloping topography, SAMBA allows transport calculations from the surface down
to 4700 dbar, with some small regions that are not sampled on the upper slopes and continental shelves,
in the bottom triangles and below the deepest common depth of the interior moorings. The observing
system that collected the measurements we describe here is still in the water, with two new instruments
in the interior added to the array in 2019, and future augmentations are planned on both boundaries.
Bottom triangles and limited shelf observations are a common problem of all of the trans-basin MOC
arrays, however the errors associated with these unobserved regions can be quantified (see below), and
with these additional planned moorings these shortcomings will be improved for this array in the
future.
The transport accuracy estimates have been derived following the methods described within the
appendices of (21) and (39). Following these techniques, we have separated the sources of error in the
transport as being random or biases (Table S2). In this study, all the errors are calculated separately for
the upper and abyssal transports. Those sources of errors that are independent of one another are
combined via a standard square root of the sum of squares method to yield the overall accuracy
estimate. A detailed explanation of the sources of error can be found in (21); here only a brief
discussion is presented, focusing primarily on the specifics of this application.
As described by (21), there are several accuracy issues that can apply to the ? measurements of the
PIES. To convert the different ? based accuracies into equivalent volume transport accuracies, a linear
relationship between the vertical integral of the dynamic height anomaly (i.e., the baroclinic
streamfunction, also sometimes called the Fofonoff Potential, χ) and τ was used; separate linear ) and ? was used; separate linear
relationships were determined for the western and eastern portions of SAMBA using hydrography from
those regions. The vertical integration domain for the Fofonoff potential was selected to be consistent
with the vertical boundaries used for the transport integrals themselves, that is, between the surface and
1315 dbar for the upper-cell and between 3155 and 4295 dbar for the abyssal-cell. The resulting χ) and τ was used; separate linear 
based accuracy estimates were then converted into transport errors assuming a constant density of 1030
kg m-3 and the appropriate local Coriolis parameter.

The random accuracy of the geostrophic velocity (or transport) relative to an assumed level of no
motion is a function of four terms: (1) the accuracy of measured ? from the instrument (0.5 ms; (40));
(2) the scatter in the calibration relationship that converted ? at the depth of the PIES into the
equivalent ? at 1000 dbar; (3) the accuracy of the GEM lookup tables; and, (4) the scatter introduced by
projecting the ? at 1,000 dbar (and their derived dynamic height profiles) downward using the GEM
lookup tables to the deepest vertical integration boundary (1315 dbar for the upper-cell and 4295 dbar
for the abyssal-cell). The accuracy of the reference velocity is dependent on the accuracy of the
pressure gauges (0.01 dbar; (40)) which is added as a random source in the final absolute geostrophic
velocities (transports). For the upper-cell, in addition to these terms, an additional Ekman transport
accuracy must be added. The Ekman accuracy was estimated by calculating the root-mean-squared
difference between Ekman transports determined from the CCMP wind product and Ekman transports
determined from an independent wind product (see (21) for more details). Estimates of the accuracy
associated with the unmeasured transport by flows on the shallow continental shelves and upper slopes
were made via comparisons to independent data sets and numerical models. All these errors were
estimated following the methods shown in (21) and (39). When all of the sources of random errors are
combined, we find total random errors of 6.4 Sv for the daily upper-cell transport estimates and 6.3 Sv
for the daily abyssal-cell transport estimates (Table S2).
In addition to random errors affecting the time variability of the transport, some errors can affect
the time-mean transport. Following the methods presented in (21), two potential sources of error were
considered for both the upper and abyssal cell transports that apply to the time-mean but not to the time
variability: (1) the mean offset/calibration of the PIES measured ? into the equivalent ? at 1000 dbar;
and, (2) the accuracy of the applied time-mean reference velocity. The Ekman transports and the
unobserved meridional flows on the upper slopes and continental shelves can also have potential timemean biases, which were estimated following the methods of (21) and included as bias sources for the
upper-cell. Finally, the time-mean bias associated with unobserved flows in the deep bottom triangles,
was estimated following the method described in the preceding section “Data and Method”, and
included as bias source for the abyssal-cell.
The sources of bias are assumed to be as independent of one another, so they can also be
combined via a square root of the sum of squares method, yielding 5.0 and 2.7 Sv as the potential bias
errors in the time-mean upper and abyssal cell transports, respectively (Table S2).

Fig. S1. GEM fields of temperature determined for the western boundary (left column), and the eastern
boundary (right column). (A, B) Positions of the CTD and Argo casts collected around SAMBA
transect and used to create the GEM fields. The PIES locations are identified by the red squares.
Numbers indicated in the upper right represent the numbers of profiles used to create the GEM fields.
(C, D) GEM fields of temperature as a function of pressure and ?. (E, F) The root-mean-square
differences between the original hydrographic measurements and the GEM lookup table values. The
solid, dashed, and dotted contours represent progressively smaller contour intervals, with values
labeled in °C. The gray vertical lines show the locations of the hydrographic (CTD and Argo)
measurements.

Site name

Mooring type

Latitude

Longitude

Water depth

A

PIES

34°30.00′S

51°30.00′W

1360 m

C

PIES

34°30.00′S

47°30.00′W

4540 m

D

PIES

34°30.00′S

44°30.00′W

4757 m

S

CPIES

34°30.06′S

0°0.02′E

4608 m

U

CPIES

34°30.42′S

7°27.03′E

5185 m

V

CPIES

34°30.00′S

11°12.19′E

4969 m

W

PIES

34°30.25′S

15°0.16′E

4482 m

Y

CPIES

34°29.81′S

17°18.04′E

2129 m

Z

CPIES

34°24.35′S

17°33.46′E

1266 m

Table S1. Nominal locations and depths of the PIES and CPIES moorings which were all in place
continuously during September 2013-July 2017, and which are discussed in this paper. Note: the first
instrument at Site W was a CPIES, but it was replaced with a PIES in September 2015. Additional
moorings have been deployed in the array, however only the sites that have been in place for the entire
time period that is discussed in this paper are listed here. For simplicity in the main text, we refer to the
CPIES as PIES.

Accuracy Estimate
Random Sources

Upper

Abyssal

Measured ? accuracy

1.5 Sv

0.6 Sv

Scatter in ? PIES versus ? 1000

0.5 Sv

2.4 Sv

GEM look-up table accuracy

4.2 Sv

2.9 Sv

Baroclinic shear

1.2 Sv

4.6 Sv

Measured pressure accuracy

2.2 Sv

1.9 Sv

Ekman accuracy

1.4 Sv

n.a.

West shelf missed variability

2.5 Sv

n.a.

East shelf missed variability

2.5 Sv

n.a.

6.4 Sv

6.3 Sv

Bias Sources

Upper

Abyssal

Calibration of ? PIES with concurrent CTDs

4.8 Sv

2.0 Sv

Accuracy of reference velocity time-mean

1.4 Sv

0.9 Sv

Ekman time-mean accuracy

0.02 Sv

n.a.

Combined shelf missed time-mean

0.2 Sv

n.a.

n.a.

1.5 Sv

5.0 Sv

2.7 Sv

Total random

Bottom triangles time-mean accuracy
Total bias

Table S2. Estimates of the error contributions to the upper and abyssal transport accuracies.
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