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Zonally integrated residual overturning circulation (density coordinates)

All longitudes

Upper branch of mid-depth cell - AMOC
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σ2 = 37.07

Lower branch of mid-depth cell - AMOC

Atlantic (top), IndoPacific (bottom) sector

Upper branch of abyssal cell - mostly Indo-Pacific 

Lower branch of abyssal cell - mostly Indo-Pacific

AMOC flows along isopycnals except at endpoints 

Abyssal cell flow across isopycnals

Cells are closed in Southern Ocean and are connected 
Zonal integration obscures interbasin exchanges

Atlantic sector

Indo-Pacific sector
Subtropical cells: Ekman transport and its return

Rousselet, L. et al, 202. Science Advances



Previous work on the global reach of the Mid-depth overturning  

Talley (2013): 100% of NADW becomes AABW 
before returning to the upper AMOC

Lumpkin & Speer (2013): 75% of NADW joins the 
abyssal cell before returning to the upper AMOC
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SAMW to the thermocline are evidence 
of the upwelled nutrient-rich IDW/PDW 
component (Sarmiento et al., 2004). 

The implication of the above is that 
NADW entering the ACC does not 
return directly to the sea surface to be 
blown northward to the Atlantic ther-
mocline. The route for return of NADW 
to the sea surface thus passes through 
(1) AABW formation, (2) northward 
flow into the deep oceans to the north, 
(3) upwelling into the IDW/PDW layer, 
which returns to the Southern Ocean, 
(4) upwelling of IDW/PDW to the sea 
surface, and (5) northward surface flow 

(of a portion of the upwelled water) into 
the thermoclines and hence the return 
flow to the North Atlantic.

This assumption of the pathways 
for NADW, IDW, and PDW is strongly 
supported by the heat/energy bud-
get presented later in the section on 
Quantifying Transports and Fluxes. 
There is not enough surface heating in 
the Southern Ocean to return NADW 
to the thermocline (nor is there enough 
Southern Ocean heating to return the 
AABW back to its sea surface sources.) 
However, a significant amount of heat-
ing reaches the deep Indian and Pacific 

Oceans; it elevates AABW to IDW/
PDW, which is less dense than NADW. 
The warming that does occur at the 
sea surface in the Southern Ocean 
then accounts for the further eleva-
tion of a portion of the IDW/PDW 
to the SAMW and the base of the 
subtropical thermocline.

THREEDIMENSIONAL 
SCHEMATICS OF THE GLOBAL 
OVERTURNING CIRCUL ATION
Schematics of the circulation that 
include the overturning and upwell-
ing branches that account for the large 
interbasin transports and heat redistri-
bution necessarily oversimplify the time-
dependent and partially turbulent move-
ment of water through the ocean, but 
they are useful for framing the ongoing 
discussion of the dynamics and pathways 
of the actual overturning circulation. 
Richardson (2008) summarizes over-
turning schematics dating back to the 
nineteenth century, showing the evolv-
ing understanding of the Atlantic and 
global overturning.

The revised schematics of the global 
overturning circulation presented here 
(Figures 1 and 4, and later Figure 5) 
are updated from Talley et al. (2011). 
They (1) refine the global mapping 
view, similar to recent maps published 
by Schmitz (1995), Lumpkin and Speer 
(2007), Kuhlbrodt et al. (2007), Talley 
(2008), and Marshall and Speer (2012) 
(Figure 1); (2) refine the Southern 
Ocean-centric schematic introduced by 
Gordon (1991) that was subsequently 
revised by Schmitz (1996) and then 
again by Lumpkin and Speer (2007) 
(Figure 4); and (3) introduce a new two-
dimensional representation of the global 
overturning streamfunction (see Figure 5 
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Figure 4. Schematic of the overturning circulation from a Southern Ocean perspective, revised 
from Talley et al. (2011), after Gordon (1986), Schmitz (1995), and Lumpkin and Speer (2007). 
Southern Ocean outcropping of the high-salinity NADW is depicted far to the south, with con-
version into AABW close to Antarctica (blue cylinder, with formation at many locations). The 
low oxygen Pacific and Indian Deep Water (PDW/IDW) layers, which outcrop farther north in the 
Antarctic Circumpolar Current, are the most direct source of the surface water that flows north-
ward out of the Southern Ocean and into the subtropical thermoclines (SAMW/AAIW). The 
self-contained and weak NPIW overturn is also indicated in the North Pacific.

ment and topography-driven mixing in regions such as
the Drake Passage/Scotia Sea (Garabato et al. 2003) or
other locations on the Antarctic Mid-Ocean Ridge.
This downwelling is, however, sensitive to the dense
transport across 62°S; in an experimental inversion with
a doubling of the northward export to 20 ! 1 Sv at "n

# 28.15, imposed by constraint (control run produces
10 Sv), the downward transfer disappears and bottom-
water transport across 32°S is fed entirely by transport
across 62°S.

Dense water continues northward across 32°S into
the Atlantic, Indian, and Pacific basins where it is trans-
formed back to lighter water by abyssal diapycnal mix-
ing. The net overturning across 32°S, at 20.9 ! 6.7 Sv, is
close to previous estimates at this latitude (21 ! 6 Sv:
Ganachaud 2003b; 22 Sv: Talley et al. 2003). This result
is considerably smaller than the O(50 Sv) overturning
of Sloyan and Rintoul (2001), with the largest discrep-
ancy in Upper Circumpolar Deep Water (UCDW:
27.4–28.0 "n) where we find 20 Sv globally southward
across 32°S, as opposed to 52 Sv. While both our in-
verse model and that of Sloyan and Rintoul include
explicit air–sea forcing, the two have been formulated

differently, particularly in how they treat the interac-
tion of Ekman transport and watermass transforma-
tion. As noted in LS03, Sloyan and Rintoul’s formula-
tion can bias the formation rate high, and these model
differences, rather than differences in air–sea fluxes,
account for the disparate results. When forced by each
of the five flux products in separate inversions, we find
southward UCDW transport across 32°S ranges from a
minimum of 15 Sv (adjusted NOC COADS; Grist and
Josey 2003) to a maximum of 20 Sv (NCEP–NCAR
reanalysis, version 2). In both this model and in Sloyan
and Rintoul (2001), independent layer-to-layer trans-
fers are allowed for each property: that is, we do not
assume that a single effective diffusivity value acts to
transfer both heat and salt between two neutral density
layers in a given box. Thus, both studies have similar
degrees of freedom in the regions where they overlap.

When the Atlantic and Indo–Pacific portions of the
global overturning are examined separately (Fig. 3), a
richer picture of the overturning circulation’s structure
emerges. The upper cell is predominantly associated
with Atlantic overturning and buoyancy gain in the
Southern Ocean, but—unlike in the globally averaged

FIG. 2. Zonally averaged global overturning streamfunction (Sv; every 2 Sv contoured) in (top) density and (bottom) pressure levels
across hydrographic sections (vertical gray lines) with linear interpolation between the sections. Typical winter mixed layer densities/
depths (white), the mean depth of ocean ridge crests (dark gray), and the depth of the Scotia Arc east of Drake Passage (light gray)
are also shown.
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Fig 2 live 4/C

In both cases hydrography is used, but neither Argo, nor remotely sensed data.

Use ECCO velocities to trace partcels around the world starting in the AMOC. 



Lagrangian analysis of NADW routes according to ECCOv4
Advect~64000 particles with monthly climatology of  
ECCO velocity,1-year periodic, repeated for 8100 years 
backward in time

Sample trajectory for Upper Route group σ2 < 37.07

Entry section: cross 6oS for  or 
after going through Drake Passage or 
after going through Tasman Leakage or
after going through Indonesian Throughflow

σ2 ≥ 36.6 }lower branch

6oS 

Exit section: 6oS  for : 13.6 Sv: upper branchσ2 < 36.6

In this group   
everywhere 

σ2 < 37.07
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Lagrangian analysis of NADW routes according to ECCOv4
Advect~64000 particles backward in time 
with monthly climatology of ECCO velocity,  
1-year periodic, repeated 8100 years 

Sample trajectory for abyssal IndoPacific group: forward in 
Exit section: 6oS  for : 13.6 Sv: upper branchσ2 < 36.6

Entry section: cross 6oS for  or 
after going through Drake Passage or 
after going through Tasman Leakage or
after going through Indonesian Throughflow

σ2 ≥ 36.6 }lower branch 
NADW

In this group   
north and south of 30oS

σ2 > 37.07

-5000
-4500
-4000
-3500
-3000
-2500
-2000
-1400
-1200
-1000
 -800
 -600
 -400
 -200

    0

(la
t,

2) (
m

)

-80 -60 -40 -20 0 20 40 60 80
latitude

-5000
-4500
-4000
-3500
-3000
-2500
-2000
-1400
-1200
-1000
 -800
 -600
 -400
 -200

    0

(la
t,

2) (
m

)

-30

-20

-10

0

10

20

30

Sv

Abyssal Cell



Lagrangian analysis of NADW routes according to ECCOv4
Advect~64000 particles with monthly climatology of  
ECCO velocity, 1-year periodic, repeated 8100 years 
backward in time

Sample trajectory for Subpolar Cell group: forward in time
Exit section: 6oS  for : 13.6 Sv: upper branchσ2 < 36.6

Entry section: cross 6oS for  or 
after going through Drake Passage or 
after going through Tasman Leakage or
after going through Indonesian Throughflow

σ2 ≥ 36.6 }lower branch

In this group   
only south of 30oS

σ2 > 37.07
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The routes of NADW according to ECCOv4

Three qualitatively distinct groups of particles: 
1. Abyssal cell 6.5Sv: cross  north&south of 30oS 
2. Subpolar cell 2.7Sv: cross  only south of 30oS
3. Upper route 4.4Sv: never cross 

σ2 = 37.07
σ2 = 37.07

σ2 = 37.07
Representative trajectories for each route (color is time) 

 is plotted in insetσ2

Upper route - 4.4Sv: NADW upwells in ACC, 
                                  flows around gyres,  
                                  and enters  S.Atl. from warm route

Subpolar cell - 2.7Sv: NADW downwells in ACC as CDW, 
                                   flows around Weddell and Ross gyres, 
                                   where it also upwells.

Abyssal cell - 6.5Sv: NADW downwells in northern ACC, 
                                 first  enters abyssal Indo-Pacific as CDW, 
                                 then re-enters ACC where it upwells. 
                                 Does not sink as AABW

Rousselet, L. et al, 202. Science Advances
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σ2 = 37.07

Parcels in the Upper Route (UR - 32%)

Parcels in the Abyssal Cell (AC - 48%)
Abyssal cell - connected to AMOC, Ekman cell 
and SC, but SC visited after IndoPacific abyssal 
circulation

Ekman Cell - associated with Supergyre

Parcels in the Subpolar Cell (SC - 20%)
Subpolar Cell - isolated from IndoPacific 
abyssal circulation, connected with AMOC 
and Ekman cell

Cells appear separated in the zonal integration  

Connected in 3D 

Only abyssal circulation from AMOC is included  (6.5Sv) 

The remaining 7.5Sv in the abyssal cell do not originate from NADW



The routes of NADW according to ECCOv4 - schematic 
Indo-Pacific Southern Ocean Atlantic

37.07

37.07

36.6

36.6

SC

UR

Surface

Surface

500m

500m

0°

37.07

80°N30°S80°S30°S80°N 6°S

Surface

37.07

36.6

36.6

AC (Pac.)

AC (Ind.)

Surface

500m

500m

Indo-Pacific Southern Ocean Atlantic

37.07

37.07

36.6

36.6

SC

UR

Surface

Surface

500m

500m

0°

37.07

80°N30°S80°S30°S80°N 6°S

Surface

37.07

36.6

36.6

AC (Pac.)

AC (Ind.)

Surface

500m

500m

Indo-Pacific Southern Ocean Atlantic

37.07

37.07

36.6

36.6

SC

UR

Surface

Surface

500m

500m

0°

37.07

80°N30°S80°S30°S80°N 6°S

Surface

37.07

36.6

36.6

AC (Pac.)

AC (Ind.)

Surface

500m

500m

Indo-Pacific Southern Ocean Atlantic

37.07

37.07

36.6

36.6

SC

UR

Surface

Surface

500m

500m

0°

37.07

80°N30°S80°S30°S80°N 6°S

Surface

37.07

36.6

36.6

AC (Pac.)

AC (Ind.)

Surface

500m

500m

Upper route: NADW upwells in ACC,flows around ACC, gyres, 
upwells again in tropical Indo-Pac., enters  S.Atl. from Aghulas

Subpolar cell: NADW downwells in ACC, flows around 
Weddell and Ross gyres, where it also upwells, following 
the upper route thereafter. Qualitatively similar to UR, 
except for an excursion in Weddell and Ross gyres

Abyssal cell: NADW downwells in ACC, enters first abyssal 
Indo-Pacific, re-enters ACC where it upwells, downwells, then 
follows upper route. 
 The abyssal Indo-Pacific is not visited by directly formed AABW

Rousselet, L. & Cessi, P., 2022. J. Phys. Oceanogr.



Parcels conditional histograms in T-S space
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Diabatic changes along trajectories

Large diabatic changes in the basin regions: upwelling near equator  
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Upper route is not so adiabatic outside of Atlantic basin!

All particles sample the surface in the wind-driven gyres
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• Lagrangian parcels trace origin of upper branch of meridional overturning circulation in the global ocean; 
• In ECCO 48% samples the abyssal Indo-Pacific, with millennial residence times, before rejoining the AMOC;  
• The abyssal IndoPacific is visited before AABW is formed, and is filled with CDW. 
• An additional 20% samples the sub polar cell of the Southern Ocean, with centennial residence times; 
• Initial buoyancy gain for all particles is in ACC, with large subsequent gain in Indo-Pacific tropics; 
• Still need to account for 7.5Sv of abyssal circulation that do not originate from NADW (future work).

Inset:  along trajectoriesσ2


