N

N

Multi Year Estimates of Daily Heat Transport by the
Atlantic Meridional Overturning Circulation at 34.5°S
M. Kersalé, C. S. Meinen, R. C. Perez, A. R. Piola, S. Speich, E. J. D.
Campos, S. L. Garzoli, I. Ansorge, D. L. Volkov, M. Le Hénaff, et al.

» To cite this version:

M. Kersalé, C. S. Meinen, R. C. Perez, A. R. Piola, S. Speich, et al.. Multi Year Estimates of Daily
Heat Transport by the Atlantic Meridional Overturning Circulation at 34.5°S. Journal of Geophysical
Research. Oceans, 2021, 126, 10.1029/2020JC016947 . insu-03726943

HAL Id: insu-03726943
https://insu.hal.science/insu-03726943
Submitted on 6 Aug 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Copyright


https://insu.hal.science/insu-03726943
https://hal.archives-ouvertes.fr

JGR Oceans

RESEARCH ARTICLE
10.1029/2020JC016947

Key Points:

« Implementation of a novel
methodology for computing the
daily meridional heat transport time
series at 34.5°S from 2013 to 2017

« The heat transport has significant
variability highly correlated with
changes in the strength of the
meridional overturning circulation

« A reconstructed/extended
meridional heat transport time
series allows analysis of seasonal to
interannual changes and long-term
trend

Correspondence to:

M. Kersalé,
marion.kersale@gmail.com

Citation:

Kersalé, M., Meinen, C. S., Perez, R. C.,
Piola, A. R., Speich, S., Campos, E. J.
D, et al. (2021). Multi-year estimates
of daily heat transport by the Atlantic
meridional overturning circulation at
34.5°S. Journal of Geophysical Research:
Oceans, 126, €2020JC016947. https://
doi.org/10.1029/2020JC016947

Received 30 OCT 2020
Accepted 30 MAR 2021

© 2021. American Geophysical Union.
All Rights Reserved. This article has
been contributed to by US Government
employees and their work is in the
public domain in the USA.

'.) Check for updates

A ’ l l ADVANCING

EARTHAND

nvu SPACE SCIENCE

Multi-Year Estimates of Daily Heat Transport by the
Atlantic Meridional Overturning Circulation at 34.5°S

M. Kersalé'? @@, C. S. Meinen® 2, R. C. Perez”> 0, A. R. Piola®*®
E. J. D. Campos™® (9, S. L. Garzoli?, I. Ansorge’, D. L. Volkov'?
T. Lamont>'*" @, 0. T. Sato’ ¥, and M. van den Berg"’

,S. Speich® @,

, M. Le Hénaff"? ©, S. Dong® ©,

1Cooperative Institute for Marine and Atmospheric Studies, University of Miami, Miami, FL, USA, NOAA Atlantic
Oceanographic and Meteorological Laboratory, Miami, FL, USA, 3Servicio de Hidrografia Naval, Buenos Aires,
Argentina, *Instituto Franco-Argentino sobre Estudio del Clima y sus Impactos (UMI-IFAECI/CNRS-CONICET-
UBA), Buenos Aires, Argentina, Universidad de Buenos Aires, Buenos Aires, Argentina, ®Laboratoire de Météorologie
Dynamique-IPSL, Ecole Normale Supérieure, Paris, France, 7Oceanographic Institute, University of Sao Paulo, Sao
Paulo, Brazil, SDepartment of Biology, Chemistry and Environmental Sciences, School of Arts and Sciences, American
University of Sharjah, Sharjah, United Arab Emirates, Department of Oceanography, University of Cape Town,
Rondebosch, South Africa, 1°Department of Environment, Forestry and Fisheries, Oceans and Coasts Research Branch,
Cape Town, South Africa, 11Bayworld Centre for Research and Education, Cape Town, South Africa

Abstract Variations in the mass and heat transported by the meridional overturning circulation
(MOC) have important, well-documented, influences on global and regional climate, weather, ecosystems,
and coastal sea levels. However, continuous, high-frequency, observations of these quantities have been
limited to date. Multiple years of full-depth daily observations from moored instruments in the South
Atlantic at 34.5°S are combined with satellite observations to resolve the volume transports in both the
upper and abyssal MOC cells, and the associated full-depth meridional heat transport (MHT), on daily

to interannual timescales. A newly developed method for combining satellite sea level observations with
historical hydrographic measurements was used to estimate daily full-depth ocean profiles of temperature
in the ocean interior where mooring coverage is sparse. The average MHT during 2013-2017 is 0.5 PW,
with a daily standard deviation of 0.8 PW. The MHT variability is most strongly driven by the geostrophic
relative velocity contributions (horizontal density-gradient changes). This variability is highly correlated
with the volume transport variability of the MOC upper cell (r = 0.96) and modestly anti-correlated

(r = —0.52) with the abyssal cell variations. An empirical relationship between the MHT and MOC values
was developed allowing the reconstruction of a longer MHT time series including the pilot array period
(2009-2010). Seasonal variation of the MHT is significant, and results from strong variations of all terms
(Ekman, barotropic, and baroclinic). Although the 2013-2017 shows an increasing MHT trend (0.14
PW/year), the longer time period record suggests that the apparent trend may simply be interannual
modulation of MHT at 34.5°S.

Plain Language Summary Changes in the meridional overturning circulation, a large system
of ocean currents driven by differences in temperature and salt content as well as the winds, are known to
have significant influences on the global climate system. This study presents, for the first time, full-depth,
daily measurements of the volume and heat transported by this circulation system in the South Atlantic at
34.5°S based on direct observations. As the instruments anchored on the seafloor are too widely spaced in
the basin interior, a new method for using satellite observations to estimate interior temperature profiles
was developed and used. The roughly 4 years of continuous daily data reveal seasonal and interannual
changes of these important flows. The observations also demonstrate that the volume and heat transports
vary in a consistent manner with one another. This allows us to use some earlier moored observations
from a pilot version of the array, extending the data record further back in time and producing ~6 years of
daily estimates of heat transport in the South Atlantic during 2009-2017, with a gap during 2010-2013.

1. Introduction

The oceans absorb more than 90% of the excess heat gained by the Earth's climate system (Johnson &
Lyman, 2020; Levitus et al., 2012; Rhein et al., 2013). Ocean currents redistribute the excess heat from
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Figure 1. Array locations and heat content in the South Atlantic. (a)

Within the South Atlantic Ocean, the upper MOC cell is characterized
by a northward transport of relatively warm waters within roughly the

South Atlantic MOC Basin-wide Array (SAMBA) mooring locations upper 1,300 m that is compensated by a southward upper branch of rel-
used in this study (green squares) superimposed onto the mean ocean atively cold North Atlantic Deep Water (NADW) between ~1,300 and
heat content from 0 to 700 m depth from September 2013 to July 2017 3,150 m (e.g., Kersalé, Meinen, et al., 2020; Lumpkin & Speer, 2007; Tall-
(heat content data provided by Cheng et al. [2017] shaded colors). (b) ey, 2003). The warm upper limb of the upper MOC cell is a complex blend

Topographic features are identified with black contours characterizing the

1,000 and 3,000 m isobaths.

of waters originating from the Indian and Pacific Oceans that flows into
the Atlantic basin around the southern tip of Africa and via Drake Pas-
sage, respectively, and which then transits to the north primarily through
the Cape Basin (e.g., Bower et al., 2019; de Ruijter et al., 1999; Rousse-
let et al., 2020; Riihs et al., 2019; Sloyan & Rintoul, 2001). The cold lower limb of the upper MOC cell
flows southward through the South Atlantic basin along the western and eastern boundaries (e.g., Bower
et al., 2019; Garzoli, Dong, et al., 2015; Kersalé, Perez, et al., 2019; Meinen, Garzoli, et al., 2017). Below
this upper MOC cell is a deeper, abyssal MOC cell that is characterized by a northward flow of very cold
Antarctic bottom water (AABW) below about 4,300 m that is compensated by a southward lower branch
of cold NADW (but comparatively warmer compared to AABW) between roughly 3,150 and 4,300 m (e.g.,
Cessi, 2019; Kersalé, Meinen, et al., 2020). The northward flowing deep limb of the abyssal MOC cell is con-
centrated in the western portion of the basin due to the topographic barrier of the Walvis Ridge (shown in
Figure 1) (e.g., Coles et al., 1996; Valla et al., 2019), while the southward return flow in the abyssal MOC cell
merges with the southward flowing lower limb of the upper MOC cell (e.g., Ganachaud & Wunsch, 2000;
Kersalé, Meinen, et al., 2020). This complicated vertical-horizontal flow structure in the South Atlantic has
implications for the calculation of MHT. Note, the MOC flow pattern is less complicated in the subtrop-
ical North Atlantic, where the abyssal MOC cell is extremely weak (e.g., Frajka-Williams, Cunningham,
et al., 2011) and can in essence be neglected in calculating the MHT (e.g., Johns et al., 2011).

The majority of historical estimates of the volume transport of the MOC have focused only on the flow in
the upper cell of the MOC, while the flow in the abyssal cell of the MOC has often been neglected. Here-
after in this document the notation “MOC,,;” will be used when specifically discussing the upper MOC
cell, and “MOC,,” will be used when specifically discussing the abyssal MOC cell; “MOC” will be used
without a subscript notation when discussing the complete (i.e., full-depth) overturning system. In ad-
dition to neglecting MOC,,, most previous estimates of the MOC and MHT in the South Atlantic have
been derived from infrequent trans-basin observations from ships, including quasi-decadal full-depth con-
ductivity-temperature-depth (CTD) sections (e.g., Bryden et al., 2011; Hernidndez-Guerra et al., 2019; Mc-
Donagh & King, 2005; Saunders & King, 1995), eXpendable BathyThermograph (XBT) transects carried
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out roughly four times per year since 2002 (e.g., Dong, Garzoli, Baringer, Meinen, & Goni, 2009; Garzoli &
Baringer, 2007; Garzoli, Baringer, et al., 2013), or inverse models combining multiple hydrographic sections
(de las Heras & Schlitzer, 1999; Ganachaud & Wunsch, 2003; Lumpkin & Speer, 2007). Monthly estimates
since 1993 have also been made using blended satellite altimetry and irregularly distributed in space and
time Argo float data (Dong, Goni, & Bringas, 2015; Majumder et al., 2016). These available historical esti-
mates of the MOC (which are really only estimates of the MOC,;,) and MHT between 30°S and 45°S show a
wide range of values, about 18.1-23.4 Sv and —0.23 to 0.76 PW, respectively (de las Heras & Schlitzer, 1999;
Garzoli, Baringer, et al., 2013; Majumder et al., 2016). The corresponding estimates of the variability are also
quite diverse with standard deviations ranging from 2.3 to 4.6 Sv and 0.08 to 0.22 PW, respectively (Garzoli,
Baringer, et al., 2013; Majumder et al., 2016; McDonagh & King, 2005). While these historical records have
unquestionably expanded our understanding of the oceanic fluxes across multiple latitudes in the region,
continuous multi-year daily records of the MOC and MHT in the upper-ocean of the North Atlantic have
shown that these transports are highly variable with considerable energy at sub-monthly frequencies (e.g.,
Johns et al., 2011; Kanzow, Cunningham, Johns, et al., 2010). As such, it is evident that synoptic (snapshot)
observations and/or monthly gridded products may miss important facets of MOC and MHT variability,
inevitably leading to biased estimates.

To address this observational gap, moored arrays have been deployed at several latitudes as part of an inter-
national initiative to study the South Atlantic MOC (SAMOC; Ansorge et al., 2014; Garzoli & Matano, 2011;
Herrford et al., 2021; Hummels et al., 2015; Kersalé, Meinen, et al., 2020; Kopte et al., 2017; Meinen, Speich,
Perez, et al., 2013; Meinen, Speich, Piola, et al., 2018). One of the major components of this initiative is the
South Atlantic MOC Basin-wide Array (SAMBA; Figure 1). SAMBA has been under construction since the
initial pilot experiments in 2008-2009. The array consists primarily of Pressure-equipped Inverted Echo
Sounder (PIES) moorings along 34.5°S, some of which are also equipped with a near-bottom current meter
(CPIES), as well as four tall moorings close to the eastern boundary (e.g., Kersal¢, Lamont, et al., 2018). Lo-
cated at the entrance into the South Atlantic, the array captures most of the structure and variability of both
the upper and the abyssal MOC cells (Kersalé, Meinen, et al., 2020). SAMBA was designed to capture the
key basin-wide surface-to-seafloor ocean flows across 34.5°S, and the array is ideally situated to monitor ex-
changes of heat between the South Atlantic, Pacific, and Indian oceans, and to evaluate the associated MOC
and MHT variability. Further analyses using numerical models have suggested that the observed warming
trend of the Atlantic Ocean since the 1950s (Lee et al., 2011) and the MOC/MHT interannual to decadal
variability (Dong, Garzoli, & Baringer, 2011) are largely due to inter-basin heat transport from the Indian
Ocean. Thus, it is important to study volume and heat transport variability in this key region to understand
warming in the Atlantic Ocean relative to the warming in the other ocean basins.

Analyses of the first few years of data from the pilot configuration of SAMBA have suggested that the
MOC at 34.5°S is highly variable at time scales ranging from a few days to a year (Meinen, Speich, Perez,
et al., 2013; Meinen, Speich, Piola, et al., 2018). Using a larger number of SAMBA moorings along this
latitude rather than just the pilot moorings near the boundaries allows for better accuracy for the volume
transport estimates as well as a better physical and statistical evaluation of the observed variations (Ker-
salé, Meinen, et al., 2020). While the moored instruments provide unprecedented temperature and salinity
information near the western and eastern boundaries (e.g., Kersal¢, Lamont, et al., 2018; Kersalé, Perez,
et al., 2019; Meinen, Garzoli, et al., 2017; Valla et al., 2018, 2019), observations of temperature and salinity
in the interior of the basin are still very sparse (Figure 1). This lack of moored observations in the basin
interior is not a major challenge for MOC estimation as the volume transports are largely determined using
geostrophic methods that integrate between moorings as is done for all of the major MOC arrays (e.g., Her-
rford et al., 2021; Kanzow, Cunningham, Rayner, et al., 2007; Meinen, Speich, Perez, et al., 2013; McCarthy,
Smeed, et al., 2015). For the MHT calculation, however, a lack of information in the interior poses a serious
shortcoming, as calculating the MHT requires estimates of zonally averaged temperatures profiles in the
interior (e.g., Johns et al., 2011).

In the present study, we generate for the first time a daily MHT time series derived from SAMBA measure-
ments and satellite observations for the period from September 2013 to July 2017. This MHT calculation
involves the development and implementation of a novel synthesis of in situ and satellite altimetry data
in order to estimate basin interior temperatures across 34.5°S in the South Atlantic to enhance the moored
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observations near the basin boundaries. In addition, an analysis of the MOC variability from the SAMBA
full array configuration period in 2013-2017 is presented, along with some comparisons to the pilot array
configuration following Meinen, Speich, Piola, et al. (2018). An empirical relationship between the MHT
and MOC values is developed that allows for the reconstruction of a longer MHT time series in 2009-2010
using the pilot array MOC time series. The fully resolved and reconstructed MHT data sets are compared
with each other as well as to concurrent observations from independent observing systems.

2. Data and Methods
2.1. Atlantic MOC Volume Transport
2.1.1. Absolute Meridional Velocity From SAMBA

To assess the temporal variability of the MOC in the South Atlantic, we used a subset of the PIES/CPIES
moorings along the SAMBA line at 34.5°S, for which data were continuously available from September 2013
to July 2017 (green squares in Figure 1). Since we do not need to use the near-bottom current meter data
from the CPIES for the purposes of this study, hereafter we simply refer to the CPIES as PIES. The PIES
moorings capture the ocean flows near the western and eastern boundaries along the continental slopes;
the eastern array extends offshore to the Walvis Ridge. The depths of the PIES moorings range from 1,300
to 5,200 m, although only two moorings in the Cape Basin lie below 4,900 m. Hydrographic measurements
are also collected along both the western and eastern PIES arrays during the mooring servicing cruises.
These moored and hydrographic observations provide important insights into the local MOC flow patterns
and water mass properties, and offer an updated view of the deep and abyssal flows along the boundaries
(e.g., Kersalé, Lamont, et al., 2018; Kersalé, Meinen, et al., 2020; Kersalé, Perez, et al., 2019; Meinen, Speich,
Perez, et al., 2013; Meinen, Speich, Piola, et al., 2018; Valla et al., 2018, 2019).

A PIES measures the bottom pressure, and the time for an acoustic signal to travel round-trip from the
bottom-moored instrument to the sea surface and back (7). In this study, PIES are used to estimate full
water column profiles of temperature, salinity, and density at each mooring site via hydrography-derived
lookup tables using the gravest empirical mode (GEM) method developed by Meinen and Watts (2000).
Previously, these analyses have been successfully employed on the South Atlantic western boundary (e.g.,
Meinen, Garzoli, et al., 2017; Valla et al., 2019), eastern boundary (Kersalé, Lamont, et al., 2018; Kersalé,
Perez, et al., 2019), as well as both boundaries jointly (Kersalé, Meinen, et al., 2020; Meinen, Speich, Perez,
et al., 2013; Meinen, Speich, Piola, et al., 2018). Data from 378 CTD and 5,215 Argo profiles near the eastern
boundary and from 485 CTD and 3,332 Argo profiles near the western boundary (all of the available profiles
from January 1983 to December 2018) are used to create these lookup tables. The CTD/Argo data sets used
for the GEM fields in the east span the region zonally bounded by 2°W and the South African continental
shelf and meridionally bounded by 37°S and 31°S, while the data in the west span the region between the
continental shelf to 40°W, and the same latitude range. The hydrographic data used to estimate temperature
in the interior will be described in Section 2.2.1.

The density profiles derived via the GEM method can be vertically integrated to yield dynamic height anom-
aly profiles, and the component of the relative baroclinic velocity orthogonal to the line between each pair
of PIES moorings can be calculated via geostrophy (i.e., the thermal wind relationship). The barotropic con-
tribution can similarly be estimated as the geostrophic gradient between the measured bottom pressures at
each instrument. The pressure differences yield absolute velocity fluctuations but not the time-mean (e.g.,
Donohue et al., 2010); the time-mean can be added from ancillary in situ observations (e.g., near-bottom
current meters) or from a numerical model output. Combining the absolute reference velocity with the
relative velocity produces full water column absolute velocity profiles of the component perpendicular to
the mooring line. Because the present study does not use a residual method, and obtains the reference
(barotropic) velocity variability directly from data (bottom pressure gradients), no “residual” zero net vol-
ume transport assumption is made here. In other words, the velocities are not uniformly adjusted to ensure
zero net volume transport as in previous observational studies at other latitudes (e.g., Johns et al., 2011;
McCarthy, Smeed, et al., 2015). As detailed in the following sections, estimates of the meridional Ekman
flow (surface wind-driven) and the flow inshore of the shallowest moorings on either side of the basin are
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added to the geostrophic component to yield the total absolute meridional velocity. The accuracies of the
34.5°S MOC estimates and its components are detailed in the Appendix.

2.1.2. Meridional Ekman Flow

Zonal wind stress data available from the cross-calibrated multi-platform (CCMP) wind product (e.g., Mears
et al., 2019), which merges existing satellite scatterometer and microwave radiometer observations, are used
to generate daily estimates of meridional Ekman transport across 34.5°S from September 2013 to July 2017
(e.g., Kersalé, Meinen, et al., 2020). Note, when we update the MOC estimate from the pilot configuration
(Meinen, Speich, Perez, et al., 2013; Meinen, Speich, Piola, et al., 2018), we also use CCMP zonal wind stress
from 2009 to 2010. Nevertheless, it has been shown that at 34.5°S different wind products generate similar
values for the Ekman transport (Garzoli & Baringer, 2007), while at other latitudes (e.g., 11°S, Herrford
et al., 2021) the choice of the wind product might be critical.

2.1.3. Time-Mean Reference Flow and Boundary Flows

As mentioned above, the bottom pressure gradients from the PIES only provide information about the
temporal variations of the barotropic (reference) flow and cannot be used to estimate the time-mean due to
the well-known leveling problem (e.g., Donohue et al., 2010). The time-mean reference geostrophic velocity
between pairs of PIES was derived at 1,500 dbar from the time-mean of a 26-year run of the eddy-permitting
Estimating the Circulation and Climate of the Ocean, Phase 2 (ECCO2; https://ecco.jpl.nasa.gov/) ocean
state estimate (e.g., Menemenlis et al., 2005).

The ECCO2 output was also used to provide a time-invariant estimate of the volume fluxes on the continen-
tal shelves/upper slopes inshore of the shallowest moorings following previous methods (Kersalé, Meinen,
et al., 2020). Note, similar results are reached when output from the Ocean general circulation model For
the Earth Simulator (OFES; Masumoto et al., 2004; Sasaki et al., 2008) was used instead to provide the time-
mean reference and boundary flows (Meinen, Speich, Perez, et al., 2013; Meinen, Speich, Piola, et al., 2018),
demonstrating that the choice of model did not significantly influence our findings.

2.1.4. Pilot Array Versus Full Array Configuration

The resulting basin-wide meridional absolute velocity was then zonally and vertically integrated, and the
transport of the basin-wide MOC strength and vertical structure was estimated (Figure 2a). The first MOC
estimates using SAMBA mooring data only used two moorings (Sites A and Z, which are located near the
~1,300 m isobath, pilot array—red squares in Figure 2b) to estimate the strength of the MOC,, cell (e.g.,
Meinen, Speich, Perez, et al., 2013). The initial ~20-month long time series of the MOC,;, volume transport
from the pilot array between 2009 and 2010 was updated with an additional ~4 years of data at these two
sites between 2013 and 2017 (Meinen, Speich, Piola, et al., 2018). Further analysis using all of the availa-
ble moorings across 34.5°S (red and green symbols in Figure 2b) from September 2013 to July 2017 (the
better-resolved PIES array began in 2013) has provided a more detailed understanding of the full-depth
vertical, horizontal, and temporal structure of the MOC,, as well as providing the ability to estimate MOCy,
(see next section). The methodology for estimating the full-depth MOC with the better-resolved mooring
configuration was described in detail in Kersalé, Meinen, et al. (2020).

To illustrate the value of the enhanced, better-resolved, array configuration, we provide here a few statistics
and comparisons of the time-mean MOC,, vertical structure at 34.5°S from these two configurations. The
pilot array data from the original study of Meinen, Speich, Perez, et al. (2013) have been reanalyzed here
using the same methodology as was applied by Kersalé, Meinen, et al. (2020) to the full array configuration
(i.e., ECCO2 model output was used for the time-mean reference velocity flow and for the time-mean shelf
flows inshore of the shallowest moorings). As is standard for nearly all estimates of the MOC,, cell (e.g.,
Frajka-Williams, Ansorge, et al., 2019; McCarthy, Brown, et al., 2020), the strength of the MOC,, flow is
defined 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 (1,315 dbar here at
34.5°S for both configurations as in Kersal¢, Meinen, et al. [2020]). The mean MOC,, strength determined
here for the pilot array configuration over the period 2013-2017 is 17.7 Sv (red line in Figure 2a). Using the
better resolution of nine moorings across 34.5°S, a somewhat weaker time-mean upper cell (17.3 Sv, green
line in Figure 2a) is found, however, this mean difference is within the range of the error estimates for the
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Figure 2. Time-mean volume transport and temperature section across SAMBA. (a) Time-mean cumulative transport
as function of depth. The red line is the mean calculated using the SAMBA pilot deployment over the period September
2013 to July 2017, while the green line is the mean using the SAMBA full array configuration. The upper and abyssal
Atlantic overturning cells are indicated on the left side of the panel with the upper and lower North Atlantic Deep
Water and Antarctic bottom water branches on the right side. (b) Temperature section from the World Ocean Atlas
(WOA) 2018 climatology with 0.25° horizontal resolution (Locarnini et al., 2019). Locations of the SAMBA moorings
are represented as squares (red: Sites used in pilot configuration calculations; red and green: Sites used in full array
configuration calculations).

calculations (Kersalé, Meinen, et al., 2020). These time-mean values are dependent on a numerical model
(time-mean reference velocity flow at 1,500 dbar), but they are both reasonably close to previous mean
MOC estimates determined from repeated XBT sections, which range from 17.9 to 18.1 Sv (Dong, Garzoli,
Baringer, Meinen, & Goni, 2009; Garzoli, Baringer, et al., 2013).

2.1.5. Estimating the Abyssal Cell Transport

Another advantage of using the full 9-instrument resolution for the array is that, because the moorings span
the entire water column, it allows determining not only the strength of the volume transport in the MOC,,
cell, but also for the daily time-varying strength of the MOC,, cell volume transport (Kersalé, Meinen,
et al., 2020). The strength of the MOC,, cell is defined as the volume transport integrated between 3,150
and 4,300 dbar (Kersalé, Meinen, et al., 2020), which represents the vertical layer just below the base of the
MOC,;, cell and above the depth where the meridional flow transitions from southward in the NADW layer
to northward in the AABW layer, that is, measuring the upper limb of the MOC,, cell. The time-mean of
the maximum southward transport is roughly 7.8 Sv (Kersalé, Meinen, et al., 2020), falling within the 1.8-
10.4 Sv range of previous estimates of the strength of the MOC,;, cell derived from snapshot ship sections at
30°S-32°S (Hernandez-Guerra et al., 2019; Lumpkin & Speer, 2007).

The fully resolved array at 34.5°S allows transport calculations from the surface down to 4,700 dbar, which
is the deepest common depth of the interior moorings (Sites D and S; see Figure 2b), yielding a time-mean
southward transport of 6.6 + 2.7 Sv integrated between the surface and this depth (Figure 2a). This mean
flow should equal the northward flow that crosses 34.5°S between 4,700 dbar and the seafloor to close the
mass budget which is consistent with the 30°S CTD section analysis that constrained the solution to have
7 + 2 Sv of AABW flowing north in the western basin (Ganachaud & Wunsch, 2003), as well as prior es-
timates from inverse models that analyzed snapshot hydrographic sections (i.e., Lumpkin & Speer, 2007).
Recall, however, that we directly estimate absolute geostrophic velocity fluctuations here and, hence no
“residual” zero net volume transport assumption is made for volume transport. However, as it is under-
stood that to compute meaningful estimates of heat transport there must be an underlying zero net mass
balance (e.g., Baringer & Garzoli, 2007; Macdonald & Baringer, 2013), we must account for the unobserved
contribution to the heat transport in the deep/abyssal ocean below 4,700 dbar (see Section 2.2.2 for details).
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2.2. MHT Estimates

To determine daily estimates of the MHT across 34.5°S, the absolute meridional velocity derived from the
full configuration of SAMBA as discussed in Section 2.1.1 must be combined with temperature data across
the basin. We break the total heat transport down into a number of components:

anl = QWB + QEB + Qmidoccan + Qshelvcs + Qdccp (1)

The different terms represent, respectively, the contribution to the total MHT (Q,) by the flows near the
western boundary between Sites A and D (Qwg); the flows near the eastern boundary between Sites S and Z
(Qgg); the flows in the interior of the basin between Sites D and S (Qmidocean); the flows on the western and
eastern shelves inshore of the shallowest moorings (Qgpewves); and the flow in the deep/abyssal ocean below
4,700 dbar (Qqecp). Note that the MHT is not separated into variations associated with the MOC,, cell and
the MOC,, cell—because the time-varying nature of the interfaces between the northward and southward
flows at the various levels makes discriminating between those flows in a mass-conserving manner every
day difficult. Instead, the MHT results presented here discuss the net heat transported by the full water
column. The individual temperature transport terms in Equation 1 are defined by:

[1pC,v0dxd: )

with p the sea seawater density, C, the specific heat of seawater, v the meridional velocity, and 6 the potential
temperature. A constant value of pC, = 4.1 X 10° Tkg ' °C ™" is used in all temperature transport calculations
(similar to Johns et al., 2011).

This calculation is pretty straightforward for (Qwg) and (Qgp) using the geostrophic transports calculated be-
tween each pair of PIES and the simple zonal average of the temperature profiles at the pair of PIES moor-
ing sites. The daily values of the zonally averaged temperature profiles are multiplied by the geostrophic
velocity profiles and the result is then integrated between the surface and 4,700 dbar. The temperature
transports are summed up according to the different geographical limits using Sites A, C, and D for (Qwz)
and Sites S, U, V, W, Y, and Z for (Qgg). For (Qmidocean), PIES D and S are sufficient to monitor the basin-wide
geostrophic transport, but the horizontal mooring resolution is too sparse to realistically represent the zon-
ally averaged mid-ocean temperature profiles between Sites D and S. Methods to overcome this temperature
data deficiency in the interior, as well as the estimation of the time-invariant temperature transports over
the shelves and in the deep ocean below 4,700 dbar, are described in the following sections.

2.2.1. Mid-Ocean Temperature

To construct suitably accurate estimates of the zonally averaged temperature between Sites D and S at the
highest possible temporal resolution concurrent with the corresponding daily geostrophic velocities, we will
take advantage of the daily sea level anomaly (SLA) observations provided by gridding satellite altimetry
across the interior of the basin. A gridded SLA product, provided by Copernicus Marine Environment Mon-
itoring Service (CMEMS; http://marine.copernicus.eu/) for the same time period as the moored data, was
used in this study. This gridded and interpolated product, generally known as the AVISO product, covers
the global ocean with a horizontal and temporal resolution of 1/4° and 1 day, respectively, even if the orig-
inal time scales represented are ~2-3 weeks due to spatiotemporal filtering (e.g., Ballarotta et al., 2019). As
variations in steric sea level contribute significantly to sea level changes, SLA will be used as a direct proxy
for dynamic height anomalies (DHA).

Available hydrographic data, between 38°W and 0°E and between 29°S and 37°S, are used to create an
empirical two-dimensional lookup table relating temperature to pressure and DHA in the interior (Fig-
ure 3a). This is similar to the GEM method previously mentioned in Section 2.1 as developed by Meinen and
Watts (2000), and to the GEM-ETTA (Enhanced Thermohaline Transport Analysis) technique developed
by Byrne (2000) extending the GEM with a third dimension to include sea surface height. However, the
new technique presented herein is distinct from those previous methods as it relates the temperature, for
example, purely as a function of pressure and DHA. In the mid-ocean region, Argo is the main source of
hydrographic data available for building the two-dimensional lookup tables (14,864 profiles), as full-depth
CTD casts have only rarely been collected in the interior. However, several recent trans-basin hydrographic
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Figure 3. GEM-A field of temperature determined for the mid-ocean region. (a) GEM-A lookup table for temperature
as a function of pressure and dynamic height anomalies (DHA). (b) Root-mean-square differences between the original
hydrographic temperature measurements and the seasonally uncorrected GEM-A lookup table values. The solid and
dotted contours represent progressively smaller contour intervals, with temperature values labeled in [°C]. The gray
vertical lines show the locations (in DHA space) of the original CTD and Argo measurements. (c) Seasonal correction
field applied to the GEM-A lookup table temperature values.

sections have increased data density in the central region of the South Atlantic to 482 casts, with two GO-
SHIP repeat hydrographic sections sampled 1 or 3 times over the past 30 years: Section A10 along 30°S (in
1992, 2003, and 2011), and Section A10.5 along 34.5°S (in 2017). The strength of the original GEM method
to derive lookup tables for temperature and salinity has always been the ability to simultaneously derive
observation-based error bars for the lookup table estimates (e.g., Meinen & Watts, 2000; Watts et al., 2001).
The new method presented here—termed GEM-Altimetry (GEM-A)—has the same ability. Theoretical-
ly, different vertical profiles of temperature and salinity can generate the same vertically integrated DHA
(or round-trip acoustic travel time). With the GEM and GEM-A methods, 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 lookup tables, and account for this potential source of error (Figure 3b). This scatter rep-
resents the true ocean variability about the lookup table fields. The root-mean-square differences between
the smoothed GEM-A field and the original CTD and Argo data range from about 1°C for temperature at
the surface (where seasonal variability is maximum) down to around 0.05°C-0.3°C in the deep ocean. The
seasonal variability of temperature near the surface is at least partially regular in time, and so the GEM-A
estimates near the surface can be improved using a seasonal correction field in the upper 300 dbar following
the methods presented in Watts et al. (2001). At each pressure level, the temperature residuals were calcu-
lated between each original hydrographic data and its corresponding GEM-A profile, and these residuals
were then indexed by time-of-year. The original hydrographic observations are fairly uniformly distributed
throughout the year, with more than 3,500 profiles every season, so there is excellent data coverage for de-
veloping these seasonal corrections. The temperature residuals were then interpolated onto a regular grid
to create a lookup table of seasonal variations (Figure 3c). These seasonal corrections were finally applied
to the temperature profiles produced by the standard GEM-A lookup tables, thereby improving the GEM-A
estimates in the near-surface layer (Figure 4—lower panels).
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Figure 4. Application and validation of the GEM-A technique. (top) DHA calculated between the surface and

1,000 dbar from CTD temperature and salinity profiles (red line) obtained in January 2017 along 34.5°S, and concurrent
sea level anomaly (SLA) measured by satellite altimeter (black line). The black dots show the locations of the
hydrographic measurements. Green squares denote the positions of the PIES, with Sites D and S specifically noted

with black letters. (bottom) Vertical profiles of measured (red line) and reconstructed (black line) temperature at three
different stations (locations indicated with vertical dashed lines in the upper panel). The differences between the
reconstructed and the measured temperature profiles are represented with the blue lines before the seasonal correction
(dashed lines) and after the seasonal correction (solid lines).

Figure 4 provides an illustration of how the SLA measured by satellite altimetry was used to derive syn-
thetic temperature profiles. Figure 4 (upper panel) shows the DHA, integrated between the surface and
1,000 dbar, from CTD temperature and salinity profiles from the hydrographic line A10.5 that was occupied
in January 2017 (red line). Also shown in this panel is the concurrent in time and space (keeping in mind
the effective altimetry resolutions) gridded de-seasoned SLA along the ship track obtained from the AVISO
product (black line). The correlation between these two independent measurements of sea height varia-
bility across the basin is 0.45 for the entire section, but the correlation is 0.86 in the interior of the basin
between the locations of Sites D and S. This comparison demonstrates that steric (baroclinic, density-driv-
en) effects dominate SLA in the interior of the basin; and that SLA is an adequate proxy for DHA referred
to 1,000 dbar far enough away from the boundaries. Synthetic temperature profiles were derived from the
daily SLA transect values between Sites D and S along 34.5°S by applying the GEM-A lookup table and the
seasonal correction (Figure 3). As SLA is not measured directly from the hydrographic data, SLA needs
to be converted into the equivalent DHA to use the lookup table and apply the GEM-A method. The SLA
were “converted” by adding the Mean Dynamic Topography (CLS18 MDT; Mulet et al., 2019). The resulting
corrected time-mean SLA + MDT values were still found to be offset from hydrographically measured DHA
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across the basin. As such, a further correction to the time-mean SLA trans-basin transect was determined
using the difference between SLA and DHA from the World Ocean Atlas (WOA) 2018 climatology with
0.25° horizontal resolution (Locarnini et al., 2019). This time-mean correction linearly increased from 0.7
to 0.73 m, from west to east across the basin.

Once this time-invariant correction was applied, the resulting SLA + MDT + correction values were treated
as equivalent to DHA, and the GEM-A lookup table and the seasonal correction were used to produce daily
time series of temperature profiles at each grid point of the altimetry product between Sites D and S, similar
to the GEM technique applied on the boundaries. Vertical profiles of observed and reconstructed tempera-
ture are presented at three different stations typifying low, high, and average SLA values in the basin interior
to illustrate how well the GEM-A method works (Figure 4—lower panels). In this calculation, we excluded
the A10.5 trans-basin section CTD profiles when we were creating the GEM-A lookup tables so that we
could make a truly independent comparison of the technique. All profiles show very similar structure track-
ing the main thermocline and the deep structure quite well with a root-mean-squared difference smaller
than 0.38°C, with the largest differences in the upper 300 dbar (Figure 4—lower panels). These observed
differences are within the estimated error bars for the GEM-A lookup table (Figure 3). A similar compar-
ison was done between the reconstructed vertical profiles of temperature (concurrent in space and time)
from the PIES D and S travel time records and from the CTD of the hydrographic line A10.5 to evaluate the
improvement of our new method. The PIES reconstructed temperature profile shows an upward lift of the
main thermocline of about 100 m compared to the CTD data, which leads to mean square error temperature
differences that are twice as large as the new GEM-A technique errors. Based on these comparisons, we are
confident that altimetry data analyzed via the hydrography-derived GEM-A lookup table provide sufficient
accuracy to estimate the needed interior temperature profiles for calculating MHT between Sites D and S.

2.2.2. Mean Temperature Transport Over the Shelves and in the Deep Layer

Following the same procedure as was used for the volume transport (Section 2.1.3), the ECCO2 output was
used to provide a time-invariant estimate of the temperature transports on the western and eastern conti-
nental shelves/upper slopes inshore of the shallowest moorings (Qghelves)- The ECCO2 mean western and
eastern inshore temperature transports were —0.24 PW southward and 0.01 PW northward, respectively.
Evaluating the meridional flows in these relatively narrow longitude ranges with a different numerical
model, like OFES, or with data from repeated trans-basin XBT transects collected along roughly the same
latitude (e.g., Dong, Garzoli, Baringer, Meinen, & Goni, 2009; Garzoli, Baringer, et al., 2013), produces es-
sentially the same estimates for these small time-mean flows (maximal differences of 0.09 PW between the
different estimates; within the range of error estimates for the calculations—see Appendix for more details).

As noted above, we did not apply a mass conservation as part of our calculations, but we accounted for
the unobserved temperature transport below the deepest common depths of the moorings (i.e., below
4,700 dbar) by adding a time-invariant contribution in the deep/abyssal ocean (Qqe.p). We estimated the
potential temperature values within the unobserved layer below 4,700 dbar using the WOA climatology
(Figure 2b). The zonal mean potential temperature in this layer was then multiplied by the unresolved
6.6 Sv northward transport previously estimated to be transported northward below 4,700 dbar to close the
mass budget (Kersalé, Meinen, et al., 2020). The resulting time-invariant estimate of the northward tem-
perature transport in this deep layer (Qqeep) Was 0.03 PW which is small relative to the total transport. This
value, together with the shelf flows and the other terms in Equation 1 are combined together to produce
daily estimates of the MHT across SAMBA.

2.2.3. Error Estimates

The error estimate (detailed in the Appendix) takes into account the accuracy of the Ekman transports, the
geostrophic (relative and reference) transport estimates from the PIES, the errors that might be introduced
by applying a model mean flow and temperature in the narrow continental shelf regions inshore of the
shallowest moorings, and the errors that might be similarly introduced by applying a mean flow and WOA
temperature below 4,700 dbar. As explained in the Appendix, those sources of error are independent of one
another and are combined via a standard square root of the sum of squares method, yielding 0.3 PW as the
total daily random error and 0.2 PW as the total time-mean bias error.
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Figure 5. Temporal anomalies of the MOC volume transport: (a) for the MOC,, cell (defined positive northward) calculated using the pilot array configuration;
(b) for the MOC,, cell (defined positive northward) calculated using the full array configuration; (c) for the MOC,;, cell (defined positive southward) calculated
using the full array configuration. Gray shading indicates the estimated daily accuracy.

3. Results
3.1. MOC Variability

Kersalé, Meinen, et al. (2020) presented the resulting MOC estimates for both MOC,, and MOC,, cells
for the period September 2013 to July 2017. In this study, we present only details of the MOC results that
are pertinent to the MHT results that will be discussed in latter sections, and to explore signals that were
not previously discussed in Kersalé, Meinen, et al. (2020). Specifically, a careful comparison of the MOC,,
transport calculated in the pilot (red squares in Figure 2b) and full (all squares in Figure 2b) configurations
is presented here to illustrate how the MOC,, versus MHT covariability may allow for estimating MHT for
the period March 2009-December 2010 when only the pilot array was deployed (Meinen, Speich, Perez,
et al., 2013). The pilot array configuration does provide a fairly solid estimate of the MOC,,, variability; the
correlation coefficient (Thomson & Emery, 2014) between the MOC,, calculated over 2013-2017 using the
pilot array configuration (just two end-point PIES moorings used, Figure 5a) and the estimate using the full
resolution of moorings (nine PIES sites used, Figure 5b) is r = 0.73. The correlation coefficient calculated
over the same period between the southward transport in the MOC,;, cell (Figure 5c) and the northward
transport in the MOC,, cell is essentially zero when MOC,, is calculated using the pilot array configura-
tion (Figure 5a), and r ~ —0.40 when it is calculated using the full configuration (Figure 5b). The temporal
standard deviation (o) of the daily MOC,, cell strength calculated over the continuous 4 years observa-
tional period with the full resolution array is equal to 15.4 Sv, highlighting the high-frequency variability
at 34.5°S (Figure 5, Table 1). This daily o exceeds the previous estimate of ~9 Sv using the pilot array con-
figuration, and this result holds true regardless of whether or not the first 20-months of data are included
in the pilot configuration calculation. Stronger variability in the full array configuration is likely due to a
better representation of the barotropic variations and eddies (including Agulhas Rings) using the full array
resolution. In addition to the larger o for the full resolution array compared to the pilot array, the variations
observed by the fully resolved array tend to occur over longer time periods (i.e., longer integral time scale/
decorrelation time scale; e.g., Thomson & Emery, 2014) than was observed in the pilot array configuration
(Table 1).
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Table 1

Statistics for the Total MOC,;, and the Ekman, Relative, and Reference Components of it (Mean Value, Standard Deviation (o), and Integral Time Scale (i.t.s.) or

Decorrelation Time Scale)

Pilot 2009-2017 Pilot 2013-2017 Full array 2013-2017
Total Mean 18.8 Sv 17.7 Sv 17.3 Sv
o 9.3 Sv 9.2 Sv 15.4 Sv (14.7 Sv)

its. 12 days 12 days 14 days (16 days)
Ekman contribution o 4.4 Sv 4.2 Sv 4.2 Sv (3.9 Sv)

its. 6 days 6 days 6 days (2 days)
Reference contribution o 5.0 Sv 5.1 Sv 7.1 Sv (7.0 Sv)

it.s. 11 days 10 days 12 days (12 days)
Relative contribution o 7.2 Sv 6.8 SV 9.9 Sv (9.4 Sv)

its. 16 days 13 days 16 days (19 days)
Correlation with the total MOC Ek 0.44 0.43 0.27 (0.20)

Ref 0.38 0.44 0.77 (0.80)

Rel 0.77 0.75 0.90 (0.90)

Note. All statistics are calculated for the pilot and full array configurations. Numbers in italics show correlations that are not statistically significant from zero
at the 95% confidence level. Numbers in parentheses are statistics if the seasonal time scale is removed.

The strength of the method for calculating the MOC used herein is that it does not use a “residual” method
to obtain the barotropic component of the flow (e.g., Kanzow, Cunningham, Rayner, et al., 2007; McCar-
thy, Smeed, et al., 2015). Instead, we obtained the reference (barotropic) velocity variability directly from
data (bottom pressure gradients). So, it is possible to decompose the MOC variability into the variations
associated with the relative (density-driven), reference (bottom pressure-driven) and Ekman (wind-driven)
transport contributions. For all components, each “contribution” is estimated as the difference between the
total MOC volume transport and the MOC calculated while holding one term (e.g., the Ekman transport)
constant following the methods presented in Meinen, Speich, Piola, et al. (2018). Applying these methods
to the fully resolved array, rather than the pilot array used by Meinen, Speich, Piola, et al. (2018), demon-
strates some noticeable differences (Table 1). Although the relative (density-driven) contribution to the total
MOC,;, cell strength is highly correlated when calculated in either the pilot (r = 0.75) or full (r = 0.9) reso-
lution configurations, the reference (bottom pressure-driven) contribution to the total MOC,, variability is
less well correlated when calculated by the two different configurations (r = 0.44-0.77). This likely relates to
better capturing of the barotropic flow interactions with the topography across the basin. The wind product
used to compute the Ekman transport is the same for the two calculations; hence, the Ekman variability
does not change (see o in Table 1). The impact of the Ekman contribution to the total MOC,, cell strength,
however, is weaker for the full array configuration (correlation coefficients between 0.27 and 0.43 in Ta-
ble 1) as both the reference and the relative velocity contributions are more energetic. The larger variability
and longer integral time scale of the MOC,, cell time series for the full array compared to the pilot config-
uration are also borne out by comparison of o and integral time scales of the relative and reference contri-
butions. And while the Ekman, relative, and reference contributions to the total MOC,, cell strength are all
uncorrelated with one another when calculated using the pilot array configuration (correlations r < 0.20),
the results from the full array configuration do show a low but statistically significant correlation between
the relative and the reference contributions to the total MOC,,, cell variability (r = 0.56, not shown). In gen-
eral, however, there is moderately good agreement between the results determined using the pilot and full
array configurations, which suggests that the pilot configuration does provide sufficient information to be
of value to reconstruct an extended MHT time series. If the seasonal time scale is removed, these statistics
generally show a decrease of the variance and an increase of the integral time scale, except for the Ekman
anomaly where a decrease of the integral time scale is observed (see parentheses in the right column of
Table 1). Note, that none of the correlations in Table 1 change significantly for the time series whether the
seasonal cycle is removed or not.
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Figure 6. Temporal variability of the total MHT and its contributions. (top) MHT time series at 34.5°S (black line) with estimated daily error bars (gray
shading). (bottom) The contributions of Ekman (red line), geostrophic reference flow (green line), and geostrophic relative flow (blue line) components to the

MHT variability.

3.2. MHT Variability

The daily total MHT calculated as described in Section 2.2 demonstrates variability on a wide range of
time scales (Figure 6, black line). The mean estimate of the MHT is 0.5 & 0.2 PW (time-mean + combined
statistical and bias errors; see Appendix) with a standard deviation, o, of 0.8 PW. The observed variability
is large, with the peak-to-peak daily range spanning from —1.6 to 3.2 PW. There is a positive MHT trend of
0.14 PW per year over the 4-year-period, however the trend is not statistically significant from zero based on
the estimated 95% confidence limit error bars (0.18 PW per year, based on the estimated integral time scale
of 14 days). A longer data record will be required to confirm the robustness of this 4-year trend, should the
trend continue.

The computed total MHT exhibits strong variations at time scales of a few days to a few weeks. The con-
tributions of the MHT variability from the relative (density-driven), reference (bottom pressure-driven),
and Ekman (direct wind-driven) variability can be determined in exactly the same way as was done for the
MOC,, cell (Section 3.1). The results of this decomposition demonstrate that the total MHT variability is
most strongly driven by the geostrophic relative velocity contribution to the heat transport (Figure 6—blue
line; o = 0.5 PW), with the geostrophic reference velocity (green line; o = 0.4 PW) and the Ekman (red line;
o = 0.3 PW) contributions playing smaller but non-negligible roles. Evaluating the correlation coefficients
between these various components and the total MHT indicates that geostrophic relative transport explains
about 72% of the total variance (r = 0.85), whereas the reference contribution about 52% (r = 0.72) and
the Ekman contribution explain about 17% (r = 0.41) of the total variance. All of these correlations are
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transports are shown. Spectra were determined using Welch's averaged periodogram method with a 1-year window allowing 0.5 year of overlap. Gray shading
areas indicate the 95% confidence limits. Vertical black dashed lines indicate the semi-annual, 3-, and 1-month periods (from left to right). Note the different
y-axis limits for the total panel (a) versus the other panels (b, c, and d).

significantly different from zero, based on estimated integral time scales of 20, 12, and 6 days for the relative,
reference, and Ekman terms, respectively. Note, that the variance percentages add up to more than 100%
because there is some compensation between the terms, although only the cross-correlation between the
relative and reference components is itself significantly different from zero (r = 0.53). None of the other
MHT component terms are correlated with each other at a level that is significantly different from zero (Ir
| < 0.1). The integral time scale of 6 days for the Ekman term suggests that the directly wind-forced role in
the MHT is at the higher end of the frequency spectrum as expected from the atmospheric synoptic scale
variability. The reference/barotropic integral time scale being shorter than the relative/density integral time
scale is consistent with expected barotropic and baroclinic wave propagation speeds, respectively (e.g., Val-
lis, 2017). Note that as with the MOC results presented earlier, there are no significant changes to the trends
or correlation-regression analyses presented if the seasonal cycle (discussed in Section 3.5) is removed prior
to the trend/correlation calculations (not shown).

The spectrum of the total MHT at 34.5°S (Figure 7a) demonstrates that there is significant energy at sub-
seasonal time scales, with multiple peaks between 10- and 40-day time scales. This strong variability is
likely due to the propagation of Agulhas Rings (e.g., Garzoli & Gordon, 1996), and wave signals and other
phenomena observed in this same frequency band (topographic Rossby Waves; mesoscale structures; Dong,
Garzoli, Baringer, Meinen, & Goni, 2009; Garzoli & Simionato, 1990). Levels of significant energy are also
observed at seasonal and longer periods. These variations likely reflect both the influence of the Brazil
and Benguela Currents, the Deep Western and Eastern Boundary Currents just offshore (Kersalé, Perez,
et al., 2019; Meinen, Garzoli, et al., 2017; Meinen, Piola, et al., 2012), and the upwelling in the southern
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Figure 8. MHT and MOC covariability. (a) Linear relationships between MHT and the MOC,, cell strength and (b) the MOC,, cell strength (defined positive
southward) across 34.5°S from the moored instruments. (c) The relationships between the MHT and MOC,, anomalies are also shown for the Ekman, (d) the
geostrophic reference, and (e) the geostrophic relative. The lines are the linear relations between the variables.

Benguela region (Blanke et al., 2005). It must be noted, however, that the accuracy of the spectra at time
scales longer than seasonal is limited due to the relatively short 4-year length of the analyzed record. Spectra
of the Ekman (Figure 7b), reference (Figure 7c), and relative (Figure 7d) contributions to the total MHT
illustrate the importance of the three terms to the total MHT variability at different time scales. Spectral
analysis of the Ekman term confirms its dominant role at very short periods, with high energy found in the
10-28-day band, and that it has very weak impact at periods longer than about 40 days. The geostrophic
reference term exhibits energy peaks at the same periods as are observed for the total MHT for periods
>30 days. At shorter periods, the geostrophic reference term spectrum exhibits noisy energy peaks between
10 and 23 days. The geostrophic relative contribution exhibits one strong peak at 40 days, which is also in
the spectrum of the total MHT (and in the reference term). At shorter periods, the relative term and total
MHT spectra show two dominant peaks at 15 and 24 days that are not reflected in the reference term spec-
trum. Levels of high energy are also observed in the relative term at intraseasonal and at semi-annual peri-
ods. The intraseasonal peak is centered at periods a bit shorter than the total MHT, but once again it must
be stressed that some caution is required in interpreting the spectra at periods longer than seasonal due to
the relatively short length of record, as indicated by the large error bars on the spectra.

3.3. MHT and MOC Covariability

Comparing the daily time series of the MOC,, cell strength (Figure 5b) and the full-depth MHT strength
(Figure 6, top panel) we find that the records are highly correlated (r = 0.96; see also Figure 8a). The co-
herence spectrum calculated between the MOC,, cell and MHT (not shown) is a bit noisy, but aside from
narrow lower significant coherence spikes at ~18, 21, and 49 days, the coherence is well above 0.8. The
southward transport of the MOC,, cell (Figure 5c) and the total MHT are modestly correlated (r = —0.52;
see also Figure 8b) indicating that the variability of the MOC,, volume transport explains about one-quarter
of the total MHT variance (0.6 PW), which is a new result. The Ekman, reference, and relative contributions
to the MOC,, cell strength and their corresponding contributions to the full-depth MHT are also highly
correlated (Figures 8c-8e), with correlation coefficients of r = 1, 0.93, and 0.97, respectively.
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Figure 9. Toward a longer MHT time series. (a) Reconstructed MHT time series at 34.5°S for the pilot array
configuration using the linear regression of the total variability. (b) MHT time series at 34.5°S from the full array
configuration (same as Figure 6). The red time series are the 60-day 2nd order Butterworth low-pass filtered record.

When MHT is regressed onto the MOC,, strength, a robust linear relationship is found (Figure 8a) indi-
cating that a 1 Sv increase in the MOC,, would increase the MHT by 0.045 + 0.004 PW at 95% confidence
limits. Note that the MHT versus MOC,, line does not pass through zero PW at zero Sv, suggesting that
variations in MOC,, can dominate the MHT changes when the MOC,, value is very small. If the regression
is computed for the geostrophic variability only (excluding the Ekman variability, not shown) following the
methodology of Johns et al. (2011), this coefficient remains within the range of error estimates. A similar
result (high correlation and tight linear regression) has previously been found at 34.5°S and other lati-
tudes from a variety of observational platforms (e.g., Dong, Garzoli, Baringer, Meinen, & Goni, 2009; Dong,
Goni, & Bringas, 2015; Johns et al., 2011; Majumder et al., 2016) and from numerical ocean models (Dong,
Baringer, et al., 2011; Perez et al., 2011). The sensitivity of the MHT to a change in the strength of the Ekman
(Figure 8c), reference (Figure 8d) and relative (Figure 8e) contributions to the MOC,, are also evaluated
and yield 0.074, 0.046, and 0.046 PW per Sverdrup, respectively. The relationship between the MOC,, cell
and the MHT does not appear to have a strong time scale dependence. Although there is far more scatter in
the relationship, MHT does vary linearly with the MOC,, (—0.06 PW per Sverdrup of southward transport,
Figure 8b). Note that when a linear regression is built that includes MOC,, and MOC,;, the MOC,, linear
regression coefficient is nearly the same as the coefficient when we do not include MOC,,.

Using the coefficients from the linear regression of the total variability (Figure 8a), we can reconstruct an
extended MHT time series for the period March 2009 to December 2010 when only the pilot version of the
SAMBA mooring line was in place. In essence a linear relationship is derived between the total MOC,,
cell strength (Figure 5b) and the full-depth MHT (Figure 9b), and this slope and intercept are then used
to convert the pilot configuration estimate of the MOC,, cell strength (Figure 5a) into an equivalent MHT
(Figure 9a). Comparing the results of this MHT reconstruction technique during the 2013-2017 period
when the full SAMBA array resolution is available, a correlation coefficient between the pilot array method
and the fully resolved SAMBA method is calculated as r = 0.69. The daily o of the full-depth MHT (0.8 PW)
exceeds the estimate of 0.4 PW using the reconstructed time series regardless of whether the first 20-months
of data are included or not. As such, one can argue that the pilot array configuration can capture roughly
half of the variance in the MHT for those time scales which can be observed with a 4-year-long record
(i.e., daily to seasonal time scales, a longer record is needed to determine if this reconstruction has skill at
reproducing interannual signals). Because we want to capture more than half of the MHT variance with
our observing system, the results presented herein demonstrate the need for observing the ocean with a
better resolution than the pilot array configuration provided. Nevertheless, the reconstructed time series
does allow us to calculate a new estimate of the MHT trend over the full period. From 2009 to 2017, there
is a weak negative MHT trend of —0.02 + 0.05 PW per year (not statistically different from zero). While the
trends determined over the full time period or the 4-year-period for both the MHT and the MOC,, are not
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Figure 10. XBT-derived and continuous daily MHT estimates. (a) Locations of the 14 high-density XBT lines
conducted in the South Atlantic during the observational time period of the moored instruments concurrent with the
moored record. (b) MHT time series at 34.5°S (black line). Magenta bars represent 14 MHT estimates determined from
trans-basin XBT sections where the horizontal length of the bar illustrates the start and end times of each trans-basin
cruise.

significant, the negative trends within the initial ~20-month are statistically significant from zero based
on the estimated error bars (MHT trend of —0.38 + 0.28 PW/year and MOC,, trend of —8.5 + 6.4 Sv/year
at 95% confidence limits). Since it is only a ~20-month record, the trends over this period may simply be a
reflection of interannual variations which we cannot properly resolve due to the relatively short length of
records. Nevertheless, comparing the evolution of MHT from the two records, we see that MHT starts above
1 PW in 2009 and becomes negative in 2010, then steadily rebounds from 2013 to 2017 back to values well
above 0.5 PW, pointing to interannual modulation in the strength of MHT at 34.5°S. These shifts in MHT are
consistent with the shifts observed in MOC,, by Meinen, Speich, Piola, et al. (2018).

3.4. Comparison With Other Data

A critical step when developing a new method for estimating a nonlinear quantity, such as MHT, is validat-
ing the results against prior estimates. Having said that, this is a challenging task in the South Atlantic due
to the limited contemporaneous measurements in the region. The only purely in situ data set available for
comparison to the daily time-varying MHT from SAMBA at 34.5°S comes from repeated XBT transects col-
lected nominally along the same latitude line (AX18) roughly every 3 months (e.g., Dong, Garzoli, Baringer,
Meinen, & Goni, 2009; Garzoli & Baringer, 2007; Garzoli, Baringer, et al., 2013; Figure 10a). Updating the
XBT records using data from more recent transects collected since those earlier articles were published,
there are 14 independent XBT transects that are concurrent with the SAMBA record during 2013-2017. The
XBT-derived MHT values show some agreement with the daily SAMBA MHT time series, with the XBT
transect observations overlapping with the continuous daily time series at least at one point during the time
period of each transect for most of the XBT transects (Figure 10b, magenta bars). Averaging the SAMBA
data subsampled during the period spanned by each XBT transect realization (not shown), the root-mean-
squared difference between the individual XBT values and the concurrent SAMBA values is quite large
(0.67 PW). However, the time-mean MHT values derived from XBT during 2013-2017 and from the moored
instruments subsampled over the same period agree pretty well—within 5% of the mean value itself (mean
values of 0.62 and 0.67 PW, for the XBT and subsampled SAMBA moorings data, respectively), suggesting
that the quarterly XBT sections can robustly determine the 4-year mean (without significant aliasing).

The variability exhibited in the continuous time series of MHT during the one to 4-week period of each XBT
section is quite significant, with the daily o varying between 0.14 and 0.68 PW when calculated during time
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Figure 11. Seasonal anomalies of the MHT and its contributions. Seasonal anomaly of the reconstructed MHT

(a; Figure 9a) and the fully resolved MHT (b; Figure 9b) time series over the 6 and 4 years observational period,
respectively. The seasonal anomaly of the total, geostrophic relative, geostrophic reference, and Ekman transports are
shown. Error bars indicated in the upper left represent +1 standard error, with colors matching the corresponding time
series.

windows of the different XBT transect realizations (not shown). These large temporal variations illustrate
the asynopticity issues that are inherent in collecting trans-basin hydrographic sections of high-frequency
signals such as MHT and the importance of daily temporal resolution to avoid aliasing of highly energetic
short period variations. It is impossible using observations to determine precisely how much of the differ-
ence between the XBT heat transport estimates and the moored instruments MHT averaged during the XBT
sections can be explained due to asynoptic errors or latitudinal sampling differences.

3.5. Seasonal Variability

Although we get a hint of interannual variations that might influence MHT from the reconstructed time
series using the pilot configuration (Figure 9a), the longest robust time scale of variability that can be evalu-
ated using the SAMBA data so far is probably a seasonal cycle. The seasonal cycle in the reconstructed MHT
from SAMBA for the pilot array configuration shows a semi-annual period (Figure 11a—black line), with
maxima in transport during May to September and during December to January. This result is consistent
with the previously published MOC,, cell seasonal cycles captured by the pilot configuration (Meinen,
Speich, Piola, et al., 2018). The associated seasonal cycle in the best-quality fully resolved total MHT (Fig-
ure 9b) from SAMBA during 2013-2017 (Figure 11b—black line) is consistent with the MOC,, cell seasonal
cycle captured by the full array configuration (Kersalé, Meinen, et al., 2020) with a stronger maximum in
transport over a shorter time period (from July to September) compared to the pilot study. The seasonality
of the MHT component associated with the Ekman transport for both configurations (Figure 11—red lines)
is annual and is fairly consistent in both amplitude and phase with the Ekman component of the MHT that
has previously been estimated from the repeated AX18 XBT transects (e.g., Garzoli, Baringer, et al., 2013).
The geostrophic relative velocity terms (Figure 11b—blue lines) clearly have a semi-annual component to
it and agree in phase with the corresponding total MHT variability. This consistency between geostrophic
relative term and total seasonal cycles is also similar to what has previously been observed for the MOC,,
cell (e.g., Meinen, Speich, Piola, et al., 2018). The seasonal cycle of the reference term (Figure 11b—green
line) also has something of a semi-annual period to it, with 2 months of positive anomalies in February/
March that are roughly 180° out of phase with the annual seasonal cycle in the Ekman term. This near com-
pensation is not maintained for the rest of the year, where the reference term becomes in phase, albeit with
a ~1-month time-lag, with the other terms. Interestingly, the reference MHT annual cycle is a bit different
than the reference MOC,, annual cycle of the full record calculated for the pilot configuration (Meinen,
Speich, Piola, et al., 2018) or the reconstructed reference MHT annual cycle (Figure 11a), suggesting that
the pilot configuration may be somehow missing important barotropic contributions to the seasonal cycle.
With only 4 years of data for the fully resolved total MHT, however, this result must be viewed with caution,
and should be revisited again in the future when additional years of data are available.
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The total MHT seasonal cycle found here is quite different from what has been observed by prior studies
of the MHT variability at this latitude using XBT transect data (e.g., Dong, Garzoli, Baringer, Meinen, &
Goni, 2009; Garzoli, Baringer, et al., 2013). Those earlier studies, which did not measure the barotropic/
reference term and instead estimated it as a residual, found an annual cycle of the Ekman component that
was roughly 180° out of phase with, and of the same order of magnitude as, the geostrophic/relative com-
ponent (Dong, Garzoli, Baringer, Meinen, & Goni, 2009; Garzoli & Baringer, 2007). As a consequence, the
observed annual cycle of the total (Ekman plus geostrophic/relative) MHT estimated by those earlier stud-
ies is almost zero. Prior numerical model studies of the South Atlantic, by contrast, have found a significant
MHT annual cycle at this location, although the models tended to have annual MHT cycles that very closely
followed that of the Ekman flow with almost no geostrophic seasonality (Baringer & Garzoli, 2007; Dong,
Baringer, et al., 2011; Perez et al., 2011).

An important conclusion to be drawn from the results presented herein, is that there is significant seasonal
variability in all three components of the MHT (Ekman, baroclinic/relative, barotropic/reference), and that
the seasonal variation of the MHT is due to the combination of all terms. The true seasonal cycle in MHT is
not dominated only by Ekman heat transport variability, as has frequently been implied by modeling stud-
ies, and the barotropic/reference seasonality, which has not been observed in most previous ship section
estimates of the MHT, is significant and independent of the other terms.

4. Summary and Conclusions

The observations and the methodology described in this study provide daily continuous time series of vol-
ume and heat transports, which are jointly analyzed for the first time at the key location for inter-ocean
exchange in the South Atlantic. The PIES instruments from SAMBA provide daily information on the var-
iability of the South Atlantic upper and abyssal MOC volume transport, via geostrophic velocity inferred
from widely spaced moorings. The PIES capture the MOC well, but alone they are not sufficient to estimate
MHT in the largely unsampled basin interior. In order to construct suitably accurate estimates of zonally
averaged temperature profiles in the interior concurrent with the geostrophic velocities, the enhanced spa-
tial resolution of SLA and available hydrographic data are used to create empirical lookup tables relating
temperature to pressure and SLA (i.e., the new GEM-A method). Zonally integrated geostrophic flow is
combined with these derived temperature profiles to obtain a new daily South Atlantic MHT time series
estimate. This methodology is applicable at other latitudes than 34.5°S, or other basins, where the boundary
transports are well resolved by moored arrays but the interior is sparsely observed. The main conclusions
from this study are as follows:

* The mean MHT across 34.5°S for the 2013-2017 period of observations is 0.5 + 0.2 PW. This mean value
is consistent with repeated XBT transects collected along the same latitude line with the same uncertain-
ty (AX18, Garzoli, Baringer, et al., 2013)

* The short-term variability of the heat transport is large, with a peak-to-peak range of 4.6 PW and stand-
ard deviation of 0.8 PW. The geostrophic relative velocity contribution appears to play a larger role to
the total MHT variability, but the geostrophic reference transport changes have also a non-trivial role at
different time scales. Further analyses should be done to link the variability contained in geostrophic
circulation to external forcing (e.g., wind-driven baroclinic variability, Rossby waves) and/or internal
variability (e.g., mesoscale eddies, frontal meanders)

* MHT is highly correlated with changes in the strength of the MOC upper cell, and modestly anti-corre-
lated with changes in the strength of the southward volume transport in the MOC abyssal cell

* An empirical relationship is developed that allows for the reconstruction of a longer MHT time series
using the MOC upper cell transport computed from the 2009-2010 pilot array. The comparison of the
reconstructed MHT and the fully resolved MHT shows that the pilot array configuration can capture
roughly half of the variance in the MHT from daily to seasonal time scales. A drop in the variability for
the reconstructed time series compared to the fully resolved MHT is also observed, stressing the need for
observing the ocean with a better resolution than the pilot array configuration

* For this reconstructed time series, no significant trend to the MHT record is found over the full 2009-
2017 period or the 2013-2017 period, but a significant negative trend is estimated over the first pilot
array period. Since it is only a ~20-month record, the trend over this period is mostly due to interannual
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variability. A longer data record will be required to confirm the robustness of these trends. These results
are not sensitive to whether the seasonal cycle is removed or not

* A seasonal cycle with a semi-annual period is evident, with a maximum equatorward heat transport in
July to September and December to January. With significant seasonal variability in all components of
the MHT, the seasonal variation of the MHT is due to the combination of all terms (baroclinic, barotrop-
ic, and Ekman)

With this study, we have refined the estimation of the MOC, its variability, and associated heat transport in
the South Atlantic. With overturning arrays now at several latitudes in the Atlantic and associated growing
time series, this data will greatly aid studies on meridional coherence, gyre connectivity, and ultimately
teleconnections with other ocean basins. This study not only increases the value of existing elements of
international observing networks, but provides the community a reference point for oceanic heat conver-
gence studies and, hence, air-sea heat exchanges, and regional (including coastal) sea level research and
prediction.

Appendix: Transport Accuracy Estimates
MOC Random and Potential Bias Measurement Error

The volume transport accuracy estimates have been calculated for the entire time period (2013-2017) that
is discussed in the study of Kersalé, Meinen, et al. (2020) following the methods described within the ap-
pendix of Meinen, Speich, Perez, et al. (2013). The sources of error in the transport were separated as ran-
dom or biases. The sources of random daily errors are assumed to be independent of one another, so they
can also be combined via a square root of the sum of squares method, yielding 6.4 and 6.3 Sv as the total
random errors in the daily MOC,, cell and MOC,, cell volume transport estimates, respectively. When all
of the sources of bias are combined, we find a total error of 5.0 and 2.7 Sv in the time-mean MOC,, and
MOC,, transports, respectively. Given the low temperature variability at depth, we will use the errors of the
MOC,, cell volume transport for the MHT accuracy estimates. These errors will be used separately for the
uncertainties associated with geostrophic velocity (or transport) relative to an assumed level of no motion
(5.1 Sv—random; 5.0 Sv—bias), the Ekman transport (1.4 Sv—random; 0.02 Sv—bias), and the unmeasured
transport by flows on the shallow continental shelves and upper slopes (3.5 Sv—random; 0.2 Sv—bias).

MHT Error Sensitivities to Volume Transport Components

The MHT error sensitivities are calculated within the code by propagating an error of 1 Sv through the cal-
culation for each transport component (geostrophic transport, Ekman transport, and the shelf transport).
Following the methodology of Johns et al. (2011), the 1 Sv error is distributed linearly over the top 1,000 m.
The resulting error sensitivities are: Geostrophic transport: 0.04 PW/Sv, Ekman transport: 0.08 PW/Sv, and
shelf transport: 0.03 PW/Sv. Measurement uncertainty associated with reasonable temperature errors in any
of these components is negligible compared to the transport related errors (one order of magnitude lower).

MHT Random Measurement Error

To estimate the MHT random daily measurement uncertainty we assign the errors in the MOC transport
components described previously to these MHT error sensitivities. We obtain associated MHT measure-
ment uncertainties of 0.20, 0.11, and 0.11 PW, for the geostrophic, Ekman, and shelf transports, respectively.
The additional error that might have been introduced by applying a mean flow below 4,700 dbar is estimat-
ed using the mean and standard deviation of the northward transport as the mean transport in this small
deep layer (Kersalé, Meinen, et al., 2020). The resulting error estimate is equal to 0.09 PW. 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 a net daily MHT uncertainty of 0.3 PW.

MHT Mean Error

Following the same approach, we use the estimated bias errors in the volume transport components de-
scribed previously in the MOC error and combine these with the calculated error sensitivities. The resulting
MHT bias errors are 0.20, 0.002, and 0.006 PW for the geostrophic, Ekman, and shelf transports respec-
tively. The accuracy of the mean flow below 4,700 dbar is 2.7 Sv (Kersalé, Meinen, et al., 2020), leading to
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an additional MHT bias of 0.01 PW. To these bias errors resulting from the measurements themselves, to
get a total error estimate for the time-mean, we must add the statistical uncertainty. The standard error of
the mean MHT estimate is equal to 0.11 PW, based on the observed standard deviation and the estimated
integral time scale of 14 days. By combining the statistical and measurement bias errors randomly, the total
uncertainty of the mean MHT estimate is equal to 0.23 PW.

Data Availability Statement

The CCMP version 2.0 wind product was created by Remote Sensing Systems and is made available on
the web at www.remss.com. SLA satellite gridded data are available through the CMEMS website (http://
marine.copernicus.eu/). MDT_CNES- CLS was produced by CLS and distributed by Aviso+, with support
from Cnes (https://www.aviso.altimetry.fr/). ECCO2 output is available at: https://ecco.jpl.nasa.gov/. The
data used herein from the South Atlantic MOC Basin-wide Array (SAMBA) can be found at: www.aoml.
noaa.gov/phod/SAMOC_international/index.php.
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