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Coupling of the mid-depth and abyssal components
of the global overturning circulation according

to a state estimate

Louise Rousselet’, Paola Cessi'*, Gael Forget2

Using velocities from a state estimate, Lagrangian analysis maps the global routes of North Atlantic Deep Water
(NADW) exiting the Atlantic and reentering the upper branch of the Atlantic Meridional Overturning Circulation
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(AMOC). Virtual particle trajectories followed for 8100 years highlight an upper route (32%) and a lower route
(68%). The latter samples 6, > 37.07 and is further divided into subpolar (20%) and abyssal cells (48%). Particles in
the abyssal cell detour into the abyssal North Pacific before upwelling in the Southern Ocean. NADW preferentially
upwells north of 33°S (67%). Total diapycnal transformations are largest in the lower route but of comparable
magnitudes in the upper route, challenging its previous characterization as “adiabatic.” Typical transit times are
300, 700, and 3600 years for the upper route, subpolar, and abyssal cells, respectively. The AMOC imports salinity
into the Atlantic, indicating its potential instability to high-latitude freshwater perturbations.

INTRODUCTION

The meridional overturning circulation (MOC) of the ocean is a key
component of Earth’s climate system: It transports heat poleward in
the Northern Hemisphere, generally reducing the equator-to-pole
temperature difference there, but equatorward in the South Atlantic
(1-5). The MOC includes northward flow of intermediate and up-
per waters from the Southern Ocean into the Atlantic, which are
eventually transformed into North Atlantic Deep Water (NADW)
in the Nordic Seas, Irminger Sea, Labrador Sea, and Iceland basins
(6): This circulation forms the mid-depth overturning (red-shaded
contours in the top panel of Fig. 1), which is confined to the Atlantic
basin. An equivalent mid-depth overturning is absent in the Indian
and Pacific sector (bottom panel of Fig. 1). Instead, there is an abyssal
overturning, largely fed by the formation of Antarctic Bottom Water
(AABW) around Antarctica and closed by diapycnal upwelling from
deep to intermediate levels and by along-isopycnal return to the sur-
face of the Southern Ocean (7) (blue-shaded contours below 6, =
37.07 in the bottom panel of Fig. 1). A schematic of the global over-
turning circulation and the nomenclature of its components are
given in fig. S1 of the Supplementary Materials.

In the Southern Ocean, above 3000 m and poleward of 33°S, the
continuation of the mid-depth overturning can be seen (red-shaded
contours in both panels of Fig. 1), in addition to the subpolar cell
(blue-shaded contours poleward of 50°S in both panels of Fig. 1).
The subpolar cell in the Southern Ocean is confined to the southern
half of the Antarctic Circumpolar Current (ACC) and is associated
with the Weddell Sea gyre, which is emerging as an important player in
the carbon budget of the Southern Ocean (8). The climatological me-
ridional transport of the subpolar cell varies considerably among models
of the Southern Ocean overturning, from 6 to 27 sverdrups (Sv) (9).

NADW downwelling in the high latitudes of the North Atlantic
must be compensated by upwelling, which largely occurs outside
the Atlantic basin (10, 11). One return route is in the Southern Ocean,
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powered by wind-driven Ekman suction, whereby NADW is made
lighter by buoyancy gain near the surface, returning directly to the
upper limb of the MOC (12). After the transformations in the ACC
region, most of the transport enters the Indo-Pacific and is further
transformed within the subtropical gyres, before entering the Atlantic
(13-16). This route has been considered to require minimal interior
diapycnal processes, relying primarily on transformations in the surface
diabatic layer (16-18). According to this view, NADW gets trans-
formed directly into lighter water, without undergoing substantial
densification in the abyssal ocean. We call this pathway the “upper
route,” because the transformations occur primarily in the upper ocean.
Alternatively, NADW can first be recycled to lower buoyancy
classes, identified as AABW, and subsequently upwelled diffusively
over the global ocean (7, 10, 19). Interior diapycnal upwelling can
occur anywhere, but it is thought to be particularly effective in the
abyssal region, where mixing is enhanced (20, 21), and in the Pacific,
because of its large extent. We call this pathway the “lower route.”
The distinction between the two routes is important because the
lower route has longer residence time scales and thus contributes
differently from the upper route to the ventilation of the ocean inte-
rior and the potential sequestration of surface properties such as heat
and carbon (22). For example, one hypothesis is that, during the Last
Glacial Maximum (LGM), the larger extent of Antarctic ice induced
a more vigorous abyssal overturning than in the modern climate, at
the expense of a reduced mid-depth cell, leading to more effective
oceanic sequestration of carbon (23, 24). Additional carbon seques-
tration would have been provided by a reduced connection between
the mid-depth and abyssal cells during the LGM (25). The lower
route couples the mid-depth and abyssal components of the global
overturning circulation. However, the partition between the upper
and lower routes in nature is not agreed upon even for the modern
climate: The most recent estimates using hydrographic observa-
tions attribute between 75% (7) and 100% (19) to the lower route.
The combination of the mid-depth and abyssal overturns forms
the global overturning circulation. The zonally integrated view of
Fig. 1 hides the connections between these two overturns and between
different longitudinal sectors of the ocean. A major difficulty with
identifying routes for the return of NADW to the upper branch of
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Fig. 1. Residual MOC vertically integrated above surfaces of constant ¢, as a function of latitude (abscissa) and o, (ordinate), time-averaged, and zonally inte-
grated. The zonal integration is over all longitudes south of 33°S (black dashed line) but only in the Atlantic sector (Top) and in the Indo-Pacific sector (Bottom) north of
33°S. The density ordinate is remapped into a depth-like coordinate {(latitude, o,) defined as the time- and zonally averaged (over all longitudes) depth of each o, surface.
The ECCO4 (release 3) horizontal velocity (Eulerian + bolus), temperature, and salinity fields are used. Positive (negative) values in red (blue) shading indicate clockwise
(anticlockwise) circulation. The contour interval is 2 Sv (1 Sv = 10° m3/s). The thick black line marks the depth {(latitude, 6, = 36.6 kg/ms), which approximately divides the
upper and lower branches of the residual MOC. The thick magenta line marks the depth {(latitude, o, = 37.07), which approximately bounds the lower branch of the re-

sidual mid-depth cell from below.

the MOC is that interbasin connection is mediated by zonal currents
in the Southern Ocean and is dominated by the powerful ACC. The
ACC has a vertically integrated zonal transport of about 150 Sv
(1 Sv = 10° m%/s), while the MOC carries only about 14 Sv into and
out of the Atlantic, i.e., the MOC is a small fraction of the zonal
transport in the Southern Ocean (26).

Lagrangian analysis is an effective methodology to quantify the
pathways of the MOC, while overcoming some difficulties of Eulerian
analysis. It also allows quantification of the salinity export by the MOC
along its path. According to simple models, the salinity export out
of the Atlantic by the MOC is an indicator of the stability of the
MOC (27-30). The Atlantic receives more evaporation than precip-
itation, and thus, salinity is exported out of the basin, when all the
components of the velocity are considered. However, if the velocity
associated with the MOC imports salinity into the Atlantic, then the
salt-advection feedback operates, and it can destabilize the MOC,
given suitable high-latitude freshwater perturbations (31). Realistic
coupled ocean-atmosphere models with eddy-permitting ocean
resolutions confirm that the MOC imports salinity into the Atlantic
and that it can be destabilized (32). Because this stability criterion is
based on the freshwater (or salinity) transport by the MOC only and

Rousselet et al., Sci. Adv. 2021; 7 : eabf5478 21 May 2021

not on the freshwater (or salinity) transport by all velocity compo-
nents, it is difficult to estimate it from Eulerian measurements. An
approximation of the MOC salinity transport based on Eulerian ob-
servations finds that the MOC exports fresh water out of the Atlantic,
indicating the possibility of destabilization (33). The Lagrangian method
is a complementary approach, which provides a useful check on the
accuracy of the Eulerian approximation.

In this study, we estimate the partition of the lower versus the
upper routes for the return of NADW to the upper branch of the
Atlantic MOC (AMOC) using a Lagrangian methodology. Multi-
millennia statistics of virtual particle trajectories using data-constrained
velocities quantify the coupling between the mid-depth and abyssal
overturning components of the global overturning circulation. Typical
transit times, diapycnal transformation, and salinity transport along
these routes are measured.

METHODS

The method consists of tracking particle trajectories backward in
time from an “exit” section in the South Atlantic (here, 6°S above a
target density surface) to specific “entry” sections. The quantification
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of mass transport with particle trajectories is performed by initially
seeding the exit section with a large number of particles whose con-
centration is proportional to the local transport. Each particle is weighted
in proportion to the volume transport, divided by the number of par-
ticles, at the initial grid cell. The initially assigned transport weight
is then conserved following the trajectory because the velocity vec-
tor field conserves mass (volume). This type of calculation has been
successfully performed using velocity fields from ocean general cir-
culation models (34-36) and with the velocity from a global state
estimate (37).

To estimate Lagrangian transport, incompressible velocities over
a global grid are required. An observational estimate that satisfies
these requirements is the three-dimensional, time-variable, incom-
pressible velocity from “Estimating the Circulation and Climate of
the Ocean” (ECCOv4) (38, 39). These velocities, together with tem-
perature and salinity, are a dynamically consistent assimilation of
more than 1 billion oceanographic observations between 1992 and
2015 into a dynamically consistent model. Figure 1 shows the time-
averaged and longitudinally integrated MOC from ECCOv4 calcu-
lated in density coordinates and latitude, using o, i.e., potential density
referred to 2000 dbar, as the vertical coordinate [more details on
the velocity fields can be found in (37) and in the Supplementary
Materials].

The ECCO estimate

As in (37), the velocities used in the calculation of Lagrangian tra-
jectories are the monthly climatologies available in the release 3 of
ECCOV4 on the native model grid at 1° horizontal resolution [the
Lat-Lon-Cap-90 grid as defined in (38)] and with 50 vertical levels
(38, 39). These velocities are derived from the dynamically consist-
ent assimilation of more than 1 billion observations for the period
1992 to 2015 into a primitive-equation ocean-sea ice model that satis-
fies exact conservation laws for mass, momentum, temperature, sa-
linity, and sea ice.

The assimilated data consist of satellite products (along-track
altimetry, mean dynamic topography, remotely sensed ocean bottom
pressure, sea surface temperature, sea ice concentration, and sur-
face salinity) and temperature and salinity profiles collected in situ
(including from all Argo floats). To minimize misfit between the
model and the observations, several model parameters are optimized
(38, 39): initial conditions in January 1992, air-sea interactions through-
out 1992 to 2015, and parametrized turbulent transports (38, 40-42).

Many studies have looked at various metrics to evaluate the ECCOv4
estimate, which collectively affirm its value for understanding both the
ocean climatology and its variability from observations (38, 39, 43, 44).
The estimate of the MOC according to ECCOV4 is in broad agree-
ment with several independent (i.e., not assimilated) estimates [see
Table 1 in (26)]. The ACC transport at Drake Passage in ECCOv4 is
150 Sv, which is intermediate between the two recent independent
“In situ” estimates in (45) (134 + 11 Sv) and (46) (173 + 11 Sv) and
in the middle of the ensemble of estimates compiled in (47) (152 +
19.2 Sv). In the state estimate used in this study, the Southern Ocean
subpolar cell carries 13.5 Sv, an amount intermediate among those
in (9) (6 to 27 Sv). In addition, the zonally integrated abyssal over-
turning carries 14.4 Sv, an estimate close to the Southern Ocean state
estimate of 13 + 6 Sv (48) but smaller than the two recent hydrogra-
phy estimates 0f 20.9 + 6.7 Sv (7) and 26.9 + 7.6 Sv (49).

An important consideration in our choice of this state estimate
is that the parametrized advective fluxes of mesoscale eddies and
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the isopycnal and diapycnal tracer diffusion rates were optimized to
minimize model-data misfit in ECCOv4 (38, 42). Not only does this
optimization of sub-grid scale transport terms play a leading role in
achieving a close fit to data over 1992 to 2015, but it also greatly re-
duces spurious model drifts over multicentennial time scales (42).
Hence, ECCOv4’s gridded transport estimate can be viewed as an
inversion, which produces a realistic long-term mean ocean state.
This feature of ECCOv4 makes it particularly suited to the study of
long time scales in the global ocean circulation.

One measure of the MOC is the “residual” transport within iso-
pycnal layers rather than depth layers. The residual overturning cir-
culation measures the (potential) density transport rather than the
volume transport: It is more meaningfully associated with the trans-
port of buoyancy than the overturning in depth coordinates (50),
because it captures the transport not only by the average meridional
velocity but also by waves, eddies, and gyres with zero time- or zon-
ally averaged velocity. Transport of tracers other than buoyancy is
subject to additional along-isopycnal diffusion, which is not includ-
ed in the residual overturning calculation.

Because ECCOv4 does not resolve mesoscale processes, the eddy
flux of tracers is parametrized in terms of isopycnal diffusion and a
“bolus” velocity related to the slope of isopycnals (40, 41, 51). Thus,
in ECCOV4, the appropriate way to calculate the residual transport
of the MOC is to use the sum of Eulerian velocity plus the bolus
velocity, integrated over density layers rather than depth layers, as
shown in Fig. 1. Accordingly, as in (37), the velocity used to calcu-
late Lagrangian trajectories is the sum of Eulerian velocity plus the
bolus velocity in all three dimensions.

Calculation of Lagrangian trajectories

Because the ECCOVA4 state variables are on a fairly coarse grid, about
1° each in latitude and longitude, we can use monthly mean velocities,
seeding a sufficient number of particles for each month for 12 months
only. There is little difference in Lagrangian statistics when using
more frequently sampled velocities at this resolution (52). Thus, we
can use a moderate number of particles, integrating trajectories for
8100 years, which is the required time to recover almost 90% of the
particles. This long time scale is associated with the slow transit in
the abyssal cell. This length of integration would not be feasible with
a velocity field at eddy-permitting resolutions, where velocity aver-
ages need to be five daily at most, requiring more frequent initial
particle seeding, and a total number of particles at least six times
larger than with monthly averaged velocities (53).

To determine Lagrangian trajectories, the ECCOv4 climato-
logical monthly velocities are linearly interpolated in space using an
incompressibility-preserving, transport-weighted algorithm (34, 54)
and linearly interpolated in time to obtain a 1-year periodic time
series. Because the climatological monthly volume transports are
1-year periodic, the annual cycle can be repeated as many times as
needed, without introducing discontinuities that artificially alter the
trajectories: This three-dimensional field is used to advect virtual
particles backward in time for 8100 years (more details in the Sup-
plementary Materials). Allowing interannual variability of the monthly
averages would require the initial monthly seeding to be repeated
for all 24 years of the record, requiring an unmanageable number of
particles.

In practice, a total of 63,482 particles are seeded at 6°S in the South
Atlantic, at depths above the 6, = 36.6 kg/m’ surface: This defines
the “exit section,” which carries 13.6 Sv northward. The o, = 36.6 kg/ m?
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surface marks the lower boundary of the upper, northward branch
of the MOC (cf. the black thick lines in the top panel of Fig. 1). Each
particle is weighted by about (2 £ 0.15) x 10™" Sv so that the number
of particles per each grid face on the section is proportional to the
transport of that grid face (the exact weight of each particle is re-
corded). Because the three-dimensional velocity vector is exactly
incompressible, the transport weight of each particle is conserved
following the trajectory (34, 54). Conservation of transport is used
to quantify the mass flux through different sections, determining
the routes taken by NADW to rejoin the upper branch of the
MOC. The temperature and salinity along the trajectories are also
recorded.

Particles are then tracked backward in time until they cross again
the section at 6°S flowing northward, which identifies the NADW
flow at 6°S. The NADW section at 6°S is the entry section, whereas
the initial section at 6°S (o, < 36.6 kg/m3) is the exit section, defin-
ing the return upper limb of the AMOC into the North Atlantic. To
characterize the entry section of NADW, these additional constraints
are prescribed: Particles have to exit the South Atlantic and Indian
sector through either the Drake Passage (66°W, DP hereafter), the
Indonesian Throughflow (116°E, IT hereafter), or Tasman Leakage
(130°E, TL hereafter), or they can cross back directly 6°S in the Atlantic
sector but for 6, > 36.6 kg/m’. These sections are marked in Fig. 2
and labeled in Fig. 3: They are the locations of constraints for the
global overturning circulation pathways into and out of the South
Atlantic. These constraints exclude recirculations within the upper
limb of the mid-depth MOGC, such as the shallow subtropical Ekman
cells, which we do not associate with the mid-depth overturning.
The routes of NADW are determined by recording the place and
time of the first passage from the entry section to the exit section at
6°S. Hereafter, we describe particle trajectories as forward in time.
To highlight the different routes taken by NADW, we divide the
trajectories into three groups as follows:

1) The upper route is defined as the trajectories going from the
NADW entry section to the exit section, without crossing the ¢, =
37.07 kg/m’ surface (group 1). This group quantifies the portion of
NADW that does not circulate in the range of abyssal densities, re-
joining the upper limb of the MOC directly. Particles in this route
undergo transformations of NADW directly into less dense waters.
This route carries 4.4 Sv (32% of the total transport).

2) The lower route is defined as the trajectories going from the en-
try section to the exit section, after crossing the o, = 37.07 kg/ m’
surface. It amounts to 7.6 Sv. This route is further divided into
two groups:

2a) We define the subpolar cell as the group of trajectories
crossing the 6, = 37.07 kg/ m” surface only south of 30°S (group 2).
This group quantifies the portion of NADW that circulates in the
range of abyssal densities but confined to the subpolar region of the
Southern Ocean, without sampling the abyssal Indian or Pacific basins.
The portion of NADW identified by this group is transformed into
denser water south of 30°S, before rejoining the upper limb of the
AMOC. It amounts to 2.7 Sv (20% of the total transport).

2b) We define the abyssal cell as the group of trajectories crossing the
6, = 37.07 kg/ m’ surface both south and north of 30°S (group 3).
This group quantifies the portion of NADW that recirculates in the
range of abyssal densities sampling the abyssal Indian and/or Pacif-
ic basins, i.e., NADW becomes denser before rejoining the upper
limb of the AMOC. This is the main component of the lower route,
amounting to 4.9 Sv (36% of the total transport).
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Fig. 2. Position of the median Lagrangian transport streamfunctions between
section pairs (contours). The value of o, (kilograms per cubic meter) in 1°x 1° bins
at the median streamline position, transport-weighted and particle-averaged over
the vertical column, is shown in color shading. (Top) Reconstruction for trajectories
in the upper route, i.e., that never cross o, = 37.07 kg/m> between the entry and
exit sections at 6°S. (Middle) Reconstruction for trajectories in the subpolar cell, i.e.,
crossing o, = 37.07 kg/m? only south of 30°S between the entry and exit sections at
6°S. (Bottom) Reconstruction for trajectories in the abyssal cell, i.e., crossing o, =
37.07 kg/m? both south and north of 30°S between the entry and exit sections
at 6°S. In the bottom panel, the 10% contour of the Lagrangian streamfunction in
the Weddell Sea is also shown. The section pairs used are listed at the beginning of
the “Lagrangian reconstruction”section in the Supplementary Materials. Bathymetry
is shown in grayscale background. The color-coded numbers show the transport
across the nearest section and their percentages.

A final group of trajectories going from the entry section to the
exit section, after crossing the 6, = 37.07 kg/ m’ surface only north of
30°S, is almost empty (222 particles) and thus not considered
hereafter.

The computation was repeated for the first 512 years with dou-
ble the number of particles, and the transport values at a target sec-
tion differ at most by 0.2% over that time from those with 63,482
particles (37). Thus, the multimillenial integration was confidently
performed with 63,482 particles. By the end of the 8100-year inte-
gration, about 4.5% of the particles get stuck on topography (coasts
or seafloor). To close the transport budget, the individual transport
carried by the stuck particles is redistributed among the particles
initially launched in the same grid cell (more details in the Supple-
mentary Materials).

Notice that the sum of the transports of the three groups enu-
merated above amounts to 12 Sv, which is 88% of the 13.6 Sv of the
exit section. This is because, after 8100 years, 1.6 Sv have not yet reached
(backward in time) the common entry section, i.e., 12% of the NADW
has not yet entered the upper branch of the AMOC. However, as
detailed in the “Transit times of the global overturning circulation”
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Fig. 3. Annual climatologies of diapycnal velocity across selected isopycnals.
(Top) Diapycnal velocity across the isopycnal o, = 36.6 kg/m?, positive upward
(color shading), and isopycnal outcrop’s position (intersection with sea surface,
gray contour). (Bottom) Diapycnal velocity across the isopycnal o, = 37.07 kg/m>
(color shading) and isopycnal incrop position (intersection with bathymetry, gray
contour). The diapycnal velocity field is smoothed over three grid points in both
horizontal directions. A subset of the median streamlines of the upper route in the
top panel and for the abyssal cell in the bottom panel are drawn in black contours
(solid and dashed) (cf. Fig. 2, top and bottom). The color-coded lines mark the po-
sition of sections 6°S, TL, IT, and DP.

section, we can confidently attribute these 1.6 Sv to the sluggish
abyssal cell that contains the slowest group of trajectories, with transit
times longer than 8100 years.

RESULTS

Reconstruction of the NADW routes to the upper limb

of the AMOC

An objective reconstruction of the main pathways of the AMOC is
obtained by computing the horizontal streamfunction (in 1° x 1° bins)
associated with the vertical sum and cumulative zonal sum of each
particle meridional transport (magnitude and sign). We compute
successive streamfunction segments considering only the first
passage (backward in time) between several section pairs (55). The
methodology is detailed in the Supplementary Materials.

The typical path of particles in each group is illustrated by the
streamfunction contour with the median transport value on that seg-
ment (hereafter referred as the median streamlines). We also estimate
density along the trajectories by computing the transport-weighted
vertical ensemble average of the particles o, at the latitude and lon-
gitude of the median streamlines (Fig. 2). An analogous estimate of
depth along the median streamlines is given in fig. S2 of the Supple-
mentary Materials.

Figure 2 shows the reconstruction of the routes (colored contours)
for each group. The contours are the median streamlines, and the
color of the contours displays 6,. Although all individual trajecto-
ries go from the entry to the exit sections, the median streamline
representation shows some closed contours (e.g., the North Pacific
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subpolar gyre). Thus, the reconstruction, while representative of parti-
cle trajectories, is not an actual trajectory. Representative examples
of particle trajectories are given in the animation of the Supplemen-
tary Materials. In addition, distribution maps (number of particles
in grid cells) are also shown in the Supplementary Materials. The
animations and distribution maps illustrate the complexity of parti-
cle paths.

Figure 2 is divided into three panels, one for each group. All three
reconstructions share some common features that are shown as thin
contours. Specific characteristics for each group are highlighted by
thick contours.

The top panels of Fig. 2 and fig. S2 refer to particles in the upper
route. From 6°S, NADW flows southward on the western boundary
of the South Atlantic and then densifies (deepens) while flowing
eastward along the northern edge of the ACC (purple contour). The
initial densification (deepening) of trajectories exiting the South Atlantic
is associated with the diapycnal downwelling across o, = 36.6 kg/m’
that prevails in the northern portion of the ACC, as shown in Fig. 3
(top; details on the calculation of the diapycnal velocity are given in
the Supplementary Materials). Subsequently, particles circulate multi-
ple times around Antarctica in a southward and upward spiral as
described in (56) (trajectories not displayed). The last paths before
abandoning the circumpolar region (cyan contours) are further south
and less dense (shallower) than the first circumpolar path (purple
contours). From the ACC, particles go either in the subtropical gyre
of the Indian Ocean (yellow contours) or sample the gyres of the
Pacific, before exiting through either TL or IT. Ninety-seven per-
cent of all trajectories go through the Agulhas leakage, where they
all reach the same density range (34.7 to 35.5 kg/m’), crossing the
Atlantic westward to the east coast of Brazil (37). Of the 4.4 Sv flowing
in the upper route, 11% go through the South Indian Ocean only
(0.5 Sv), while 52 and 32% go around the South (2.3 Sv) and North
(1.4 Sv) Pacific, respectively. A small fraction (5% or 0.2 Sv) crosses
6°S below 6, = 36.6 kg/m’ going southward, taking a shortcut into
the upper limb of the AMOC in the tropical region of the South
Atlantic.

Trajectories in the subpolar cell (Fig. 2 and fig. S2, middle) orig-
inate from the intermediate-density portion of the NADW branch
of the AMOC, i.e., denser (deeper) than in the upper route. When
NADW leaves the western boundary current in the Atlantic basin
(around 35°S), particles take a more northerly and denser path than
those in the upper route (purple/magenta contours). This more
northerly path in the South Atlantic is between the two paths de-
scribed in (57). The densification (deepening) of trajectories exiting
the South Atlantic is associated with the diapycnal downwelling across
6, = 37.07 kg/m” that prevails in the northern portion of the ACC,
as shown in Fig. 3 (bottom). During the multiple circuits around the
ACC, 63% of the transport recirculates clockwise in the Weddell Sea
gyre (closed contours centered at 0°E and 70°S), a feature absent in
the upper route (Fig. 2, top). A small fraction recirculates clockwise
in the Ross Sea gyre (7%). The upwelling (downwelling) on the
north (south) side of the Weddell Sea gyre in Fig. 3 is associated
with the upward (downward) branch of the anticlockwise meridio-
nal cell poleward of 55°S visible in both panels of Fig. 1. After the
circumpolar paths in the southern part of the ACC, the subpolar
cell group follows a similar fate to the upper route. Although dense,
the subpolar cell paths never reach abyssal depths: In depth space,
the subpolar cell is closer to the upper route than to the abyssal cell
(cf. fig. S2). The 2.7 Sv reaching 6°S in this group all converge into
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the Agulhas leakage through the following routes: 0.4 Sv (15%) go
around the South Indian Ocean only, and 1.4 Sv (52%) and 0.9 Sv
(33%) go around the South and North Pacific Ocean, respectively.

The pathways for trajectories in the abyssal cell originate from
the densest (deepest) portion of the NADW branch of the AMOC
(Fig. 2 and fig. S2, bottom). Similarly to the other pathways, the
median streamline densifies (deepens) while following the northern
edge of the ACC until about 170°E. Because abyssal trajectories are
strongly steered by bathymetry, and the ACC zonal flow is weak
below 2500 m, they turn northward into the Pacific basin at Campbell
Plateau-Chatham Rise, just east of New Zealand, forming the deep
western boundary current of the South Pacific (58). From there, they
continue along the Kermadec Ridge to eventually reach the sub-
tropical North Pacific (59). This is the only group of particles that,
on average, first takes a deep tour into the North Pacific before cir-
culating around the ACC (only 9% of the abyssal cell transport first
travels into the ACC before entering the North Pacific). The abyssal
North Pacific is sampled with a clockwise and upward motion (ma-
genta contours) following the bottom sloping boundaries of the ba-
sin marked by the position of the 6, = 37.07 kg/m’ incrop (gray
contours in the bottom panel of Fig. 3) in agreement with several
modeling studies (60-63). The maxima of upwelling across this iso-
pycnal surface correspond to the ascending branch of the abyssal
overturning located between the equator and 30°N (cf. blue-shaded
contours in the bottom panel of Fig. 1). The median streamline then
enters the ACC at about 40°S and starts the circumpolar spiraling
trajectories in the ACC common to all groups. In this group, a small
fraction (8%) travels in the Ross Sea gyre, while 16% of the trajecto-
ries sample the Weddell Sea gyre (dashed blue contours showing
10% of the Lagrangian transport streamfunction), i.e., a substantially
smaller fraction than in the subpolar cell. The final partition before
joining the upper cell of the AMOC is as follows: 22% (or 1.1 Sv) go
around the South Indian Ocean only, 47% (or 2.3 Sv) go around the
South Pacific Ocean, and 31% (or 1.5 Sv) go through the North
Pacific and across the IT.

The Lagrangian reconstruction of Fig. 2 and fig. S2, based on the
first-passage median streamline, gives the impression of laminar,
coherent trajectories. In reality, the global overturning circulation is
a heterogeneous aggregate of many different pathways. A comple-
mentary view is obtained with the distribution map of the particle
positions for all particles at all times and depths, binned in 1° x 1°
latitude-longitude areas (fig. S3). This diagnostic captures the com-
plexity of the paths, especially in the abyssal Pacific and Indian Ocean
(fig. S3, bottom), tied to topographic steering. In addition, the mul-
tiple circumpolar loops are revealed, while they are purposefully
removed in the Lagrangian reconstruction. As with the Lagrangian
reconstruction, the particle distribution map shows a close similar-
ity between the subpolar cell and the upper route trajectories, ex-
cept that the upper route does not sample the subpolar side of the
ACC, because of the constraint that 6, < 37.07.

In summary, the returns to the upper limb of the AMOC in the
upper route and subpolar cell undergo both densification and up-
welling in the ACC: NADW directly rises in the Southern Ocean, in
a southward and upward spiraling motion within the ACC, before
returning to the North Atlantic in upper layers either through the
Indian, the South, or the North Pacific oceans (19, 56). We find that
32% of NADW does not go through any abyssal pathway, in quan-
titative agreement with the estimate in (7) but in disagreement with
(19), which attributes 100% to the lower route. Furthermore, we
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find that the lower route is divided into two separate groups: the
subpolar cell and the abyssal cell. The confinement of the subpolar
cell to the subpolar gyres of the Southern Ocean, especially the Weddell
Sea gyre, without sampling the abyssal Indo-Pacific has not been
illustrated before. In addition, the abyssal cell, which carries 70% of
the lower route, first gets densified in the Indo-Pacific and then
flows directly into the abyssal North Pacific, where it upwells before
sampling the southern edge of the ACC. This pattern differs from
the schematic proposed in (19) where abyssal water formation oc-
curs at the Antarctic margin after upwelling in the ACC. The steady-
state Eulerian view confounds the pathways of the subpolar and
abyssal cells, giving the impression that densification near Antarcti-
cais necessary for circulation in the abyssal North Pacific. However,
these two pathways are well separated in their density change and
transit time distributions, as shown in the next two sections.

Diapycnal transformations in the global

overturning circulation

The Lagrangian analysis provides a detailed view of the thermo-
dynamical transformations occurring along the particle trajectories.
In addition, maps of the change in 6, along the trajectory, do,, com-
plete the geographical distribution of diapycnal transformations for
all three groups (fig. S4 in the Supplementary Materials). The precise
definition of do; is given in eq. S10 of the Supplementary Materials.
Some features common to all three groups are as follows (cf. Fig. 2
and fig. S4):

1) Densification at the northernmost edge of the ACC (~40°S);

2) Buoyancy gain in the central part of the ACC (~58°S);

3) Buoyancy gain in the equatorial Indo-Pacific basin;

4) Buoyancy gain in the eastern Pacific;

5) Densification in the subtropical regions of the Pacific and
Indian Oceans, especially in regions of boundary currents;

6) Densification along the Antarctic margin, especially in the
Weddell and Ross Seas for the subpolar and abyssal cells.

The Lagrangian analysis can distinguish the buoyancy gain (i.e.,
diapcynal upwelling) in the Southern Ocean versus the remaining
basin regions. We find that, south of 33°S, only 31% of the upper
route, 48% of the subpolar cell, and 26% of the abyssal cell first up-
well through o, = 36.6 kg/m’ (similar numbers are obtained using
30°S instead of 33°S): The Southern Ocean and the ACC are not the
most important sites for NADW upwelling as previously attributed
(16-18). Examples of the detailed locations of transformation for
typical particle trajectories can be found in the animation included
in the Supplementary Materials.

A complementary quantification of the transformations along the
different routes is presented in Fig. 4, which shows the two-dimensional,
normalized distribution of do, in the three groups of particles as a
function of density class (64) and sign, P*. The precise definitions of
P* are given in the Supplementary Materials (eq. S11). Positive and
negative do, values are kept separate, and their absolute value is
plotted on a logarithmic scale. All three distributions are skewed to-
ward negative do, values, as appropriate for the overall buoyancy
gain associated with NADW transformations into upper and inter-
mediate water (Fig. 4). In the upper route and subpolar cell groups,
transformations are centered around o, = 36.6 kg/m3 , which is the
isopycnal dividing the upper and lower limbs of the MOC. In the
abyssal cell, transformations are maximum around o, ~ 37.07 kg/m”,
which is the lower boundary of the mid-depth overturning in the
Atlantic.
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Fig. 4. Distributions of do; for particles on each trajectory 2 months apart, segregated by ¢, classes. Upper route (top two panels), subpolar cell (middle two pan-
els), and abyssal cell (bottom two panels). The bin size for do; is 5 x 10’5kg/m3, while the bin size for 5, decreases for increasing o, values to account for the decrease in
stratification. The sums over the bins with do; positive, £+, negative, X7, and the total $*=3%+ 3" are recorded. The distributions are normalized by the total number of

particles present at all times in the respective group.

The total diapcynal transformations, summed over all density
classes and all do,, can be written as (we keep positive and negative
separate)

>t = Z AnP+(d62n762)

dc,>0,6,

(1)

where the sum is taken over the number of particle in each group, and
A, is the bin size in do,, space. An analogous definition, denoted by
37, is used for the sum over negative values of do,. ¥, £, and their
sum, X*, are reported in Fig. 4. X* measures the total diapycnal
change encountered along the Lagrangian trajectories for each group.
The diapcynal transformation diagnostic (Fig. 4) confirms that
buoyancy gain dominates for all groups, and the net buoyancy gain
is largest for the abyssal cell and smallest for the upper route. At the
same time, the upper route undergoes ample transformations, of
similar magnitude and at similar locations as the abyssal cell. Therefore,
it is not appropriate to characterize the upper route as an “adiabatic
route” as it is often done (16-18).

Transit times of the global overturning circulation

The transit times of the three groups quantify the time scales of the
different pathways and their diapycnal changes. Figure 5 shows the
distributions of transit times for the three groups of particles, weighted
by transport. The top panel is for the upper route: The median tran-
sit time at 331 years and the 90th percentile at 1368 years are well
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captured by the 8100-year-long computation. The middle panel is
for the subpolar cell: The median transit time (677 years) and 90th
percentile (2051 years) are longer than those of the upper route, a
consequence of the denser pathways taken in the subpolar cell. For
both the upper route and subpolar cell, the last 1000 years (between
7100 and 8100 years) carry only 0.001 and 0.002 Sv, respectively.
These small values indicate that after 8100 years, we have recovered
more than 99% of the upper route and subpolar cell total transport.

The longest route is the abyssal cell (bottom): The median transit
time at 2805 years and the 90th percentile at 5279 years are not cap-
tured by the 8100-year-long computation. Transit times between
7100 and 8100 years, shown as blue bars in Fig. 5, account for 0.1 Sv
of the 4.9 Sv carried by the abyssal cell. Because the distribution of
this group has not decayed sufficiently after 8100 years, the remain-
ing 1.6 Sv of slow trajectories, which still have not crossed 6°S in the
NADW range (backward in time), belongs to this group. Taking
into account the total 6.5-Sv transport belonging to this group, the
median time is 3597 years.

In summary, the transit times for the overturning in the sub-
polar cell are about twice as long as those in the upper route because
of the denser (deeper) paths of the subpolar cell. However, both
distributions are quite similar and share the same peak at around
200 years. The typical transit times in the abyssal cell are one
order of magnitude larger than in both the upper route and the
subpolar cell.
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Fig. 5. Transport-weighted distribution of transit times from the entry to the exit sections weighted by transport, in 100-year bins. Please note the different
x-axis limits in the top and middle panels compared to the bottom panel. The inset records the 10th percentile (t10%), median (t50%), and the 90th percentile (t90%)
transit times and the fraction of transport for the transit times between 7100 and 8100 years (T;1000). (Top) Upper route. (Middle) Subpolar cell. (Bottom) Abyssal cell. In
the bottom panel, the 10th percentile and median transit times for a transport of 6.5 Sv are shown in parentheses. The red dashed line marks the ordinate limit for the
other two panels. The blue bars highlight the distribution of the longest transit times (between 7100 and 8100 years).

It is possible that these time scales would all be shorter if meso-
scale eddies were resolved. Ocean models without assimilated data
have upwelling transit times for the Southern Ocean that decrease
with increasing model horizontal resolution (56, 65): This is not un-
expected since vertical velocities increase in magnitude and decrease
in scale with increasing resolution. In contrast, the transit times asso-
ciated with the quasi-horizontal motion around the gyres are com-
parable at 1/20° and 1° resolutions (36, 37). The important point is
the relative difference between transit times in the abyssal cell versus
the upper route and subpolar cell, which we anticipate to be robust
to changes in resolution.

The multimillennial time scale found for trajectories in the abyssal
cell is comparable to that found in idealized simulations (66) and
Lagrangian analysis (67). Given the magnitude of these transit times,
the unavoidable hypothesis of statistical equilibrium, implicit in the
periodic repetition of the annual cycle velocity field, is certainly ques-
tionable. Nevertheless, Fig. 5 indicates that the abyssal cell is respon-
sible for the very old ages observed in the abyssal North Pacific (68).

Salinity export by the MOC

In addition to the volume transport, the salinity transport by the MOC
into the Atlantic, an indicator of the stability of the MOC, can be esti-
mated with Lagrangian analysis. The salinity export by the MOC,
Ts, is defined as

TS = - Z TnSn(-x>y)Z>t)

particles

2)
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where T, is the volume transport of each particle, S, is its salinity at
a given position and time, (x, y, 2, t), and the sum is over all particles.
Evaluating Ts at the entry and exit sections, both located at 6°S, en-
ables to estimate the net salinity export by the MOC at that location
(or at any other section of choice). The salinity transport by the
MOC differs from the total salinity transport: Our definition of the
MOC restricts T, to those particles that have gone either through
TL, DP, IT, or 6°S below 6, = 36.6 kg/m3, before crossing 6°S above
6, = 36.6 kg/m’. Thus, the salinity transport associated with the
shallow locally wind-driven gyres in the South Atlantic is excluded
from the Lagrangian estimate in Eq. 2. Excluding the transport by
these shallow features is difficult using Eulerian data. Previous ob-
servational estimates focusing on the salinity transport by the MOC
have made the approximation
0 *

Ty~ —I—H VSdz (3)
where the overbar represents zonal average, and V* is the zonally in-
tegrated baroclinic meridional velocity, i.e., the component with
zero vertical integral (30, 32, 33). The approximation Eq. 3 neglects
the correlations arising from the zonal fluctuations in the MOC ve-
locity and salinity. The Lagrangian approach of Eq. 2 provides an
unambiguous estimate of the MOC velocities, which includes the
correlations of salinity with velocity that is neglected in Eq. 3. These
correlations are important because the deep southward branch of
the MOC is confined to the western boundary of the South Atlantic,
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while the northward shallow return occurs on the eastern side of the
basin at 30°S (cf. Fig. 2).

After 8100 years, a fraction of particles in the abyssal cell group
has not yet crossed the NADW entry section. Thus, to account for
these “slow” particles, we multiply the component of the salinity ex-
port due to the abyssal cell by the coefticient of 1.33. This procedure
assumes that the salinity-velocity correlation is the same for the fast
and slow particles in the abyssal cell group.

The resulting salinity exports by the MOC are as follows [units
are in sverdrup practical salinity unit (PSU)]:

At 6°S: T(NADW) = 478.09; Ts(upper) = —485.48; T(NADW) +
Ts(upper) = —7.39.

At 30°S: T(NADW) = 480.93; Ts(upper) = —487.09; T(NADW) +
Ts(upper) = —6.16.

At both locations, the salinity export in the lower branch of the
MOC is smaller than in the upper branch. The net export is nega-
tive, i.e., the MOC imports salinity into the Atlantic. This import is
amplified at 6°S relative to 30°S. At 30°S, the salinity export by the
MOC of —6.2 Sv PSU corresponds to —0.18 Sv at the reference salin-
ity of 34.5 PSU, which should be compared to the previous estimate
by Garzoli et al. (33), who found a climatological average of —0.16 Sv.
Using the Eulerian approximation Eq. 3 in ECCOv4, we find a time-
averaged MOC salinity export at 30°S of —5.7 Sv PSU. This Eulerian
salinity export corresponds to —0.16 Sv at the reference salinity of
34.5 PSU, in agreement with the estimate in (33). Our calculations
indicate that both the Lagrangian and Eulerian estimates of salinity
export by the MOC are negative, consistent with an active salt-
advection feedback and potential instability of the AMOC. In addi-
tion, the Eulerian approximation Eq. 3 is a lower bound on the
Lagrangian value Eq. 2, but the difference is small.

DISCUSSION

This study examined the coupling between the mid-depth and abyssal
components of the global overturning circulation by quantifying the
fraction of NADW returning to the upper limb of the AMOC through
the upper route (32%) and the lower route (68%). The Lagrangian
analysis shows that about half of the NADW transports goes through
the abyssal cell, which samples the abyssal Indo-Pacific before returning
to the upper limb of the AMOC. Particles in the abyssal cell spend, on
average, 1000 years in the abyssal North Pacific, which is half of their
time in the AMOC return flow, likely sequestering tracers at that loca-
tion. Our estimate of the abyssal cell transport is lower than previous
ones, implying that a smaller fraction of NADW is available for abyssal
storage of carbon, heat, and other tracers (7, 19).

The current consensus is that the densification of NADW to lower
buoyancy classes is primarily affected at the Antarctic margin and is
thus strongly controlled by sea ice coverage (25). Our results chal-
lenge this paradigm and show instead that most of the densification
of NADW into abyssal water masses occurs at the northern edge of
the ACC, with 9% at most occurring near the Antarctic margin. This
result could diminish the role of sea ice in the coupling between NADW
and the abyssal circulation. While it is possible that this localization stems
from inadequate resolution of processes at the Antarctic margin, the
strength of the abyssal circulation is controlled by diapycnal mixing:
ECCOV4 optimizes this quantity, together with other parametrized
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transports, to fit a much larger number of observations than those used
in previous estimates.

Our Lagrangian analysis does not address the origins of the abyssal
circulation entering the Indo-Pacific. In ECCOv4, the Indo-Pacific
abyssal circulation amounts to 14.4 Sv, which is larger than the 6.5 Sv
whose origin is coupled to the upper limb of the AMOC. The origin
and residence times of the remaining 7.9 Sv need to be studied separately.

The other half of NADW transport returns to the AMOC through
shallower pathways that are one order of magnitude faster than the
abyssal cell: These are the upper route and the subpolar cell. Particles in
the subpolar cell sample abyssal densities (Fig. 2), but not abyssal depths
(fig. S2), sharing more similarities in pathways, transit times, and diapyc-
nal transformation statistics with the upper route than with the lower
route. The separation into two distinct components of the lower route,
one of which avoids the abyssal Indo-Pacific, has not been made before.
We also find that upwelling into the intermediate and upper density
classes largely occurs north of 33°S: This finding limits the role of
Southern Ocean upwelling in the MOC to 33%, aggregating all routes.

We find that the MOC imports salinity into the Atlantic, consistent
with the salt-advection feedback and potential instability of the mid-
depth AMOC. The Lagrangian estimate is slightly larger in magnitude
than the corresponding Eulerian approximation, and the Eulerian ap-
proximation from ECCOv4 coincides with a previous estimate based
on independent observations. We are thus confident that this result is
robust and that the Eulerian approximation is useful. Models used for
climate projections often have the opposite sign for this index of AMOC
stability. Our contribution from a state estimate could be positive en-
couragement toward addressing this shortcoming in models.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/21/eabf5478/DC1
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