'," frontiers

in Marine Science

REVIEW
published: 07 June 2019
doi: 10.3389/fmars.2019.00260

OPEN ACCESS

Edited by:

Fei Chai,

Second Institute of Oceanography,
China

Reviewed by:

Ru Chen,

University of California, Los Angeles,
United States

Helen Elizabeth Phillips,

University of Tasmania, Australia
Wen-Zhou Zhang,

Xiamen University, China

*Correspondence:
Eleanor Frajka-Williams
eleanor.frajka@noc.ac.uk

Specialty section:

This article was submitted to
Ocean Observation,

a section of the journal
Frontiers in Marine Science

Received: 15 November 2018
Accepted: 02 May 2019
Published: 07 June 2019

Citation:

Frajka-Williams E, Ansorge IJ, Baehr J,
Bryden HL, Chidichimo MR,
Cunningham SA, Danabasoglu G,
Dong S, Donohue KA, Elipot S,
Heimbach R, Holliday NF, Hummels R,
Jackson LC, Karstensen J,

Lankhorst M, Le Bras IA, Lozier MS,
McDonagh EL, Meinen CS, Mercier H,
Moat Bl, Perez RC, Piecuch CG,
Rhein M, Srokosz MA, Trenberth KE,
Bacon S, Forget G, Goni G, Kieke D,
Koelling J, Lamont T, McCarthy GD,
Mertens C, Send U, Smeed DA,
Speich S, van den Berg M, Volkov D
and Wilson C (2019) Atlantic
Meridional Overturning Circulation:
Observed Transport and Variability.
Front. Mar. Sci. 6:260.

doi: 10.3389/fmars.2019.00260

®

Check for
updates

Atlantic Meridional Overturning
Circulation: Observed Transport and
Variability

Eleanor Frajka-Williams ™, Isabelle J. Ansorge?, Johanna Baehr?, Harry L. Bryden*,
Maria Paz Chidichimo®, Stuart A. Cunningham®, Gokhan Danabasoglu’, Shenfu Dong?,
Kathleen A. Donohue®, Shane Elipot ™, Patrick Heimbach', N. Penny Holliday’,
Rebecca Hummels 2, Laura C. Jackson ?, Johannes Karstensen '?, Matthias Lankhorst ',
Isabela A. Le Bras™, M. Susan Lozier ™, Elaine L. McDonagh', Christopher S. Meinen®,
Herlé Mercier, Bengamin I. Moat', Renellys C. Perez®, Christopher G. Piecuch',
Monika Rhein'®, Meric A. Srokosz', Kevin E. Trenberth?’, Sheldon Bacon', Gael Forget ™,
Gustavo Goni®, Dagmar Kieke '®, Jannes Koelling ™, Tarron Lamont?%,

Gerard D. McCarthy?', Christian Mertens ¢, Uwe Send ', David A. Smeed’,

Sabrina Speich?2, Marcel van den Berg?, Denis Volkov?® and Chris Wilson?

" National Oceanography Centre, Southampton, United Kingdom, ? Department of Oceanography, University of Cape Town,
Cape Town, South Africa, ° Institute of Oceanography, CEN, Universitat Hamburg, Hamburg, Germany, * University of
Southampton, Southampton, United Kingdom, ® Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET) and
Servicio de Hidrografia Naval and UMI-IFAECI/CNRS, Buenos Aires, Argentina, ° Scottish Association for Marine Science,
Oban, Scotland, ” National Center for Atmospheric Research, Boulder, CO, United States, © Atlantic Oceanographic and
Meteorological Laboratory, Miami, FL, United States, ° University of Rhode Island, Narragansett, Rl, United States,

"% Rosenstiel School of Marine and Atmospheric Science, University of Miami, Coral Gables, FL, United States, "' Jackson
School of Geosciences, Oden Institute for Computational Engineering and Sciences, The University of Texas at Austin,
Austin, TX, United States, > GEOMAR Helmholtz Centre for Ocean Research Kiel, Kiel, Germany, '* Met Office Hadley
Centre, Exeter, United Kingdom, '* Scripps Institution of Oceanography, University of California, San Diego, La Jolla, CA,
United States, " Nicholas School of the Environment, Duke University, Durham, NC, United States, ' Laboratoire
d’Oceanographie Physique et Spatiale, CNRS, Plouzané, France, '” Woods Hole Oceanographic Institution, Woods Hole,
MA, United States, '® Center for Marine Environmental Sciences MARUM, Institute for Environmental Physics IUF, Bremen
University, Bremen, Germany, '® Massachusetts Institute of Technology, Cambridge, MA, United States, ° Department of
Environmental Affairs, Cape Town, South Africa, ' ICARUS, Department of Geography, Maynooth University, Maynooth,
Ireland, ?? Laboratoire de Meteorologie Dynamique, UMR 8539 Ecole Polytechnique, ENS, CNRS, Paris, France, %° National
Oceanography Centre, Liverpool, United Kingdom

The Atlantic Meridional Overturning Circulation (AMOC) extends from the Southern
Ocean to the northern North Atlantic, transporting heat northwards throughout the
South and North Atlantic, and sinking carbon and nutrients into the deep ocean.
Climate models indicate that changes to the AMOC both herald and drive climate
shifts. Intensive trans-basin AMOC observational systems have been put in place to
continuously monitor meridional volume transport variability, and in some cases, heat,
freshwater and carbon transport. These observational programs have been used to
diagnose the magnitude and origins of transport variability, and to investigate impacts
of variability on essential climate variables such as sea surface temperature, ocean heat
content and coastal sea level. AMOC observing approaches vary between the different
systems, ranging from trans-basin arrays (OSNAP, RAPID 26°N, 11°S, SAMBA 34.5°S)
to arrays concentrating on western boundaries (e.g., RAPID WAVE, MOVE 16°N). In
this paper, we outline the different approaches (aims, strengths and limitations) and
summarize the key results to date. We also discuss alternate approaches for capturing
AMOC variability including direct estimates (e.g., using sea level, bottom pressure, and
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hydrography from autonomous profiling floats), indirect estimates applying budgetary
approaches, state estimates or ocean reanalyses, and proxies. Based on the existing
observations and their results, and the potential of new observational and formal
synthesis approaches, we make suggestions as to how to evaluate a comprehensive,
future-proof observational network of the AMOC to deepen our understanding of the
AMOC and its role in global climate.

Keywords: meridional overturning circulation, thermohaline circulation, observing systems, ocean heat transport,
carbon storage, moorings, circulation variability

1. INTRODUCTION

Solar radiation heats the Earth primarily at tropical latitudes,
while radiative cooling occurs quasi-uniformly across the globe.
To maintain this pattern of heat flux, the atmosphere and ocean
redistribute heat from the tropics to the poles with a net poleward
heat flux. In the Atlantic, however, the net heat flux is northward,
even in the South Atlantic, a distinct feature captured by the
Atlantic meridional overturning circulation (AMOC). A measure
of the zonally and vertically accumulated flow at each latitude
(to be defined below), the AMOC connects northward flowing
warm waters and southward flowing cold waters across all
latitudes, with the link between northward and southward waters
achieved through heat loss to the atmosphere and associated
watermass transformation at high latitudes (Figure 1). Away
from the region of watermass transformation, these southward
flowing waters are deep, isolated from atmospheric ventilation,
and thus store energy and chemical compounds for hundreds of
years. This property of the ocean—storing anomalies at depth—
gives the ocean a longer memory than the atmosphere, with the
potential to influence climate variability on long timescales.

The influence of AMOC variations occurs on a range of
timescales. On seasonal to decadal timescales, fluctuations in
the AMOC in the subtropical Atlantic have been suggested
to impact coastal sea level off North America (Little et al.,
2017) and Atlantic sea surface temperatures (SST, Duchez et al.,
2016a), with onward impacts on weather and climate. On
multidecadal timescales, the AMOC has been linked to patterns
of SST (Atlantic multidecadal variability) with a range of climate
implications (e.g., Zhang, 2008). The AMOC also provides a
means for removing carbon from the atmosphere and storing it
in the deep ocean (Takahashi and Coauthors, 2009; Perez et al.,
2013). For in-depth reviews of the AMOC, its variability and
consequences see Lozier (2012) and Buckley and Marshall (2016).

Due to the importance of AMOC variability in the climate
system, the continuously varying strength of the AMOC has
been measured at several latitudes, including in the subpolar
North Atlantic (since 2014), 26°N (since 2004), 16°N (since
2001) and 34.5°S (since 2009). From the 26°N array, surprisingly
large variability was observed on timescales from weeks to a
decade (see Srokosz and Bryden, 2015 for a review). However, at
two subtropical latitudes (26°N and 16°N) AMOC fluctuations
were incoherent: declining at 26°N (Smeed et al., 2014) and
intensifying (Frajka-Williams et al., 2018) at 16°N over 2004-
2017. Additionally, much of the variability at 26°N on seasonal

to interannual timescales is dominated by wind forcing (Zhao
and Johns, 2014; Pillar et al.,, 2016), contradicting the previous
hypothesis that buoyancy forcing in subpolar regions drives
AMOC variations (Kuhlbrodt et al., 2007). The OSNAP array
(spanning latitudes from 53°N to 60°N) was deployed in 2014
to elucidate the relationship between buoyancy forcing and
overturning. While multiple efforts toward observing the AMOC
have been made in the North Atlantic, the AMOC extends across
both hemispheres. An array was deployed at 34.5°S to monitor
the mean and time-varying AMOC, as well as the meridional heat
and freshwater transport in the South Atlantic. Numerous other
data sets (e.g., ship sections, satellite, and Argo profiling float
observations) have been used to characterize AMOC variability
and structure over the past two decades.

In this paper, we give an overview of the present state of
AMOC observations, starting with a definition of the AMOC
strength (section 1.1) and history of AMOC observing (section
1.2), followed by an overview of the present-day continuous
observing systems using full-height boundary mooring arrays
(section 2). Section 3 discusses alternate approaches to direct
measurements of the AMOC, using sea level and bottom pressure
gradients, supplemented in some cases by hydrographic data.
Section 4 describes inverse approaches to AMOC estimation.
These three sections provide an overview of the existing state of
AMOC observations. Section 5 gives a forward-looking approach
to observing the AMOC, while section 6 notes gaps in the current
observing approaches. Section 7 concludes.

1.1. AMOC Definition

The AMOC is commonly defined at a given latitude using a
streamfunction W in units of Sverdrups (1 Sv = 10° m3/s)—
the zonally-integrated and vertically-accumulated meridional
volume transport in depth coordinates. Absolute meridional
velocities v are required across the full-depth section. For the
AMOC strength determined in depth coordinates (MOC;),
velocities are integrated with depth and along the section from
west (x,,) to east (x,) where the transport streamfunction is

0 pxe
\I’(z):// v(x, 7)) dxdz’ . (1)

While the definition is typically applied at a fixed latitude, it can
be adapted for any coast-to-coast section using x as an along-
section coordinate with horizontal velocities v perpendicular to
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FIGURE 1 | Meridional section of salinity in the western Atlantic. Blue contours show isolines of salinity and also outline the bottom topography. Black arrows indicate
directions of ocean circulation. From Lozier (2012). Copyright permission for this figure was granted by Annual Reviews.

the section. The strength of the overturning is defined as

MOC, = max Y (z) 2)
where the subscript z on MOC; indicates that the integration
and identification of the maximum value is performed in the z-
coordinate (depth). In this way, the MOC; represents a balance
between net northward (southward) flowing water above (below)
the depth of maximum overturning.

At higher latitudes, there may be both northward-flowing
warm water and southward-flowing cold water at the same depth.
In this case, it is more useful to consider the net meridional
exchange between warm (or light) and cold (or dense) water
rather than shallow and deep water. To capture this, the transport
streamfunction can instead be defined in density space. For the
AMOC in density space, the transport through each unit area
is assigned to the local density, and instead of accumulating
transport-per-unit-area in depth, it is accumulated as a function
of density as

P
v = [ Ve )
Pmax
where V has units of transport (Sv) and is integrated by seawater
density p for the section. The strength of the overturning in
density space is then defined as
MOC, = max ¥(p). (4)
0
For both MOC, and MOC,, full-depth meridional velocities
across the basin are required; the AMOC estimates described

below highlight observational methods for determining velocities
over large swaths of the Atlantic.

1.2. History of AMOC Observations

The AMOC has a long history of observation, including the
early observations based on meridional sections of watermass

properties (see review in Richardson, 2008). These early
watermass sections showed patterns that required watermass
formation regions at high latitudes in the northern and
southern hemispheres, prompting oceanographers to propose the
existence of meridional watermass transport from the regions of
origin. More recent efforts concentrated on direct estimates of the
meridional transport across zonal sections, applying geostrophic
approaches to sections of seawater density to derive velocities.
The thermal wind balance used for this approach relates the
vertical shear of horizontal velocity to the horizontal gradient of
density in the form

Bv_
9z

g dp

o (5)

where v is meridional velocity, f the Coriolis parameter and g
the acceleration due to gravity. This balance provides vertical
shear of horizontal velocity, and so requires a reference velocity
(either with a level-of-no-motion or level-of-known-motion)
to determine absolute velocity. Meridional volume and heat
transport can then be computed.

Using seawater density calculated from hydrographic sections,
the MOC, strength can be computed for an individual “snapshot”
of the overturning circulation. These estimates highlighted the
importance of the ocean circulation for the meridional heat
transport at subtropical latitudes (e.g., Bryden and Imawaki,
2001). However, hydrographic sections are repeated relatively
infrequently, providing low temporal resolution of the AMOC
measurement. Bryden et al. (2005) estimated the AMOC
transport at 26°N from five hydrographic sections in 1957, 1981,
1992, 1998, and 2004, showing a near-monotonic decline in the
strength of the overturning (solid line, Figure 2). Subsequently,
the RAPID mooring array at 26°N was deployed, providing
sub-monthly temporal resolution of the AMOC (Cunningham
etal,, 2007), confirming the idea that single-section snapshots are
subject to aliasing (Wunsch and Heimbach, 2006). These data
revealed that the particular months in which the hydrographic
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FIGURE 2 | AMOC estimate (MOC) from five hydrographic sections (solid),
and corrected for the seasonal cycle in the AMOC (dashed). After correction
for the seasonal cycle, the large, near-monotonic decrease in the AMOC
strength reported by Bryden et al. (2005) was reduced to just 3 Sv of apparent
change. Figure adapted from Kanzow et al. (2010).

sections were made corresponded to near the peak (1957)
and the trough (2004) in the seasonal cycle, thereby aliasing
the results. The seasonally-corrected section-based estimates no
longer support the interpretation of a monotonic AMOC decline
(dashed line, Figure2). Hydrographic sections provide deep
temperature and salinity measurements, and offer snapshots
of the true zonal structure of the ocean circulation, but on
their own, the low temporal resolution of measurements is
a critical weakness for investigating AMOC variability. This
example highlights the importance of continuous measurements
for the AMOC, so we now define the scope of this paper: on
the continuous observation of the Atlantic overturning. With this
focus, snapshots of transport estimates based on hydrographic
sections are excluded.

Continuous measurements of ocean transports also have
a long history in oceanography. Much of the expertise with
moored arrays and measurements that led to the development
of the transbasin arrays discussed in section 2 was built on
existing long-term observations of western boundary currents.
However, these boundary current arrays have a fundamentally
different purpose to the AMOC measurements, providing one
component of the AMOC rather than a basinwide transport.
Again, we have learned from the early years of the RAPID
26°N observations that there is little relationship between the
strength of the deep western boundary current (DWBC) and net
transbasin deep transports (Meinen et al., 2013). In the Labrador
Sea, the DWBC transport is also not an adequate proxy for
the AMOC (Li and Lozier, 2018). As such, western boundary
current arrays are also excluded from further consideration here.
Details on long-standing western boundary arrays are included in
the Supplementary Material, with overviews of the 53°N array
(Zantopp et al., 2017), Line W at 39°N (Toole et al., 2017), the
pressure-equipped inverted echo sounder (PIES) measurements
of the western boundary current at 26°N (Meinen et al.,, 2013),

and the western boundary array at 34.5°S (Meinen et al.,, 2017).
The western boundary arrays at 11°S (Hummels et al., 2015) and
the NOAC array at 47°N (Roessler et al., 2015) have recently been
expanded to span the Atlantic, with AMOC estimates anticipated
in the near future (see Supplementary Materials).

2. CONTINUOUS OBSERVATIONS OF THE
AMOC FROM OBSERVING ARRAYS

The standard method for making continuous observations of
the AMOC is (a) to use full depth moorings to capture
density profiles on either side of an ocean basin, applying
thermal wind to estimate velocities across a zonal section
relative to a level of no motion (e.g., McCarthy et al., 2015b;
Meinen et al., 2018), (b) to combine these estimates of interior
transport with direct current measurements at the boundary
or boundaries and (c) with Ekman transport computed from
a surface wind product. In most cases, adjustment of the
reference level velocity is also made during the calculation,
though the approach differs between arrays. Contrasting with the
thermal wind application using hydrographic sections (section
1.2), in the moored approach it is applied over vast distances
(over 1,000 km) between moored profiles of seawater density.
Meridional heat and freshwater transport are further calculated
using measurements of temperature and salinity across the
full-depth basin (from available climatologies and float-based
measurements of hydrography). Details are in Johns et al. (2011)
for heat transport and McDonagh et al. (2015) for freshwater
transport at 26°N, and Li et al. (2017) for OSNAP. Below, we give
an overview of the observing arrays at OSNAP, 26°N, 16°N and
34.5°S (Figure 3).

2.1. OSNAP

In the subpolar North Atlantic, the circulation pattern is
generally cyclonic, with several “lobes” filling out the Iceland,
Irminger and Labrador basins. Transports have a strong
barotropic component, so that the horizontal gyre circulation
is largely full-depth. In addition, significant watermass
transformation occurs along the cyclonic pathway of the
water, so that there is a large “overturning” component in the
horizontal circulation as water becomes denser along the path.
For this reason, density coordinates are a more useful coordinate
for OSNAP, though both MOC, and MOC, are estimated.

2.1.1. Observations

In the subpolar gyre the complex bathymetry, short Rossby
radius of deformation and strongly barotropic circulation
requires higher horizontal resolution of observations than in
the subtropical gyre. OSNAP consists of two sections: OSNAP
West extends across the Labrador Sea from the Labrador shelf
near 53°N to southwestern Greenland at 60°N; OSNAP East
extends from southeastern Greenland at 60°N to the Scottish
shelf at 57°N, crossing the Reykjanes Ridge and the Rockall
plateau. The OSNAP observing system also incorporates RAFOS
float deployments in the Irminger and Iceland basins and
glider surveys over the Rockhall-Hatton and Iceland basins. The
OSNAP observing system was fully deployed in the summer
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FIGURE 3 | Observing arrays in the Atlantic with AMOC transport estimates
from OSNAP (green, from 2014), NOAC 47°N (black dashed, still to be
produced), RAPID 26°N (red, from 2004), MOVE 16°N (magenta, from 2000),
TSAA 11°8 (black dashed, still to be produced), and SAMBA 34.5°S (blue,
from 2009).

of 2014. The first full data recovery was 21 months later, in
the summer of 2016. A second full recovery was successfully
completed in the summer of 2018. The observing system remains
in place with funding through at least 2020.

2.1.2. Methodology

The OSNAP array applies the standard approach at each
section, combining them together to compute the full-width
AMOC. Surface velocity derived from satellite altimetry is
used as the reference velocity. Away from the mooring arrays,
geostrophic velocities are calculated from gridded temperature
and salinity fields constructed from Argo profiles, OSNAP
gliders and moorings, and World Ocean Atlas 2013 climatology.
The temporal resolution of the AMOC time series is 30 days.
Temporal resolution for the property fields away from the arrays
dictates this choice. See full details of the approach in Lozier et al.
(2017) and of the methodology in Li et al. (2017).

2.1.3. Uncertainty and Limitations

OSNAP uses Monte Carlo simulations to provide an estimate
of the statistical uncertainty on the AMOC strength (6% of the
mean). A possible bias error of up to ~10% of the mean was found
in Li et al. (2017) from a series of Observing System Simulation
Experiments (OSSEs). The OSNAP observing system does not
sample the shallow shelves off Labrador and Scotland (see Figure
2 in Li et al,, 2017). In these regions, climatological monthly

velocities from a high-resolution (1/12°) regional ocean general
circulation model are used. Moving forward, a full analysis
of potential bias error at OSNAP is planned as are improved
estimates for inshore properties and velocities.

2.1.4. Results

The first set of results show that the majority of the overturning
occurs north of OSNAP East, where northward flowing warm
and salty Atlantic waters of subtropical origin are replaced
with cooler, fresher southward flowing waters moving along the
western boundaries of the Iceland and Irminger basins (Lozier
etal,, 2019). The contribution of overturning in the Labrador Sea
(north of OSNAP West) is a factor of seven smaller than that
north of OSNAP East.

2.2. RAPID 26°N

In the subtropical North Atlantic at 26°N, the circulation pattern
consists of an anticyclonic subtropical gyre, a strong northward
western boundary current (top 1,000 m) largely confined between
Florida and the Bahamas, and southward flowing North Atlantic
Deep Water (NADW, 1,000-5,000 m). Below this, there is a
small amount of weakly variable northward flowing Antarctic
Bottom Water (1-3 Sv, Frajka-Williams et al., 2011) west of
the Mid-Atlantic Ridge (MAR). Zonal gradients and the zonal
tilt of isopycnals are relatively small (compared to the subpolar
gyre), so that most of the net mass and heat transport can be
accurately captured in depth space (MOC;). Due to the large
AMOC strength and large vertical gradients in temperature, the
northward heat transport by the ocean circulation is large at
this latitude.

2.2.1. Observations

The combined RAPID/MOCHA (Meridional Overturning
Circulation and Heat-flux Array) observations consist of
a boundary array with current meters in the west on the
continental shelf and upper slope (between 77°W and 76.75°W,
east of the Bahamas), and tall moorings west and east of the
Mid-Atlantic Ridge or MAR (at 24°N) and along the eastern
boundary (toward the Canary Islands at 28°N). Florida Current
transport measured electromagnetically on an out-of-use
submarine telecommunications cable are also used. The cable
measurements and calibrations are part of the Western Boundary
Time Series (WBTS) project, with several calibration cruises
annually. The RAPID/MOCHA/WBTS observing system was
fully deployed in March 2004. Data are processed and made
available every ~18 months. The array remains in place with
funding presently in place through at least 2020.

2.2.2. Methodology

Geostrophic velocities are initially referenced to zero at the
bottom, then the barotropic or external transport is added
uniformly at each longitude and depth. Net transports use the
interior geostrophic, boundary and Ekman components as well
as the Florida Current. See full details of the calculation in
McCarthy et al. (2015b).
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34.5°S (blue). For SAMBA, the transports are shown as anomalies (see
section 2.4). The respective means are given by the black dashed line (zero in
the case of SAMBA).

2.2.3. Uncertainty and Limitations

Areas inshore of the 1,000 m isobath on the eastern boundary are
not instrumented, as well as deep areas east of the EB1 mooring
at the base of the eastern continental slope and either side of
the MAR. The surface 100 m is often unsampled, depending on
the height of each subsurface mooring during each deployment.
Gaps in the vertical are extrapolated, while “bottom triangles” are
neglected. The residual calculation for the uniformly distributed
barotropic flow (which is on the order of 10 Sv, Frajka-Williams
et al., 2018) represents one of the larger areas of uncertainty
in the calculation, as the choice of where to distribute the
compensatory flow has some influence on the vertical structure
of the overturning streamfunction.

2.2.4. Results

Over the April 2004-February 2017 observational record, the
mean and standard deviation of the overturning transport is
17.0 & 4.4 Sv (Figure 4). The seasonal cycle has a peak-to-peak
amplitude of 4.3 Sv (maximum northward transport in October).
Interannual variations include a notable dip of roughly 30% in
2009/10, and the period following about April 2008 has been
fairly stable with an average transport roughly 2.7 Sv less than
was observed in April 2004-April 2008 (Smeed et al., 2018).

2.3. MOVE 16°N

In the tropical North Atlantic at 16°N, the region east of
the Caribbean and west of the MAR is characterized by the
southward-flowing DWBC, and episodic and northward flowing
waters and northward moving eddies along the Antilles islands.
Most of the northward flow of the overturning circulation occurs
in the Caribbean, while east of the MAR it is relatively quiescent.
Below the DWBC, there is some northward flowing Antarctic

Bottom Water, primarily west of the MAR. While the MOVE
array does not span the full basin width at 16°N, it is intended
to provide the time-varying AMOC and so is included here.

2.3.1. Observations

At 16°N, the observational approach uses full height moorings
and boundary arrays but only over the region west of the MAR
(15.5°N, 51.5°W) and east of Guadeloupe (16.3°N, 60.5°W),
with direct velocity measurements on the western continental
slope (just west of 60.5°W). Recent deployments of the dynamic
height moorings are full-height (to within 100 m of the surface),
while earlier deployments were only below 1,000 m. The MOVE
array was initially deployed in early 2000 and has been in
operation ever since. The array remains in place with funding
renewing annually.

2.3.2. Methodology

Transports between 60.5°W and 51.5°W are calculated using
geostrophy, referencing the dynamic height profiles to zero flow
at depth (4,950 dbar). This level coincides with the interface
depth between northward-flowing Antarctic Bottom Water and
southward-flowing NADW. The AMOC at 16°N is calculated
as the deep southward-flowing transport (60.5-51.5°W) between
1,200 and 4,950 dbar. The transport is computed as the sum of
the boundary and internal components, from current meters and
dynamic height, respectively. While an “external” component can
be derived from bottom pressure observations at the western and
eastern edge of the array (Frajka-Williams et al., 2018), drift in
the measurement precludes analysis of low-frequency variability
and so these pressure observations are not included in the AMOC
estimate. See Send et al. (2011) and references therein for more
details of the methodology.

2.3.3. Uncertainty and Limitations

The array explicitly assumes that the southward-flowing NADW
is found in the western half of the basin and neglects transport
east of the MAR. Further, no measurements are included in the
Caribbean as the MOVE array focuses on the southward-flowing
deep transports (absent in the Caribbean). Acknowledging
uncertainties associated with the choice of reference level, the
array is designed to measure the variability of the overturning
rather than its absolute value.

2.3.4. Results

Over the period February 2000-June 2018, the mean and
standard deviation of the daily values are 18.0+5.8 Sv (Figure 4).
The seasonal cycle has a range of 4.8 Sv and peaks in July. Over
this period, there is a strengthening tendency of 0.25 Sv/year. This
represents a reversal of the declining tendency of 20% identified
between Jan 2000-June 2009, due primarily to deep changes at
the western flank of the MAR (Send et al., 2011). More recently,
over the 2004-2017 period, the circulation changes at 16°N
showed an intensifying AMOC while the observations at 26°N
showed a weakening AMOC, associated with differences in the
treatment of the reference velocity in the geostrophic calculation
(Frajka-Williams et al., 2018).
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2.4. SAMBA 34.5°S

In the South Atlantic, the large meridional gap between the
African and Antarctic continents provides a significant crossroad
for watermass exchange between the eastward flowing Antarctic
Circumpolar Current as well as between watermasses of the
subtropical Indian and South Atlantic gyres (de Ruijter et al.,
1999; Speich et al., 2006). This Indian to Atlantic transfer forms
an important part of the source waters to the northward flowing
warm and saline waters in the Atlantic, taking place through
Agulhas Leakage (Boebel et al., 2003). In addition, the salt and
freshwater fluxes in the South Atlantic are key to understanding
potential feedbacks in AMOC variability (Dijkstra, 2007).

2.4.1. Observations

Since 2009, moored observations using PIES have been made
oftshore of South America just north of the separation of
the Brazil Current from the coast, with later augmentations
to the western array including ADCP and bottom pressure
recorder instruments being added up on the continental upper
slope/shelf in December 2013 and current-equipped PIES
(CPIES) improving the horizontal resolution in 2012. From 2008
to 2010 a pilot array of CPIES was in place offshore of Africa,
and since 2013 a more complete array of CPIES and dynamic
height/current meter moorings has been built between Walvis
Ridge (near the prime meridian) and the South African coast. The
array remains in place, with future augmentations in the works,
and funding of all of the major components is in place through at
least 2020.

2.4.2. Methodology

Initial AMOC estimates from SAMBA have been based on
the longest available time series, i.e., the PIES and CPIES at
roughly 1,350 dbar of water, on the west and east side of the
basin respectively. The PIES/CPIES travel time measurements
are combined with hydrography-derived look-up tables via
the Gravest Empirical Mode (GEM) method to produce daily
dynamic height profiles at the west and east boundaries for
estimating the geostrophic velocity shear. The PIES/CPIES
bottom pressure measurements are then used to estimate
the time-varying portion of the barotropic reference velocity
(and hence no ‘residual’ zero net flow assumption is made
here). Meridional Ekman transport is estimated from gridded
observation-based winds (Cross-Calibrated Multi-Platform).
Because the bottom pressure sensors used in this way can only
estimate the time-variability of the barotropic velocity, the time-
mean reference velocity is included from a numerical model
(Ocean for the Earth Simulator, OFES). The time-mean of the
OFES model output is also used to estimate the meridional
transports inshore of the 1,350 dbar isobaths on either side of the
basin. See full details of the methodology in Meinen et al. (2018).

2.4.3. Uncertainty and Limitations

The use of a time-mean reference velocity from a model means
that the observations at 34.5°S provide only the time-variability
of the AMOC rather than an observational mean. In addition,
measurements inshore of 1,350 dbar on both boundaries are
unsampled, relying on model velocities again.

TABLE 1 | Basic statistics for the time series of AMOC strength at the four
latitudes where the time series are available.

Time period Mean [Sv] Standard deviation [Sv]

OSNAP Sep 2014-May 2016 14.9 44
RAPID 26°N Apr 2004-Feb 2017 17.0 3.3
MOVE 16°N Feb 2000-Jun 2018 18.0 4.7
SAMBA 34.5°S  Mar 2009-Apr 2017 14.6 5.4

Standard deviations are based on monthly estimates over the periods listed in the table.
Note that the MOC is reported as MOC,, for OSNAR, but as MOC;, for the other latitudes.
This is because the MOC in density space is the preferred metric at the OSNAP array. The
overturning in depth space at OSNAP is 8.0 £+ 0.7 Sv.

2.4.4. Results

The 34.5°S array is in a complicated area where the AMOC is
highly variable, with both western and eastern boundary currents
contributing to the AMOC variability at a variety of timescales
(Meinen et al, 2018). On interannual timescales, eastern
boundary density changes dominate the AMOC variations, and
both baroclinic and barotropic changes at both boundaries are
important on seasonal timescales (Meinen et al., 2018), with
strong intra-seasonal buoyancy anomalies driven by migrating
eddies (Kersalé et al., 2018). The AMOC has a peak-to-peak range
of 54.6 Sv (on daily means, monthly means shown in Figure 4).

2.5. Intercomparisons Between Latitudes
With several multi-year measurements of the AMOC at different
latitudes, there is the potential to investigate the large-scale
circulation spanning multiple latitudes. The average strength
of overturning differs among latitudes, though the individual
estimates are computed over different time periods (Table 1).
As a consequence, the standard error of the mean (standard
deviation divided by number of years of the time series) decreases
with an increasing length of the time series (Figure 5). There may
be a latitudinal dependence to the variability of the AMOC, with
higher variance in the South Atlantic than the North Atlantic.
However, intercomparisons are limited by the length of the time
series; when the standard deviation is computed over the OSNAP
period only, they are 4.1 Sv, 2.5 Sv, 4.2 Sy, and 4.7 Sv from north
to south.

Evaluation of the seasonal cycles of the AMOC between
latitudes found that the seasonal cycle of the non-Ekman
component of the overturning is 180° out-of-phase (Mielke
et al.,, 2013) between 26°N and 41°N (see section 3.3). Deep
transport variability has been compared between 26°N and 16°N,
however it was determined that because the MOVE array does
not span the entire basin width, an appropriate comparison
can only be made by focusing on the westernmost profiles at
the two latitudes (Elipot et al., 2014), as the western boundary
dynamic height profile captures much of the deep transport
(and AMOC variability) at 26°N. On seasonal and interannual
timescales, variability is phased between latitudes and related to
wind-forcing associated with, e.g., the North Atlantic Oscillation
(Elipot et al., 2017). On interannual and longer timescales, low
frequency deep density changes are consistent at both 26°N and
16°N in sign and magnitude, with changes occurring first at 26°N
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FIGURE 5 | Uncertainty on the estimate of the mean AMOC based on
averaging for a certain number of years of the AMOC time series at RAPID
26°N (red squares), MOVE 16°N (magenta triangles) and SAMBA 34.5°S (blue
circles). Note that the limit in the error will be bounded below by the intrinsic
variability in the time series, which is higher at 16°N than the other two
latitudes (see Table 1).

and 7 months later at 16°N (Frajka-Williams et al., 2018). Since
about 2009, the deep salinities at the western boundary of both
latitudes have freshened, resulting in a thicker dynamic height
and reducing the basin-wide tilt of isopycnals. Frajka-Williams
et al. (2018) further showed that choices in methodology, i.e.,
the application of a reference level velocity to the geostrophic
shear derived from dynamic height, can have a dominant
role in the low-frequency variability of the derived AMOC
time series.

3. ALTERNATE APPROACHES FOR DIRECT
AMOC ESTIMATES

3.1. Bottom Pressure Approaches

The application of the thermal wind balance using full-height
mooring data as outlined in section 2 provides geostrophic
transport estimates for an oceanic section with vertical walls. As
a consequence, direct measurements of velocity are required on
boundaries where the ocean walls are sloped. Hughes et al. (2013)
show how the thermal wind balance can be extended to obtain
geostrophic transport from vertical gradients of ocean bottom
pressure (OBP) along sloping boundaries at a given latitude. The
RAPID Western Atlantic Variability Experiment (WAVE) at 42—
43°N showed that vertical gradients of OBP can be determined
from near-bottom velocity and density from moorings
(Hughes et al., 2013).

Model studies indicated that the western boundary OBP signal
dominates over the eastern boundary signal for determining
trans-basin geostrophic transport (Bingham and Hughes, 2008;
Hughes et al., 2018). Investigations using the RAPID 26°N array

data confirmed that the western boundary contribution to the
geostrophic transport in the 1,000-4,000-m layer (relative to
1,000 m), captures more than 50% of the variance of MOC; at
periods longer than 230 days (Elipot et al., 2014). The method
was directly applied near 39°N using data from the Line W
western boundary current array and near 41°N using data from
RAPID WAVE (Elipot et al., 2014). The resulting geostrophic
transports below 1,000 m using only data from the western
boundary showed good agreement with an independent satellite
and hydrography based MOC, estimates near 41°N (Willis,
2010). The advantage of this method over the full-height arrays is
that these moorings are smaller and less expensive, making them
easier to deploy.

3.2. Satellite-Only Methods to Estimate

Ocean Circulation

Satellite-based estimates of ocean circulation are not limited
to individual latitudes. Geostrophic balance can be applied
to both sea level anomaly (SLA from altimetry) and ocean
bottom pressure (from gravimetry) to estimate velocities,
where horizontal gradients in pressure drive horizontal flow
perpendicular to the gradient. The relationship between SLA
and the time-varying AMOC in numerical models (Bingham
and Hughes, 2009, and others) suggested that SLA could be
used to generate a proxy for the AMOC. However, comparisons
between RAPID 26°N transports and SLA demonstrated
that near surface (0-2,000 m) seasonal variations in steric
height were large and under-sampled by subsurface moorings,
confounding the use of SLA for ocean transports (Ivchenko
et al, 2011). Using longer in situ records and removing a
seasonal climatology, a SLA-based proxy of the AMOC at
26°N was found to recover 80% of the upper mid-ocean
transport variability (transbasin transport between the Bahamas
and Canary Islands, in the top 1,100 m). When combined with
the Florida Straits transport and meridional Ekman transport
from winds, this approach explains 90% of the interannual
variability of the AMOC over the period April 2004-March 2014
(Frajka-Williams, 2015).

Using OBP from the Gravity Recovery and Climate
Experiment (GRACE), Landerer et al. (2015) applied geostrophy
to OBP between 3,000 and 5,000 m at 26°N (west and east) to
calculate deep ocean transports. The transport variability agreed
well with the RAPID 26°N observations (explaining 67% of the
variance in the LNADW layer at 26°N) after smoothing both
with a 9-point Lowess filter. Both of these investigations suggest
that, at least in the subtropical gyre at 26°N at sub-decadal
timescales, satellite altimetry and gravimetry can be used to
make meaningful estimates of ocean transports over large
spatial scales. However, the SLA method assumes a relatively
stationary relationship between dynamic height profiles and SLA
which would be expected to change as watermass properties
and distributions change (e.g., due to buoyancy forcing).
The gravimetry-based estimates have uncertainties at long
timescales, associated with the application of the glacial isostatic
adjustment models, limiting their use (for now) to investigating
monthly-to-interannual variability.
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3.3. Satellite + Hydrography Methods to

Estimate Overturning

To combat the limitation of SLA-only approaches—that
subsurface velocity structure cannot be determined—multiple
efforts have combined SLA with hydrography to estimate
velocity. Willis (2010) used SLA and hydrography from Argo
floats to estimate the time-varying volume transport above
1,130 m in the North Atlantic. Applying the method in a
numerical model, he found that the method captured the AMOC
variability at 41°N, just north of where the Gulf Stream separates
from the coastline. This was an important feature of the location,
as the water velocities on the continental slope (water depths
shallower than 2,000 m, typically not sampled by Argo floats)
were weak, so that errors resulting from missing data are small.

In the South Atlantic, various methods have been used
to combine SLA and subsurface hydrography. Schmid (2014)
combined hydrography with altimetry to construct a three-
dimensional geostrophic velocity field on a monthly basis in
the subtropical South Atlantic. Majumder et al. (2016) further
extended the velocity field to the bottom using hydrographic
climatologies. They found that the MOC and meridional heat
transport are strongly correlated between 20-35°S over the
2000-2014 period. Dong et al. (2015) used a climatological
relationship between SLA and temperature and salinity profiles to
construct synthetic temperature and salinity profiles from time-
varying SLA between 20 and 35°S. They found that interannual
variations in the AMOC south of 20°S are dominated by
geostrophic variations. In the North Atlantic, Mercier et al.
(2015) constructed an AMOC transport in the eastern subpolar
gyre (1993-2017) by combining time-varying altimetry with
Argo hydrography, and verifying the result with hydrographic
section estimates (Figure 6).

Hydrographic sections are typically occupied every 5 years,
meaning that they will not resolve the high frequency variations
that have been identified by moored observations. Float-
based hydrography lacks resolution and coverage in waters
shallower than 2,000 m (near boundaries), particularly when
compared to the resolution and high frequency sampling of
moored observations (section 2.6). However, calculations using
hydrography combined with altimetry can be applied globally
and retroactively, and so have the potential to fill the gap between
individual mooring arrays, with the caveat that near-boundary
measurements may be sparse compared to moored approaches.

4. INDIRECT APPROACHES FOR
OBSERVATION-BASED AMOC ESTIMATES

4.1. Budget/Residual Approaches

Ocean heat content (OHC) in a zonally-integrated, meridionally
bounded volume of the ocean varies due to inputs from the
atmosphere, or meridional heat transport MHT into (out of) the
region from the south y; (north y,) by the ocean. This can be
estimated as

t

OHC(t) — OHC(tp) = / F(t') + MHT(ys,t) — MHT (y,,, t) dt’
to

(6)

where F; are the surface fluxes over the region. This approach was
used in Kelly et al. (2014) using observed OHC and surface fluxes.
From this, they were able to derive meridional heat transport
divergence [in this formulation, MHT(ys,t) — MHT(yn,t)] at
a range of latitudes in the Atlantic. Their calculation of heat
flux divergence showed a remarkable coherence across latitudes
through the South Atlantic which did not hold in the North
Atlantic. As they could only infer the heat flux divergence, a
time series of known meridional heat transport must be provided
for one latitude in order to estimate the heat transport rather
than the transport divergence at all other latitudes. Repeating the
calculation for both heat and freshwater fluxes, Kelly et al. (2016)
produced a time series of meridional heat transport anomalies at
26°N using the Argo-altimetry based estimates at 41°N to anchor
their fluxes (Willis, 2010). This approach adds value to a time
series of heat transport at a single latitude, and enables a wider
view of the meridional coherence or divergence of the AMOC
and associated transports.

A second residual approach has been applied by balancing the
Earth’s energy budget locally (Trenberth and Fasullo, 2017, 2018),
where atmospheric heat flux divergence (V - F4) and top of the
atmosphere (Rr) radiation are further considered, allowing the
derivation of surface fluxes (Fs) as

V.- F4 = Rr + Fs (7)

which reduces the problem of energy budget imbalance in
reanalyses. Surface fluxes are combined with ocean heat content
(determined from in situ observations) to estimate meridional
heat transport

(8)

dOHC
i ]

90
MHT(¢) = / [Fs+—
[

at each latitude ¢. From this approach, they find the
largest uncertainties lie with the OHC estimates used in
their calculation, which suffered from spurious signals below
1,000 m. In general, residual approaches are limited by the
present generation of Argo floats which are typically pressure-
rated to 2,000 dbar. Despite this, they showed a successful
reproduction of the reduction in northward heat transport at
26°N in 2009/10.

4.2. State Estimates

State estimates or ocean reanalyses provide another method
to determine the time-varying AMOC. State estimates use
forced ocean models and assimilate observed data (e.g., in situ
temperature and salinity, SST, altimetry), producing a simulated
ocean state that is closer to the observed state. Methods of
assimilation vary (Balmaseda et al, 2015; Stammer et al,
2016; Carrassi et al, 2018), ranging from simple relaxation,
optimal interpolation, Kalman filtering to three-dimensional
variational assimilation (3DVar), all of which are sequential
or filtering methods used in ocean analysis or reanalysis
(the observations only impact the ocean state in the future).
Methodologies that are often called “state estimation” rather
than “data assimilation” do not directly change ocean fields,
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FIGURE 6 | A time series of AMOC transport (MOC,) at the OVIDE section (eastern subpolar gyre: Portugal to Cape Farewell) for 1993-2017, constructed from
altimetry and hydrography. The gray line is from altimetry combined with a time-mean of Argo velocities; the green curve is low-pass filtered using a 2-year running
mean. The black curve is from altimetry and Argo. Red circles are estimates from OVIDE hydrography with associated errors given by the red lines. The mean of the

but rather adjust surface forcings and ocean mixing parameters
to achieve a best, continuous fit to observations (e.g., 4DVar,
see Forget et al.,, 2015). Transports, e.g., the AMOC strength,
can then be calculated from the state estimate’s full-depth
velocity fields. However, care must be taken that the AMOC is
suffciently and correctly constrained by the observations since
data assimilation or model drifts can lead to incorrect results.
Hence more direct MOC estimations are needed to validate
MOC estimates derived through assimilation or state estimation
(e.g., Evans et al,, 2017).

Improvement of the mean AMOC strength has been found
in state estimates over forced ocean models (Balmaseda et al,,
2007), possibly more so in higher resolution models (Tett
et al., 2014). However the improvement of AMOC variability
is found to differ between studies. Munoz et al. (2011) and
Karspeck et al. (2017) found substantial variations between
reanalysis AMOC strengths for the period from 1960 onwards,
with more spread in the state estimates than forced ocean
models. These results suggest that the state estimates do not
always provide reliable estimates of the AMOC changes. On
the other hand, several studies found good agreement between
state estimates and the RAPID 26°N AMOC on seasonal and
interannual timescales (Baehr et al., 2009; Haines et al., 2012;
Roberts et al., 2013; Wunsch and Heimbach, 2013; Kohl, 2015;
Jackson et al., 2016). One state estimate was then used to
diagnose the causes of the temporary AMOC weakening in
2009-10 (Roberts et al., 2013) and its decadal decline (Jackson
et al,, 2016). The likely reason why these state estimates show
agreement amongst themselves and RAPID is that they focus
on the satellite period only when there are more observational
constraints. The AMOC components (for instance the split
between the Florida Straits and upper mid-ocean transports
at 26°N) are more difficult to attain (Roberts et al., 2013;
Ko&hl, 2015; Jackson et al., 2016; Evans et al., 2017), suggesting
that the AMOC strength may be captured through a large-
scale constraint rather than in resolving the detailed circulation.
Understanding what creates this large-scale constraint could
be important for improving the reanalyses and monitoring the
AMOC. Attempts have also been made to assimilate the RAPID
26°N observations themselves, either through direct assimilation

of the moored profiles of temperature and salinity (Bachr, 2010;
Stepanov et al., 2012; Kohl, 2015), using covariances to derive
a large-scale temperature and salinity signal from the moored
profiles and then assimilating this signal (Hermanson et al., 2014;
Thomas and Haines, 2017), or assimilating the 26°N transports
(Baehr, 2010; Kohl, 2015).

State estimates provide continuous AMOC estimates over
the whole basin, and can enable deeper investigations into
the mechanisms driving AMOC variability. The quality of
state estimates can be limited by the lack of observations
near coasts, and by insufficient model resolution to resolve
boundary currents. Poorer observational coverage prior to the
satellite and Argo period may notably restrict their utility
back in time.

4.3. Fingerprints and Proxies

Changes in the AMOC strength have been linked to changes
in essential ocean variables, including SST and subsurface
temperature (Zhang, 2008), SLA (Bingham and Hughes, 2009;
Frajka-Williams, 2015), and deep density gradients (Baehr et al.,
2008; Zanna et al,, 2011). These AMOC fingerprints—defined
as a “coherent pattern of response to the ocean circulation”
(Alexander-Turner et al, 2018)—can enable prediction or
attribution of SST or SLA variations in response to AMOC
changes. They have also been used to derive proxies for
the AMOC strength by identifying the fingerprint of the
AMOC on SST changes, then using the longer SST record
to derive the associated AMOC strength back in time (Lopez
et al, 2017; Ceasar et al., 2018). Such proxies can provide
a longer term context within which to understand present-
day variations. However, while fingerprints are often identified
using a linear regression between AMOC strength and the
fingerprint amplitude, the relationship between the AMOC and
fingerprint variable may be non-stationary, meaning that the
relationship between AMOC and fingerprint variable changes
in time (Alexander-Turner et al., 2018). In addition, there can
be multiple drivers of SST variations, meaning that observed
variations in SST and AMOC could both be symptoms of an
external forcing, complicating attribution (Booth et al., 2012;
Zhang et al., 2013, 2016; Clément et al., 2014).

Frontiers in Marine Science | www.frontiersin.org

10

June 2019 | Volume 6 | Article 260


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Frajka-Williams et al.

AMOC Observations

Tide gauge sea level records may be less influenced by
atmospheric heating than SST. There is a long history of using
tide gauge sea level records on the US East Coast to infer
changes in the Florida Current, an AMOC component, based
on geostrophic balance (Iselin, 1940; Montgomery, 1941; Hela,
1952). Recent observational studies show significant correlations
between US East Coast sea level and the AMOC (Sallenger et al.,
2012), Gulf Stream (Kopp, 2013), and AMOC and North Atlantic
Oscillation (Goddard et al., 2015), on a variety of timescales
from intra-seasonal to multi-decadal. McCarthy et al. (2015a)
argue that the coastal sea level difference between the South
Atlantic Bight and Mid-Atlantic Bight serves as an index of
midlatitude meridional heat flux in the North Atlantic, and
that the time integral of this coastal sea level index provides
a measure of subpolar North Atlantic Ocean heat content.
However, changes in sea level along the US East Coast may
also be induced by longshore winds, barometric pressure or
river runoff, obscuring the relationship to the large-scale ocean
circulation on interannual and longer time scales (e.g., Andres
et al,, 2013; Woodworth et al., 2014; Piecuch and Ponte, 2015;
Piecuch et al., 2018). Moreover, climate modeling studies show
that the relationship between sea level and AMOC transport
depends on the timescale of variability in question (Little
et al., 2017). Confidence in these studies could be improved by
developing understanding of the physical mechanisms mediating
the relationship between the AMOC and coastal sea level before
inferring AMOC variability (e.g., Minobe et al., 2017).

5. GAPS IN OBSERVING

Above, we outlined efforts to observe or estimate the strength
of the AMOC and associated heat or freshwater transports.
However, a narrow focus on these aims leaves gaps in
observing that may limit analysis of AMOC-related mechanisms
and impacts.

5.1. Paucity of Observations on the
Shelf-Break and in the Deep Ocean

Instrument risk is high in shallow shelf seas (e.g., the
shelves around Greenland and Labrador). As a consequence,
observational approaches using moored observations tend to
leave gaps in these regions, adding uncertainty particularly in
the freshwater transport estimates in these regions. In the open
ocean, the largest signals of transport variability to-date are found
in the upper ocean; on longer timescales, changes are anticipated
at depth. The deep ocean is relatively undersampled, as the Argo
float profiling array concentrates on the top 2,000 m. Full-depth
hydrographic measurements remain the primary source of deep
ocean observations, but are sparse in time. Deep changes recently
observed at 26°N and 16°N are responsible for low frequency
circulation changes (Frajka-Williams et al., 2018) but are barely
above the limits of instrumental accuracy (McCarthy et al,
2015b). Observing efforts that rely on upper ocean and surface
intensified measurements, or boundary-only measurements at
depth, may fail to capture the low frequency, deep density
variations across the Atlantic basin.

5.2. Interior Pathways

While boundary-focused observations capture the transbasin
baroclinic transport, they do not account for interior circulation
pathways. Tracer measurements highlight that the DWBC is
not the only conduit of newly formed deep waters from
high latitudes into the rest of the ocean basins (LeBel et al,
2008). Recent Lagrangian studies using real and numerical
floats have shown that, in the North Atlantic, there are
‘interior pathways’ of circulation that water parcels likely follow,
with the intermediate depth water masses (e.g., Labrador Sea
Water at 1,500 m) moving offshore at the Grand Banks
and spreading down the Mid-Atlantic Ridge as well as
within the DWBC (Bower et al., 2009; Lozier et al., 2013).
Likewise, a recent compilation of observations and modeling
output has revealed interior pathways for Iceland Scotland
Overflow Water, including a southward pathway along the
eastern flank of the Mid-Atlantic Ridge (Zou et al, 2017).
These pathways are not explicitly resolved in transbasin
geostrophic arrays, but are important to understanding the
spread of watermasses and tracers (including carbon) and
advection timescales of anomalies from high to low latitudes
(Lozier et al., 2013; Le Bras et al., 2017).

5.3. Carbon, Nutrients and Oxygen

Transports

The North Atlantic is a sink of atmospheric CO, taking
up roughly 40% of the global ocean uptake of carbon from
the atmosphere (Takahashi and Coauthors, 2009). A cooling
ocean such as the North Atlantic takes up carbon from the
atmosphere through the solubility pump. The vertical mixing
resulting from the loss in surface buoyancy brings nutrient-
rich waters to the surface fueling biological productivity, driving
further carbon into the deep ocean via the biological carbon
pump. New efforts are underway to estimate the time-varying
transport of nutrients and carbon, to develop understanding
in the role of the AMOC in North Atlantic carbon uptake.
To make time-varying measurements of chemical properties,
the Atlantic BiogeoChemical Fluxes (ABC Fluxes) observational
programme has added oxygen sensors and samplers to the
moorings at 26°N, while oxygen, pH sensors and water samplers
were added to the OSNAP Rockall Trough array, and oxygen
and pH sensors added to the 53°N array, enabling time-
series of biogeochemical properties from transport arrays. The
ABC Fluxes 26°N project has estimated time-series of ocean
transports of anthropogenic carbon and inorganic nutrients
using observations from the RAPID 26°N array, Argo floats
and GO-SHIP sections, and applying multiple linear regression
between parameters. Preliminary results have shown that the
AMOC volume transport at 26°N has a primary role in setting
the strength and variability of the property transport across
26°N; that the transport is a first order component of the
carbon and nutrient budgets in the North Atlantic; and that
AMOC variability also drives significant variability in the uptake
of carbon (both solubility and biological pumps) through its
control on upper ocean heat content and stratification in the
North Atlantic.
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6. FUTURE OBSERVATIONAL
APPROACHES

6.1. Sustaining AMOC Observations

Our purpose in observing the AMOC is to develop
understanding of the oceanic volume, heat and freshwater
transport, its variability and dynamics, and response to
and feedbacks on the climate system. Importantly, we are
concerned with the present, the recent past (~50 years), and
how transport variability and mechanisms may change in a
changing climate. However, the AMOC variability and its
imprint on essential ocean variables differs among global
circulation models and coupled climate models. Global models
struggle to represent small scale processes—including overflows
from the Nordic seas, open-ocean deep convection and narrow
boundary currents—and deep ocean circulation in general.
In view of the limitations of general circulation models,
observations are critical to understanding the mechanisms
of AMOC variability. Pressing questions remain as to the
role of the AMOC in Atlantic Multidecadal Variability,
its role in generating or preconditioning the “cold blob”
in the North Atlantic, and how AMOC-generated ocean
heat content anomalies influence phenomena with societal
relevance including hurricanes, heat waves and regional sea
level change. In particula, AMOC observations are needed
to investigate

1. The AMOC transports, their variability and meridional

coherence,

The AMOC response to surface forcing and overflows,

3. The influence of meridional heat transport divergence on

ocean heat content, air-sea fluxes, and sea level,

The influence of meridional freshwater transport on AMOC

transports and variability, and

5. The relationship between interior pathways, boundary
currents and the AMOC.

as a function of time-scale
decadal and longer) and latitude
subtropical, and equatorial). Sustained
observations allow mechanistic understanding to be
developed and the attribution of signals to causes.
This will improve the monitoring system allowing a
greater understanding of the extent and likely impacts
of detected signals. Such understanding also helps
to improve models wused for seasonal-to-decadal and
climate predictions.

6.2. Synthesis of Existing AMOC

Observations

Moored observations of the AMOC strength (section 2)
have profound advantages over the previous methods (using
hydrographic sections or western boundary current arrays).
These include:

(seasonal, interannual,
bands  (subpolar,
and widespread

1. High time resolution observations (~daily) combatting the
previous problem of aliasing of large amplitude, high
frequency variability onto lower frequencies,

2. Near boundary measurements for a complete transbasin
estimate, reducing the influence of large-amplitude, mid-basin
mesoscale variability,

3. Full-depth observations spanning the full basin width,
enabling the use of a zero net mass transport constraint on the
choice of reference level for geostrophic velocities.

These observations have provided detailed and robust insights
into ocean circulation variability, but they are limited to
individual latitudes. How do we reconcile the AMOC variability
at individual latitudes (section 2.5) and generate broader
understanding of AMOC-related transports and divergence and
its role in the climate system?

Direct observational approaches (moored or
satellite+hydrography) can be used in combination to quantify
or reduce uncertainties due to instrumental accuracy, sampling
or methodology. The combination of satellite data with in
situ moored observations, with or without concurrent bottom
pressure measurements or Argo float profiles may provide
an independent check on moored observations (Williams
et al., 2015). Subsampling moored observations could be
used to validate satellite and Argo approaches—checking
how their reduced temporal resolution affects confidence.
Observing system simulation experiments, where numerical
models are subsampled according to observational sampling,
can further be used to evaluate uncertainties, provided the
models are sufficiently representative. Ocean state estimates
provide a synthesis of numerous data sets, enabling mechanistic
interpretation of observed signals (e.g., Evans et al, 2017).
Synthesis between direct observational approaches and residual
approaches offer new potential for investigating the sensitivity
of the AMOC to freshwater inputs from the cryosphere,
interactions between the AMOC and atmosphere through air-sea
fluxes, or longer timescale variability in the climate system (e.g.,
the Atlantic Multidecadal Variability).

Synthesis between observations and numerical models is
essential to assess and advance the fidelity of models. The
concept of a common framework into which both observations
and models can be mapped and subsequently analyzed has
emerged under the term AMOC metrics. Such comparisons
can be prohibitively difficult for individual researchers due to
data and infrastructure barriers; incommensurability; and social
and scientific barriers. A new project “AMOC Metrics” aims to
address these impediments, primarily as a service activity, by
(i) promoting the use of metrics in intercomparison projects
that are relevant to advancing understanding of the Atlantic
Ocean state, circulation, and influence; (ii) reflecting the science
advances being driven by the AMOC community; (iii) facilitating
the joint interpretation of models and data; and (iv) promoting
objectivity in model-intercomparisons. The major deliverable
of the project is a set of value-added AMOC-related metrics
with associated diagnostics tools and curation for the use
of the broader community. To provide the most appropriate
observations vs. model comparisons, the tools / packages will
enable calculation of transports from the models using methods
that are analogous to what observations use, initially focusing on
individual latitudinal arrays.
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6.3. Evaluating Potential of AMOC

Observation Systems

Below, we outline some criteria to consider when evaluating the
potential of future AMOC observation systems. These are based
on the variability observed by the present arrays, as well as future
changes that are anticipated based on numerical simulations but
that are not apparent or dominant in the observations.

6.3.1. Regions

Studies of meridional coherence based on observations showed
an apparent lack of coherence even just within the North Atlantic
subtropical gyre on seasonal timescales (Mielke et al., 2013;
Elipot et al,, 2014, 2017), although there is some indication of
coherence on interannual and longer timescales (Frajka-Williams
etal., 2018). Numerical modeling studies and inverse approaches
have shown that the coherence of AMOC variability may be
distinct between latitudes with coherent variability within the
South Atlantic (Kelly et al., 2014, 2016), yet a lack of coherence
between gyres in the North Atlantic (Bingham et al., 2007; Lozier
etal., 2010) with slower propagation of anomalies in the subpolar
regions (Zhang, 2007). AMOC observations will be required
at a range of latitudes to reassess our expectations regarding
meridional coherence between latitudes.

6.3.2. Boundary vs. Interior

Mesoscale activity results in high amplitude variability of
ocean transports on subannual timescales (Wunsch, 2008),
potentially introducing uncertainty in transport estimates when
variations are not well-resolved in space or time. Mesoscale
eddies are suppressed very near boundaries (Kanzow et al.,
2009), however, reducing though not eliminating high frequency
fluctuations for near-boundary measurements (Zantopp et al.,
2017). Boundary currents, however, are more barotropic which,
over sloping topography, limits the use of geostrophy to
measure transports. As a consequence, AMOC observations
require mesoscale-resolving sampling rates to calculate interior
geostrophic transports, with absolute velocity observations over
sloping topography.

6.3.3. Timescales

While the observed AMOC is variable on daily through decadal
timescales, much of the interest in AMOC mechanisms and
impacts is on seasonal and longer timescales. Forcing from wind
and buoyancy show strong seasonal cycles, and potential impacts
of AMOC changes may be relevant on seasonal timescales
for e.g., improving seasonal forecasts of extreme summer
European Temperatures (Duchez et al., 2016b). From 14 years of
observations at RAPID 26°N, we have learned that the majority
of the short term transport variability is driven by wind forcing,
however the evolution of deep transport and watermass changes
will be key to diagnosing buoyancy-forced variability with
potentially lower frequency responses, anticipated in numerical
adjoint analyses (Pillar et al., 2016).

6.3.4. Changes Not Yet Observed
AMOOC transport and variability at 26°N is dominated by wind
forcing on daily to interannual timescales, with the largest density

variations in the top 1,000 m and on the western boundary
(Zhao and Johns, 2014; Moat et al., 2016). However, on longer
timescales and in a changing climate, buoyancy forcing at high
latitudes and mixing in the abyssal ocean (Callies and Ferrari,
2018) or in the Southern Ocean within the Antarctic divergence
(Toggweiler and Samuels, 1998) are expected to influence AMOC
variations. These lower frequency variations are likely to appear
as smaller amplitude temperature and salinity variations, at
depth and potentially away from western boundaries. New
observational methods, and testing of these strategies in models,
may be required to improve accuracy of AMOC estimates, in
order to link lower frequency drivers to the AMOC changes.

7. CONCLUSIONS AND OUTLOOK

This paper summarized observational efforts in the Atlantic
to measure the continuously varying strength of the AMOC.
From first transbasin measurements retrieved at 26°N by the
RAPID array, a number of startling results have emerged
(summarized in Srokosz and Bryden, 2015): that the AMOC
ranged from 4 to 35 Sv over a single year, had a seasonal cycle
with amplitude over 5 Sv, and that the dip in 2009/10 of 30%
exceeded the range of interannual variability found in climate
models. The international efforts to measure the AMOC in the
Atlantic at a range of latitudes have delivered new understanding
of AMOC variability, its structure and meridional coherence.
In situ mooring arrays form the primary measurements of the
large-scale meridional circulation, though the methodology used
varies between latitudes and while some velocities and water
mass properties are measured directly, there are also indirect
inclusions of Ekman transport at the surface from reanalysis
winds. These observations have informed and continue to inform
numerical modeling efforts, which show striking differences
between the AMOC mean state and variability amongst models
(Danabasoglu et al, 2014, 2016). Due to the differences
between simulations of the AMOC, and the importance of
the AMOC in the climate system, sustained observations are
needed to further advance mechanistic understanding of this
large-scale circulation, and improve numerical models and
climate simulations.

While the in situ arrays have demonstrated the value of
high time resolution near boundary observations, the cost
of these arrays is significant and still leaves gaps in AMOC
observing (section 5). A range of observational techniques
have been used to estimate the AMOC strength and variability
both directly (from satellite and hydrographic data, section
3) and indirectly (through budgetary approaches or inverse
methods, section 4). However, sparse sampling, particularly
by the Argo float array, combined with the importance of
boundary measurements to resolving transbasin transports, may
mean that the uncertainties associated with these methods
limit their utility in answering outstanding questions about
AMOC mechanisms and impacts (section 6.1). In the future,
while it is likely that a small number of observing arrays
are necessary to maintain high quality, full time resolution
estimates of the AMOC strength, significant gains can be
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made through monitoring efforts using distributed observations
(satellite/ Argo) or reduced costs of moored instrumentation with
bottom pressure approaches (section 3.1). These approaches
can reduce the costs of the AMOC-specific observations,
while broadening the geographic coverage beyond individual
latitudes. However, transitioning to new methods of sustained
observing must be done with care to maintain the continuity of
observations and data quality (Karl et al., 1996; National Research
Council, 1999; World Meteorological Organization, 2008;
Weatherhead et al., 2017). In particular, two recommendations
made by Karl et al. (1996) and repeated many times
subsequently are that

e Prior to implementing changes to existing systems or
introducing new observing systems an assessment of the
effects on long-term climate monitoring should be standard
practice, and

e Opverlapping measurements of both the old and new observing
systems for in-situ and satellite data must become standard
practice for critical climate variables.

These principles have been adopted in the development of the
Global Tropical Moored Buoy Array (Freitag et al., 2018) and
they apply equally well to observing systems for the AMOC. The
problem with overlapping new and old measurement systems or
instruments is that in the short-term there is an increased cost
through operating both, though in the longer-term there may be
significant savings. This approach, also known as parallel testing,
should be the preferred approach (National Research Council,
1999; World Meteorological Organization, 2008).

While the observational records of the AMOC transport
variability are relatively short, we have learned a great deal
about the structure and variability of the AMOC volume,
heat and freshwater transports, its response to wind forcing,
and its meridional coherence (or lack thereof) between
latitudes. As the records outside of the subtropical North
Atlantic increase in length, intercomparisons between
latitudes will permit understanding of the AMOC as a
circulation system spanning gyres and hemispheres. New
developments for observing carbon transports will illuminate
the role of the AMOC in carbon storage in the deep ocean.
As tools for comparing transports between observations
and models are developed, we anticipate further gains
in understanding of the AMOC mechanisms, drivers and
impacts, and interactions between the ocean circulation and
the atmosphere or cryosphere. These observing systems
add considerable new knowledge to large-scale ocean
circulation dynamics.
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