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Atlantic ROC
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The residual overturning circulation (ROC) according to ECCO4

Meridional velocity (Eulerian + GM) vertically integrated to 50       surfaces 
Time and zonally averaged by sector  
Measures the diapycnally-induced overturning
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STILL NOT GREAT AGREEMENT AMONG ESTIMATES… 
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Mass (Euler+bolus) budget above       =37: smoothed diapycnal velocity (colors) for ECCO4

A horizontal look at the upper branch of the ROC 

�2
<latexit sha1_base64="St2Lt5LcnLuTejpI3thHW9gUjkk=">AAAB8HicbVBNSwMxEJ34WetX1aOXYBE8ld0i6LHoxWMF+yHtUrJptg1NskuSFcrSX+HFgyJe/Tne/Ddm2z1o64OBx3szzMwLE8GN9bxvtLa+sbm1Xdop7+7tHxxWjo7bJk41ZS0ai1h3Q2KY4Iq1LLeCdRPNiAwF64ST29zvPDFteKwe7DRhgSQjxSNOiXXSY9/wkSSDenlQqXo1bw68SvyCVKFAc1D56g9jmkqmLBXEmJ7vJTbIiLacCjYr91PDEkInZMR6jioimQmy+cEzfO6UIY5i7UpZPFd/T2REGjOVoeuUxI7NspeL/3m91EbXQcZVklqm6GJRlApsY5x/j4dcM2rF1BFCNXe3YjommlDrMspD8JdfXiXtes33av79ZbVxU8RRglM4gwvw4QoacAdNaAEFCc/wCm9Ioxf0jj4WrWuomDmBP0CfP/5hj9w=</latexit><latexit sha1_base64="St2Lt5LcnLuTejpI3thHW9gUjkk=">AAAB8HicbVBNSwMxEJ34WetX1aOXYBE8ld0i6LHoxWMF+yHtUrJptg1NskuSFcrSX+HFgyJe/Tne/Ddm2z1o64OBx3szzMwLE8GN9bxvtLa+sbm1Xdop7+7tHxxWjo7bJk41ZS0ai1h3Q2KY4Iq1LLeCdRPNiAwF64ST29zvPDFteKwe7DRhgSQjxSNOiXXSY9/wkSSDenlQqXo1bw68SvyCVKFAc1D56g9jmkqmLBXEmJ7vJTbIiLacCjYr91PDEkInZMR6jioimQmy+cEzfO6UIY5i7UpZPFd/T2REGjOVoeuUxI7NspeL/3m91EbXQcZVklqm6GJRlApsY5x/j4dcM2rF1BFCNXe3YjommlDrMspD8JdfXiXtes33av79ZbVxU8RRglM4gwvw4QoacAdNaAEFCc/wCm9Ioxf0jj4WrWuomDmBP0CfP/5hj9w=</latexit><latexit sha1_base64="St2Lt5LcnLuTejpI3thHW9gUjkk=">AAAB8HicbVBNSwMxEJ34WetX1aOXYBE8ld0i6LHoxWMF+yHtUrJptg1NskuSFcrSX+HFgyJe/Tne/Ddm2z1o64OBx3szzMwLE8GN9bxvtLa+sbm1Xdop7+7tHxxWjo7bJk41ZS0ai1h3Q2KY4Iq1LLeCdRPNiAwF64ST29zvPDFteKwe7DRhgSQjxSNOiXXSY9/wkSSDenlQqXo1bw68SvyCVKFAc1D56g9jmkqmLBXEmJ7vJTbIiLacCjYr91PDEkInZMR6jioimQmy+cEzfO6UIY5i7UpZPFd/T2REGjOVoeuUxI7NspeL/3m91EbXQcZVklqm6GJRlApsY5x/j4dcM2rF1BFCNXe3YjommlDrMspD8JdfXiXtes33av79ZbVxU8RRglM4gwvw4QoacAdNaAEFCc/wCm9Ioxf0jj4WrWuomDmBP0CfP/5hj9w=</latexit><latexit sha1_base64="St2Lt5LcnLuTejpI3thHW9gUjkk=">AAAB8HicbVBNSwMxEJ34WetX1aOXYBE8ld0i6LHoxWMF+yHtUrJptg1NskuSFcrSX+HFgyJe/Tne/Ddm2z1o64OBx3szzMwLE8GN9bxvtLa+sbm1Xdop7+7tHxxWjo7bJk41ZS0ai1h3Q2KY4Iq1LLeCdRPNiAwF64ST29zvPDFteKwe7DRhgSQjxSNOiXXSY9/wkSSDenlQqXo1bw68SvyCVKFAc1D56g9jmkqmLBXEmJ7vJTbIiLacCjYr91PDEkInZMR6jioimQmy+cEzfO6UIY5i7UpZPFd/T2REGjOVoeuUxI7NspeL/3m91EbXQcZVklqm6GJRlApsY5x/j4dcM2rF1BFCNXe3YjommlDrMspD8JdfXiXtes33av79ZbVxU8RRglM4gwvw4QoacAdNaAEFCc/wCm9Ioxf0jj4WrWuomDmBP0CfP/5hj9w=</latexit>

Section transport above     =37 in Sv

12.5 Sv ageostrophic transport enters at 54oS  
+ 2.2 Sv geostrophic out of Indo-Pacific 
=14.8Sv geostrophic into Atlantic

Climatological outcrop of      =37�2
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Balanced by pressure and isopycnal-depth 
differences between Atlantic and Indo-Pacific
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• Wind-driven upwelling in the Southern Ocean (SO) pumps waters up & north 
• Diffusive upwelling in all oceans pumps deep water up 
• Deep water formation occurs in North Atlantic, but not North Pacific 
• How is water entering the Indo-Pacific returning to the Atlantic (warm versus cold route)?

Isopycnal depth difference explained in the context of simple models (Jones & Cessi, 2016) 

Ekman transport
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Mass budget above       =37: smoothed diapycnal cell transport (colors)

Interbasin exchanges in the Southern Ocean: upper branch of the ROC
�2
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Cold-route vs. warm-route: obscured by ACC

Indonesian through-flow: obscured by supergyre

Tasman leakage: obscured by supergyre and ACC

Climatological outcrop of      =37�2
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Large transformations in Southern Ocean

Surface freshwater transport in Sv .
.Diapycnal area transport across     =37 in Sv                       �2
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Section transport above     =37 in Sv�2
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Schematic of a particle path with net eastward flow through warm route.

Particles circle tens of times before exiting into one sector

How does one focus on the net exchanged component of the transport?
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Helmholtz decomposition on isopycnals: upper branch of the ROC

Perform a Helmholtz decomposition on 
thickness integrated horizontal velocity1

Recirculating component+Divergent component

Divergent mass budget above       =37: smoothed diapycnal velocity (colors)�2
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Cold-route is negative! 

Is it meaningful? Need to compare with other 
methods, e.g. particle paths that carefully 
conserve volume, with unbiased starting points

r·rh� = $
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diapycnal velocityminimizes energy norm

Tasman leakage is positive!

1Young (JPO, 2012) shows how to do vector calculus in density coordinates: abandon orthogonality and use dual vectors.

Surface freshwater fluxes in Sv .
.Area integrated diapycnal velocity at     =37 in Sv                       �2
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Section transport above     =37 in Sv�2
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Z h(⇢1)

h(⇢2)
(u, v) dz = e3 ⇥rh +rh� .
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Sv

Helmholtz decomposition on isopycnals: upper branch of the ROC

Perform a Helmholtz decomposition on 50 
thickness integrated horizontal velocities1

Recirculating component+Divergent component

Streamfunction transport above       =37�2
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Inter-basin exchange: 0Sv through cold route

Is it meaningful? Need to compare with other 
methods, e.g. particle paths that carefully 
conserve volume, with unbiased starting points

Neither components of Helmholtz decomposition show Indo-Pacific intermediate+thermocline water going eastward through the cold route 
At least -4.9-3.5=-8.4 Sv are going westward through warm route.

Z h(⇢1)

h(⇢2)
(u, v) dz = e3 ⇥rh +rh� .
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-3.5

The recirculating component is a large gyre around the world 

Inter-basin exchange: 3Sv through warm route

Super gyre max transport: 72Sv

-3.5
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3.1Sv�
<latexit sha1_base64="ttCsT7li3OYQRuzwmnv5BpLf7EE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDabTbt2sxt2N0IJ/Q9ePKh49Qd589+4aXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmWrur2zu7dfOzhsa5kpQn0iuVTdEGvKmaC+YYbTbqooTkJOO+H4tvA7T1RpJsWDmaQ0SPBQsJgRbKzU7stImuqgVncb7gxomXglqUOJ1qD21Y8kyRIqDOFY657npibIsTKMcDqt9jNNU0zGeEh7lgqcUB3ks2un6NQqEYqlsiUMmqm/J3KcaD1JQtuZYDPSi14h/uf1MhNfBTkTaWaoIPNFccaRkah4HUVMUWL4xBJMFLO3IjLCChNjAypC8BZfXib+eeO64d1f1Js3ZRoVOIYTOAMPLqEJd9ACHwg8wjO8wpsjnRfn3fmYt6445cwR/IHz+QOOQY6m</latexit><latexit sha1_base64="ttCsT7li3OYQRuzwmnv5BpLf7EE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDabTbt2sxt2N0IJ/Q9ePKh49Qd589+4aXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmWrur2zu7dfOzhsa5kpQn0iuVTdEGvKmaC+YYbTbqooTkJOO+H4tvA7T1RpJsWDmaQ0SPBQsJgRbKzU7stImuqgVncb7gxomXglqUOJ1qD21Y8kyRIqDOFY657npibIsTKMcDqt9jNNU0zGeEh7lgqcUB3ks2un6NQqEYqlsiUMmqm/J3KcaD1JQtuZYDPSi14h/uf1MhNfBTkTaWaoIPNFccaRkah4HUVMUWL4xBJMFLO3IjLCChNjAypC8BZfXib+eeO64d1f1Js3ZRoVOIYTOAMPLqEJd9ACHwg8wjO8wpsjnRfn3fmYt6445cwR/IHz+QOOQY6m</latexit><latexit sha1_base64="ttCsT7li3OYQRuzwmnv5BpLf7EE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDabTbt2sxt2N0IJ/Q9ePKh49Qd589+4aXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmWrur2zu7dfOzhsa5kpQn0iuVTdEGvKmaC+YYbTbqooTkJOO+H4tvA7T1RpJsWDmaQ0SPBQsJgRbKzU7stImuqgVncb7gxomXglqUOJ1qD21Y8kyRIqDOFY657npibIsTKMcDqt9jNNU0zGeEh7lgqcUB3ks2un6NQqEYqlsiUMmqm/J3KcaD1JQtuZYDPSi14h/uf1MhNfBTkTaWaoIPNFccaRkah4HUVMUWL4xBJMFLO3IjLCChNjAypC8BZfXib+eeO64d1f1Js3ZRoVOIYTOAMPLqEJd9ACHwg8wjO8wpsjnRfn3fmYt6445cwR/IHz+QOOQY6m</latexit><latexit sha1_base64="ttCsT7li3OYQRuzwmnv5BpLf7EE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDabTbt2sxt2N0IJ/Q9ePKh49Qd589+4aXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmWrur2zu7dfOzhsa5kpQn0iuVTdEGvKmaC+YYbTbqooTkJOO+H4tvA7T1RpJsWDmaQ0SPBQsJgRbKzU7stImuqgVncb7gxomXglqUOJ1qD21Y8kyRIqDOFY657npibIsTKMcDqt9jNNU0zGeEh7lgqcUB3ks2un6NQqEYqlsiUMmqm/J3KcaD1JQtuZYDPSi14h/uf1MhNfBTkTaWaoIPNFccaRkah4HUVMUWL4xBJMFLO3IjLCChNjAypC8BZfXib+eeO64d1f1Js3ZRoVOIYTOAMPLqEJd9ACHwg8wjO8wpsjnRfn3fmYt6445cwR/IHz+QOOQY6m</latexit>

5.5Sv�
<latexit sha1_base64="ttCsT7li3OYQRuzwmnv5BpLf7EE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDabTbt2sxt2N0IJ/Q9ePKh49Qd589+4aXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmWrur2zu7dfOzhsa5kpQn0iuVTdEGvKmaC+YYbTbqooTkJOO+H4tvA7T1RpJsWDmaQ0SPBQsJgRbKzU7stImuqgVncb7gxomXglqUOJ1qD21Y8kyRIqDOFY657npibIsTKMcDqt9jNNU0zGeEh7lgqcUB3ks2un6NQqEYqlsiUMmqm/J3KcaD1JQtuZYDPSi14h/uf1MhNfBTkTaWaoIPNFccaRkah4HUVMUWL4xBJMFLO3IjLCChNjAypC8BZfXib+eeO64d1f1Js3ZRoVOIYTOAMPLqEJd9ACHwg8wjO8wpsjnRfn3fmYt6445cwR/IHz+QOOQY6m</latexit><latexit sha1_base64="ttCsT7li3OYQRuzwmnv5BpLf7EE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDabTbt2sxt2N0IJ/Q9ePKh49Qd589+4aXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmWrur2zu7dfOzhsa5kpQn0iuVTdEGvKmaC+YYbTbqooTkJOO+H4tvA7T1RpJsWDmaQ0SPBQsJgRbKzU7stImuqgVncb7gxomXglqUOJ1qD21Y8kyRIqDOFY657npibIsTKMcDqt9jNNU0zGeEh7lgqcUB3ks2un6NQqEYqlsiUMmqm/J3KcaD1JQtuZYDPSi14h/uf1MhNfBTkTaWaoIPNFccaRkah4HUVMUWL4xBJMFLO3IjLCChNjAypC8BZfXib+eeO64d1f1Js3ZRoVOIYTOAMPLqEJd9ACHwg8wjO8wpsjnRfn3fmYt6445cwR/IHz+QOOQY6m</latexit><latexit sha1_base64="ttCsT7li3OYQRuzwmnv5BpLf7EE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDabTbt2sxt2N0IJ/Q9ePKh49Qd589+4aXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmWrur2zu7dfOzhsa5kpQn0iuVTdEGvKmaC+YYbTbqooTkJOO+H4tvA7T1RpJsWDmaQ0SPBQsJgRbKzU7stImuqgVncb7gxomXglqUOJ1qD21Y8kyRIqDOFY657npibIsTKMcDqt9jNNU0zGeEh7lgqcUB3ks2un6NQqEYqlsiUMmqm/J3KcaD1JQtuZYDPSi14h/uf1MhNfBTkTaWaoIPNFccaRkah4HUVMUWL4xBJMFLO3IjLCChNjAypC8BZfXib+eeO64d1f1Js3ZRoVOIYTOAMPLqEJd9ACHwg8wjO8wpsjnRfn3fmYt6445cwR/IHz+QOOQY6m</latexit><latexit sha1_base64="ttCsT7li3OYQRuzwmnv5BpLf7EE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDabTbt2sxt2N0IJ/Q9ePKh49Qd589+4aXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmWrur2zu7dfOzhsa5kpQn0iuVTdEGvKmaC+YYbTbqooTkJOO+H4tvA7T1RpJsWDmaQ0SPBQsJgRbKzU7stImuqgVncb7gxomXglqUOJ1qD21Y8kyRIqDOFY657npibIsTKMcDqt9jNNU0zGeEh7lgqcUB3ks2un6NQqEYqlsiUMmqm/J3KcaD1JQtuZYDPSi14h/uf1MhNfBTkTaWaoIPNFccaRkah4HUVMUWL4xBJMFLO3IjLCChNjAypC8BZfXib+eeO64d1f1Js3ZRoVOIYTOAMPLqEJd9ACHwg8wjO8wpsjnRfn3fmYt6445cwR/IHz+QOOQY6m</latexit>

4.2Sv-9.2Sv
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-4.6Sv
1.8Sv

�
<latexit sha1_base64="ttCsT7li3OYQRuzwmnv5BpLf7EE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDabTbt2sxt2N0IJ/Q9ePKh49Qd589+4aXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmWrur2zu7dfOzhsa5kpQn0iuVTdEGvKmaC+YYbTbqooTkJOO+H4tvA7T1RpJsWDmaQ0SPBQsJgRbKzU7stImuqgVncb7gxomXglqUOJ1qD21Y8kyRIqDOFY657npibIsTKMcDqt9jNNU0zGeEh7lgqcUB3ks2un6NQqEYqlsiUMmqm/J3KcaD1JQtuZYDPSi14h/uf1MhNfBTkTaWaoIPNFccaRkah4HUVMUWL4xBJMFLO3IjLCChNjAypC8BZfXib+eeO64d1f1Js3ZRoVOIYTOAMPLqEJd9ACHwg8wjO8wpsjnRfn3fmYt6445cwR/IHz+QOOQY6m</latexit><latexit sha1_base64="ttCsT7li3OYQRuzwmnv5BpLf7EE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDabTbt2sxt2N0IJ/Q9ePKh49Qd589+4aXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmWrur2zu7dfOzhsa5kpQn0iuVTdEGvKmaC+YYbTbqooTkJOO+H4tvA7T1RpJsWDmaQ0SPBQsJgRbKzU7stImuqgVncb7gxomXglqUOJ1qD21Y8kyRIqDOFY657npibIsTKMcDqt9jNNU0zGeEh7lgqcUB3ks2un6NQqEYqlsiUMmqm/J3KcaD1JQtuZYDPSi14h/uf1MhNfBTkTaWaoIPNFccaRkah4HUVMUWL4xBJMFLO3IjLCChNjAypC8BZfXib+eeO64d1f1Js3ZRoVOIYTOAMPLqEJd9ACHwg8wjO8wpsjnRfn3fmYt6445cwR/IHz+QOOQY6m</latexit><latexit sha1_base64="ttCsT7li3OYQRuzwmnv5BpLf7EE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDabTbt2sxt2N0IJ/Q9ePKh49Qd589+4aXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmWrur2zu7dfOzhsa5kpQn0iuVTdEGvKmaC+YYbTbqooTkJOO+H4tvA7T1RpJsWDmaQ0SPBQsJgRbKzU7stImuqgVncb7gxomXglqUOJ1qD21Y8kyRIqDOFY657npibIsTKMcDqt9jNNU0zGeEh7lgqcUB3ks2un6NQqEYqlsiUMmqm/J3KcaD1JQtuZYDPSi14h/uf1MhNfBTkTaWaoIPNFccaRkah4HUVMUWL4xBJMFLO3IjLCChNjAypC8BZfXib+eeO64d1f1Js3ZRoVOIYTOAMPLqEJd9ACHwg8wjO8wpsjnRfn3fmYt6445cwR/IHz+QOOQY6m</latexit><latexit sha1_base64="ttCsT7li3OYQRuzwmnv5BpLf7EE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDabTbt2sxt2N0IJ/Q9ePKh49Qd589+4aXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmWrur2zu7dfOzhsa5kpQn0iuVTdEGvKmaC+YYbTbqooTkJOO+H4tvA7T1RpJsWDmaQ0SPBQsJgRbKzU7stImuqgVncb7gxomXglqUOJ1qD21Y8kyRIqDOFY657npibIsTKMcDqt9jNNU0zGeEh7lgqcUB3ks2un6NQqEYqlsiUMmqm/J3KcaD1JQtuZYDPSi14h/uf1MhNfBTkTaWaoIPNFccaRkah4HUVMUWL4xBJMFLO3IjLCChNjAypC8BZfXib+eeO64d1f1Js3ZRoVOIYTOAMPLqEJd9ACHwg8wjO8wpsjnRfn3fmYt6445cwR/IHz+QOOQY6m</latexit> 5.8Sv

2.8Sv�
<latexit sha1_base64="ttCsT7li3OYQRuzwmnv5BpLf7EE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDabTbt2sxt2N0IJ/Q9ePKh49Qd589+4aXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmWrur2zu7dfOzhsa5kpQn0iuVTdEGvKmaC+YYbTbqooTkJOO+H4tvA7T1RpJsWDmaQ0SPBQsJgRbKzU7stImuqgVncb7gxomXglqUOJ1qD21Y8kyRIqDOFY657npibIsTKMcDqt9jNNU0zGeEh7lgqcUB3ks2un6NQqEYqlsiUMmqm/J3KcaD1JQtuZYDPSi14h/uf1MhNfBTkTaWaoIPNFccaRkah4HUVMUWL4xBJMFLO3IjLCChNjAypC8BZfXib+eeO64d1f1Js3ZRoVOIYTOAMPLqEJd9ACHwg8wjO8wpsjnRfn3fmYt6445cwR/IHz+QOOQY6m</latexit><latexit sha1_base64="ttCsT7li3OYQRuzwmnv5BpLf7EE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDabTbt2sxt2N0IJ/Q9ePKh49Qd589+4aXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmWrur2zu7dfOzhsa5kpQn0iuVTdEGvKmaC+YYbTbqooTkJOO+H4tvA7T1RpJsWDmaQ0SPBQsJgRbKzU7stImuqgVncb7gxomXglqUOJ1qD21Y8kyRIqDOFY657npibIsTKMcDqt9jNNU0zGeEh7lgqcUB3ks2un6NQqEYqlsiUMmqm/J3KcaD1JQtuZYDPSi14h/uf1MhNfBTkTaWaoIPNFccaRkah4HUVMUWL4xBJMFLO3IjLCChNjAypC8BZfXib+eeO64d1f1Js3ZRoVOIYTOAMPLqEJd9ACHwg8wjO8wpsjnRfn3fmYt6445cwR/IHz+QOOQY6m</latexit><latexit sha1_base64="ttCsT7li3OYQRuzwmnv5BpLf7EE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDabTbt2sxt2N0IJ/Q9ePKh49Qd589+4aXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmWrur2zu7dfOzhsa5kpQn0iuVTdEGvKmaC+YYbTbqooTkJOO+H4tvA7T1RpJsWDmaQ0SPBQsJgRbKzU7stImuqgVncb7gxomXglqUOJ1qD21Y8kyRIqDOFY657npibIsTKMcDqt9jNNU0zGeEh7lgqcUB3ks2un6NQqEYqlsiUMmqm/J3KcaD1JQtuZYDPSi14h/uf1MhNfBTkTaWaoIPNFccaRkah4HUVMUWL4xBJMFLO3IjLCChNjAypC8BZfXib+eeO64d1f1Js3ZRoVOIYTOAMPLqEJd9ACHwg8wjO8wpsjnRfn3fmYt6445cwR/IHz+QOOQY6m</latexit><latexit sha1_base64="ttCsT7li3OYQRuzwmnv5BpLf7EE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDabTbt2sxt2N0IJ/Q9ePKh49Qd589+4aXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmWrur2zu7dfOzhsa5kpQn0iuVTdEGvKmaC+YYbTbqooTkJOO+H4tvA7T1RpJsWDmaQ0SPBQsJgRbKzU7stImuqgVncb7gxomXglqUOJ1qD21Y8kyRIqDOFY657npibIsTKMcDqt9jNNU0zGeEh7lgqcUB3ks2un6NQqEYqlsiUMmqm/J3KcaD1JQtuZYDPSi14h/uf1MhNfBTkTaWaoIPNFccaRkah4HUVMUWL4xBJMFLO3IjLCChNjAypC8BZfXib+eeO64d1f1Js3ZRoVOIYTOAMPLqEJd9ACHwg8wjO8wpsjnRfn3fmYt6445cwR/IHz+QOOQY6m</latexit>

3.1Sv�
<latexit sha1_base64="ttCsT7li3OYQRuzwmnv5BpLf7EE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDabTbt2sxt2N0IJ/Q9ePKh49Qd589+4aXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmWrur2zu7dfOzhsa5kpQn0iuVTdEGvKmaC+YYbTbqooTkJOO+H4tvA7T1RpJsWDmaQ0SPBQsJgRbKzU7stImuqgVncb7gxomXglqUOJ1qD21Y8kyRIqDOFY657npibIsTKMcDqt9jNNU0zGeEh7lgqcUB3ks2un6NQqEYqlsiUMmqm/J3KcaD1JQtuZYDPSi14h/uf1MhNfBTkTaWaoIPNFccaRkah4HUVMUWL4xBJMFLO3IjLCChNjAypC8BZfXib+eeO64d1f1Js3ZRoVOIYTOAMPLqEJd9ACHwg8wjO8wpsjnRfn3fmYt6445cwR/IHz+QOOQY6m</latexit><latexit sha1_base64="ttCsT7li3OYQRuzwmnv5BpLf7EE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDabTbt2sxt2N0IJ/Q9ePKh49Qd589+4aXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmWrur2zu7dfOzhsa5kpQn0iuVTdEGvKmaC+YYbTbqooTkJOO+H4tvA7T1RpJsWDmaQ0SPBQsJgRbKzU7stImuqgVncb7gxomXglqUOJ1qD21Y8kyRIqDOFY657npibIsTKMcDqt9jNNU0zGeEh7lgqcUB3ks2un6NQqEYqlsiUMmqm/J3KcaD1JQtuZYDPSi14h/uf1MhNfBTkTaWaoIPNFccaRkah4HUVMUWL4xBJMFLO3IjLCChNjAypC8BZfXib+eeO64d1f1Js3ZRoVOIYTOAMPLqEJd9ACHwg8wjO8wpsjnRfn3fmYt6445cwR/IHz+QOOQY6m</latexit><latexit sha1_base64="ttCsT7li3OYQRuzwmnv5BpLf7EE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDabTbt2sxt2N0IJ/Q9ePKh49Qd589+4aXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmWrur2zu7dfOzhsa5kpQn0iuVTdEGvKmaC+YYbTbqooTkJOO+H4tvA7T1RpJsWDmaQ0SPBQsJgRbKzU7stImuqgVncb7gxomXglqUOJ1qD21Y8kyRIqDOFY657npibIsTKMcDqt9jNNU0zGeEh7lgqcUB3ks2un6NQqEYqlsiUMmqm/J3KcaD1JQtuZYDPSi14h/uf1MhNfBTkTaWaoIPNFccaRkah4HUVMUWL4xBJMFLO3IjLCChNjAypC8BZfXib+eeO64d1f1Js3ZRoVOIYTOAMPLqEJd9ACHwg8wjO8wpsjnRfn3fmYt6445cwR/IHz+QOOQY6m</latexit><latexit sha1_base64="ttCsT7li3OYQRuzwmnv5BpLf7EE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDabTbt2sxt2N0IJ/Q9ePKh49Qd589+4aXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmWrur2zu7dfOzhsa5kpQn0iuVTdEGvKmaC+YYbTbqooTkJOO+H4tvA7T1RpJsWDmaQ0SPBQsJgRbKzU7stImuqgVncb7gxomXglqUOJ1qD21Y8kyRIqDOFY657npibIsTKMcDqt9jNNU0zGeEh7lgqcUB3ks2un6NQqEYqlsiUMmqm/J3KcaD1JQtuZYDPSi14h/uf1MhNfBTkTaWaoIPNFccaRkah4HUVMUWL4xBJMFLO3IjLCChNjAypC8BZfXib+eeO64d1f1Js3ZRoVOIYTOAMPLqEJd9ACHwg8wjO8wpsjnRfn3fmYt6445cwR/IHz+QOOQY6m</latexit>

5.5Sv�
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4.2Sv-9.2Sv

-8.1Sv16.7Sv

Pseudo streamlines (contours) and salt (colors)

Particle paths and pseudo-streamlines show ZERO transport through cold route and about -15Sv through warm route. 

Velocity potential distributes the transport between routes to minimize u2+v2 

It appears that streamfunction is more faithful to particle paths (for weak divergence) 

All transports are calculated using sum of Eulerian+bolus velocity: very different answer with Eulerian only! Indicates 
importance of eddy transport.  

Need to apply these diagnostics to complex/high resolution models and data sets to quantify exchanges.

Velocity potential of divergent velocity (colors) and transport
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Simple models need to lengthen S. Africa to 45oS for cold route (Cessi&Jones 2017, Jones&Cessi 2018)

Particle paths and pseudo-streamlines show ZERO transport through warm route if S. Africa is at 45oS or 53oS 

Particle paths and pseudo-streamlines show ZERO transport through warm route if S. Africa is at 35oS or 21oS 

Warm routeCold route
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• North of       there are gyres 
• South of       the flow is cyclonic and circumpolar (periodic) 
• If continent ends north of      : a single SUPERGYRE 
• If continent ends south of      : two separate gyres
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Surface salinity for different continent lengths

Narrow sinking in both configurations, but qualitative difference in salinity: 

Short continent at 45S: SSS is saltier only in far north of sinking basin 

Short continent at 21S: SSS is saltier everywhere in sinking basin 

Short continent ends at 45S Short continent ends at 21S
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Examples of particle paths in 3D (biweekly dots)

Warm route follows anticyclonic supergyre   

Pushed northward by Ekman transport
Subducts & goes around subtropical gyre 

Exits in subpolar region 
Enters active basin in subpolar region

Spirals around gyres
Drains out of the isopycnal

Cold route follows cyclonic circumpolar flow   

Short continent ends at 45S

Pushed northward by Ekman transport
Subducts & goes around subtropical gyre

Exits in subtropical region 
Enters active basin in subtropical region 

Spirals around gyres
Drains out of the isopycnal

Short continent ends at 35S



m3/s

Mass budget                    : smoothed diapycnal velocity (colors)

How much NADW is recycled through the abyssal cell before upwelling?
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Diapycnal transport at                    in Sv                       �2 = 37.52
<latexit sha1_base64="doN6xKjcLtvtUKSo2IuiJZIpXTE=">AAAB9XicbVDLSgNBEOyNrxhfUS+Cl8EgeFp2IxIvQkAPHiOYByRrmJ3MJkNmZpeZWSWE/IcXD4p49Qv8A0/e/Bsnj4MmFjQUVd10d4UJZ9p43reTWVpeWV3Lruc2Nre2d/K7ezUdp4rQKol5rBoh1pQzSauGGU4biaJYhJzWw/7l2K/fU6VZLG/NIKGBwF3JIkawsdJdS7OuwO3ixWnJPSu28wXP9SZAi8SfkUL54PMDLCrt/FerE5NUUGkIx1o3fS8xwRArwwino1wr1TTBpI+7tGmpxILqYDi5eoSOrdJBUaxsSYMm6u+JIRZaD0RoOwU2PT3vjcX/vGZqovNgyGSSGirJdFGUcmRiNI4AdZiixPCBJZgoZm9FpIcVJsYGlbMh+PMvL5Ja0fU917+xaVzBFFk4hCM4AR9KUIZrqEAVCCh4hGd4cR6cJ+fVeZu2ZpzZzD78gfP+AyLTkx8=</latexit><latexit sha1_base64="LM4EZBfTyXUNL9Dm/9/7wxLyYCY=">AAAB9XicbVDLSgNBEOyNrxhfMV4EL0OC4GnZjUi8CAFz8BjBPCBZw+xkkgyZnV1mZpWw5D+8eFAkV7/AP/Dkzb9x8jhoYkFDUdVNd5cfcaa043xbqbX1jc2t9HZmZ3dv/yB7mKurMJaE1kjIQ9n0saKcCVrTTHPajCTFgc9pwx9eT/3GA5WKheJOjyLqBbgvWI8RrI1031asH+BO8eq8ZF8UO9mCYzszoFXiLkihfPz5katM8tVO9qvdDUkcUKEJx0q1XCfSXoKlZoTTcaYdKxphMsR92jJU4IAqL5ldPUanRumiXihNCY1m6u+JBAdKjQLfdAZYD9SyNxX/81qx7l16CRNRrKkg80W9mCMdomkEqMskJZqPDMFEMnMrIgMsMdEmqIwJwV1+eZXUi7br2O6tSaMCc6ThBPJwBi6UoAw3UIUaEJDwBC/waj1az9abNZm3pqzFzBH8gfX+A6E8lD0=</latexit><latexit sha1_base64="LM4EZBfTyXUNL9Dm/9/7wxLyYCY=">AAAB9XicbVDLSgNBEOyNrxhfMV4EL0OC4GnZjUi8CAFz8BjBPCBZw+xkkgyZnV1mZpWw5D+8eFAkV7/AP/Dkzb9x8jhoYkFDUdVNd5cfcaa043xbqbX1jc2t9HZmZ3dv/yB7mKurMJaE1kjIQ9n0saKcCVrTTHPajCTFgc9pwx9eT/3GA5WKheJOjyLqBbgvWI8RrI1031asH+BO8eq8ZF8UO9mCYzszoFXiLkihfPz5katM8tVO9qvdDUkcUKEJx0q1XCfSXoKlZoTTcaYdKxphMsR92jJU4IAqL5ldPUanRumiXihNCY1m6u+JBAdKjQLfdAZYD9SyNxX/81qx7l16CRNRrKkg80W9mCMdomkEqMskJZqPDMFEMnMrIgMsMdEmqIwJwV1+eZXUi7br2O6tSaMCc6ThBPJwBi6UoAw3UIUaEJDwBC/waj1az9abNZm3pqzFzBH8gfX+A6E8lD0=</latexit><latexit sha1_base64="gTAUruAzO1ND6WmV9rDgtrrRkw8=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4WnYrUi9CQQ8eK9gPaNeSTbNtaJJdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL0w408bzvp2V1bX1jc3CVnF7Z3dvv3Rw2NRxqghtkJjHqh1iTTmTtGGY4bSdKIpFyGkrHF1P/dYjVZrF8t6MExoIPJAsYgQbKz10NRsI3KtcnVfdi0qvVPZcbwa0TPyclCFHvVf66vZjkgoqDeFY647vJSbIsDKMcDopdlNNE0xGeEA7lkosqA6y2dUTdGqVPopiZUsaNFN/T2RYaD0Woe0U2Az1ojcV//M6qYkug4zJJDVUkvmiKOXIxGgaAeozRYnhY0swUczeisgQK0yMDapoQ/AXX14mzYrre65/55VrN3kcBTiGEzgDH6pQg1uoQwMIKHiGV3hznpwX5935mLeuOPnMEfyB8/kDmLGRPg==</latexit>

Diapycnal area transport across                in Sv                       �2 = 37
<latexit sha1_base64="+KvqX/1Ngb7Kk6+B7LOMesotGtE=">AAAB8nicbZDLSgMxFIbP1Futt6rgxk2wCK7KTF3UjVB047IFe4HpUDNppg1NMkOSEcrQx3DjQhG3Po07Nz6LaSuirT8EPv7/HHLOCRPOtHHdDye3srq2vpHfLGxt7+zuFfcPWjpOFaFNEvNYdUKsKWeSNg0znHYSRbEIOW2Ho+tp3r6nSrNY3ppxQgOBB5JFjGBjLb+r2UDgXuXyvNorltyyOxP6AW8RSrWjxucdANR7xfduPyapoNIQjrX2PTcxQYaVYYTTSaGbappgMsID6luUWFAdZLORJ+jUOn0Uxco+adDM/d2RYaH1WIS2UmAz1IvZ1Pwv81MTXQQZk0lqqCTzj6KUIxOj6f6ozxQlho8tYKKYnRWRIVaYGHulgj3C0srL0KqUPbfsNbxS7QrmysMxnMAZeFCFGtxAHZpAIIYHeIJnxziPzovzOi/NOd89h/BHztsXzByScA==</latexit><latexit sha1_base64="2zCjBplpqFnC+iQWfogyIAU8CPM=">AAAB8nicbZDLSgMxFIYz9VbrrSq4cRMsgqsyUxd1I5S6cdmCvcB0KJk0bUOTyZCcEcrQx3DjQhG3+hY+gTs3PotpK6KtPwQ+/v8ccs4JY8ENuO6Hk1lZXVvfyG7mtrZ3dvfy+wdNoxJNWYMqoXQ7JIYJHrEGcBCsHWtGZChYKxxdTfPWLdOGq+gGxjELJBlEvM8pAWv5HcMHknRLl+flbr7gFt2Z8A94i1CoHNU/+Wv1rdbNv3d6iiaSRUAFMcb33BiClGjgVLBJrpMYFhM6IgPmW4yIZCZIZyNP8Kl1erivtH0R4Jn7uyMl0pixDG2lJDA0i9nU/C/zE+hfBCmP4gRYROcf9ROBQeHp/rjHNaMgxhYI1dzOiumQaELBXilnj7C08jI0S0XPLXp1r1Cpormy6BidoDPkoTKqoGtUQw1EkUJ36AE9OuDcO0/O87w043z3HKI/cl6+AB1slCw=</latexit><latexit sha1_base64="2zCjBplpqFnC+iQWfogyIAU8CPM=">AAAB8nicbZDLSgMxFIYz9VbrrSq4cRMsgqsyUxd1I5S6cdmCvcB0KJk0bUOTyZCcEcrQx3DjQhG3+hY+gTs3PotpK6KtPwQ+/v8ccs4JY8ENuO6Hk1lZXVvfyG7mtrZ3dvfy+wdNoxJNWYMqoXQ7JIYJHrEGcBCsHWtGZChYKxxdTfPWLdOGq+gGxjELJBlEvM8pAWv5HcMHknRLl+flbr7gFt2Z8A94i1CoHNU/+Wv1rdbNv3d6iiaSRUAFMcb33BiClGjgVLBJrpMYFhM6IgPmW4yIZCZIZyNP8Kl1erivtH0R4Jn7uyMl0pixDG2lJDA0i9nU/C/zE+hfBCmP4gRYROcf9ROBQeHp/rjHNaMgxhYI1dzOiumQaELBXilnj7C08jI0S0XPLXp1r1Cpormy6BidoDPkoTKqoGtUQw1EkUJ36AE9OuDcO0/O87w043z3HKI/cl6+AB1slCw=</latexit><latexit sha1_base64="CRGRUcNSpVW0ig3H85Pu0veXIl8=">AAAB8nicbVDJSgNBEO1xjXGLevTSGARPYSYe4kUIevEYwSwwGUJPpydp0svQXSOEIZ/hxYMiXv0ab/6NnQXRxAcFj/eqqKoXp4Jb8P0vb219Y3Nru7BT3N3bPzgsHR23rM4MZU2qhTadmFgmuGJN4CBYJzWMyFiwdjy6nfrtR2Ys1+oBximLJBkonnBKwElh1/KBJL3q9WWtVyr7FX8G/EOCZVJGCzR6pc9uX9NMMgVUEGvDwE8hyokBTgWbFLuZZSmhIzJgoaOKSGajfHbyBJ87pY8TbVwpwDP190ROpLVjGbtOSWBol72p+J8XZpBcRTlXaQZM0fmiJBMYNJ7+j/vcMApi7AihhrtbMR0SQyi4lIouhJWXV0mrWgn8SnAflOs3izgK6BSdoQsUoBqqozvUQE1EkUZP6AW9euA9e2/e+7x1zVvMnKA/8D6+AT2EkIs=</latexit>

Section transport                             in Sv37 < �2 < 37.52
<latexit sha1_base64="wrNYvkiFu0d3urotAA3+kwCBXwk=">AAAB+nicbVDLSsNAFL3xWesr1Y3gJlgEVyFpkbrooqALlxXsA9oQJtNJO3QmCTMTpcR+ihsXirh16x+4cuffOH0stPXAhcM593LvPUHCqFSO822srK6tb2zmtvLbO7t7+2bhoCnjVGDSwDGLRTtAkjAakYaiipF2IgjiASOtYHg58Vt3REgaR7dqlBCPo35EQ4qR0pJvFsqValfSPkd+qVqu2Ocl3yw6tjOFtUzcOSnWjj4/QKPum1/dXoxTTiKFGZKy4zqJ8jIkFMWMjPPdVJIE4SHqk46mEeJEetn09LF1qpWeFcZCV6Ssqfp7IkNcyhEPdCdHaiAXvYn4n9dJVXjhZTRKUkUiPFsUpsxSsTXJwepRQbBiI00QFlTfauEBEggrnVZeh+AuvrxMmiXbdWz3RqdxBTPk4BhO4AxcqEANrqEODcBwD4/wDC/Gg/FkvBpvs9YVYz5zCH9gvP8ADaSUEw==</latexit><latexit sha1_base64="mz9yFTfoN8EQ8vQce7nHVEbx7Xg=">AAAB+nicbVDLSsNAFJ34rPWV1o3gZmgRXIWkReqii4JduKxgH9CGMJlO2qGTSZiZKCX2U9y4qIhbt/6BK3f+jdPHQlsPXDiccy/33uPHjEpl29/GxubW9s5uZi+7f3B4dGzm8i0ZJQKTJo5YJDo+koRRTpqKKkY6sSAo9Blp+6Prmd++J0LSiN+pcUzcEA04DShGSkuemStXqj1JByHyStVyxboseWbRtuw54DpxlqRYO/38yNenhYZnfvX6EU5CwhVmSMquY8fKTZFQFDMyyfYSSWKER2hAuppyFBLppvPTJ/BcK30YREIXV3Cu/p5IUSjlOPR1Z4jUUK56M/E/r5uo4MpNKY8TRTheLAoSBlUEZznAPhUEKzbWBGFB9a0QD5FAWOm0sjoEZ/XlddIqWY5tObc6jTpYIAPOQAFcAAdUQA3cgAZoAgwewBOYghfj0Xg2Xo23ReuGsZw5AX9gvP8AjA2VMQ==</latexit><latexit sha1_base64="mz9yFTfoN8EQ8vQce7nHVEbx7Xg=">AAAB+nicbVDLSsNAFJ34rPWV1o3gZmgRXIWkReqii4JduKxgH9CGMJlO2qGTSZiZKCX2U9y4qIhbt/6BK3f+jdPHQlsPXDiccy/33uPHjEpl29/GxubW9s5uZi+7f3B4dGzm8i0ZJQKTJo5YJDo+koRRTpqKKkY6sSAo9Blp+6Prmd++J0LSiN+pcUzcEA04DShGSkuemStXqj1JByHyStVyxboseWbRtuw54DpxlqRYO/38yNenhYZnfvX6EU5CwhVmSMquY8fKTZFQFDMyyfYSSWKER2hAuppyFBLppvPTJ/BcK30YREIXV3Cu/p5IUSjlOPR1Z4jUUK56M/E/r5uo4MpNKY8TRTheLAoSBlUEZznAPhUEKzbWBGFB9a0QD5FAWOm0sjoEZ/XlddIqWY5tObc6jTpYIAPOQAFcAAdUQA3cgAZoAgwewBOYghfj0Xg2Xo23ReuGsZw5AX9gvP8AjA2VMQ==</latexit><latexit sha1_base64="xCN1h3RFv9YKLvgbAMjQoRHHZCU=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgKiQtUhddFHThsoJ9QBvCZDpph85MwsxEKbGf4saFIm79Enf+jdM2C209cOFwzr3ce0+YMKq0635bhY3Nre2d4m5pb//g8MguH3dUnEpM2jhmseyFSBFGBWlrqhnpJZIgHjLSDSfXc7/7QKSisbjX04T4HI0EjShG2kiBXa7VGwNFRxwF1Uat7lxWA7viOu4CcJ14OamAHK3A/hoMY5xyIjRmSKm+5ybaz5DUFDMyKw1SRRKEJ2hE+oYKxInys8XpM3hulCGMYmlKaLhQf09kiCs15aHp5EiP1ao3F//z+qmOrvyMiiTVRODloihlUMdwngMcUkmwZlNDEJbU3ArxGEmEtUmrZELwVl9eJ52q47mOd+dWmjd5HEVwCs7ABfBAHTTBLWiBNsDgETyDV/BmPVkv1rv1sWwtWPnMCfgD6/MHg4KSMg==</latexit>
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Climatological incrop of      =37.52�2
<latexit sha1_base64="St2Lt5LcnLuTejpI3thHW9gUjkk=">AAAB8HicbVBNSwMxEJ34WetX1aOXYBE8ld0i6LHoxWMF+yHtUrJptg1NskuSFcrSX+HFgyJe/Tne/Ddm2z1o64OBx3szzMwLE8GN9bxvtLa+sbm1Xdop7+7tHxxWjo7bJk41ZS0ai1h3Q2KY4Iq1LLeCdRPNiAwF64ST29zvPDFteKwe7DRhgSQjxSNOiXXSY9/wkSSDenlQqXo1bw68SvyCVKFAc1D56g9jmkqmLBXEmJ7vJTbIiLacCjYr91PDEkInZMR6jioimQmy+cEzfO6UIY5i7UpZPFd/T2REGjOVoeuUxI7NspeL/3m91EbXQcZVklqm6GJRlApsY5x/j4dcM2rF1BFCNXe3YjommlDrMspD8JdfXiXtes33av79ZbVxU8RRglM4gwvw4QoacAdNaAEFCc/wCm9Ioxf0jj4WrWuomDmBP0CfP/5hj9w=</latexit><latexit sha1_base64="St2Lt5LcnLuTejpI3thHW9gUjkk=">AAAB8HicbVBNSwMxEJ34WetX1aOXYBE8ld0i6LHoxWMF+yHtUrJptg1NskuSFcrSX+HFgyJe/Tne/Ddm2z1o64OBx3szzMwLE8GN9bxvtLa+sbm1Xdop7+7tHxxWjo7bJk41ZS0ai1h3Q2KY4Iq1LLeCdRPNiAwF64ST29zvPDFteKwe7DRhgSQjxSNOiXXSY9/wkSSDenlQqXo1bw68SvyCVKFAc1D56g9jmkqmLBXEmJ7vJTbIiLacCjYr91PDEkInZMR6jioimQmy+cEzfO6UIY5i7UpZPFd/T2REGjOVoeuUxI7NspeL/3m91EbXQcZVklqm6GJRlApsY5x/j4dcM2rF1BFCNXe3YjommlDrMspD8JdfXiXtes33av79ZbVxU8RRglM4gwvw4QoacAdNaAEFCc/wCm9Ioxf0jj4WrWuomDmBP0CfP/5hj9w=</latexit><latexit sha1_base64="St2Lt5LcnLuTejpI3thHW9gUjkk=">AAAB8HicbVBNSwMxEJ34WetX1aOXYBE8ld0i6LHoxWMF+yHtUrJptg1NskuSFcrSX+HFgyJe/Tne/Ddm2z1o64OBx3szzMwLE8GN9bxvtLa+sbm1Xdop7+7tHxxWjo7bJk41ZS0ai1h3Q2KY4Iq1LLeCdRPNiAwF64ST29zvPDFteKwe7DRhgSQjxSNOiXXSY9/wkSSDenlQqXo1bw68SvyCVKFAc1D56g9jmkqmLBXEmJ7vJTbIiLacCjYr91PDEkInZMR6jioimQmy+cEzfO6UIY5i7UpZPFd/T2REGjOVoeuUxI7NspeL/3m91EbXQcZVklqm6GJRlApsY5x/j4dcM2rF1BFCNXe3YjommlDrMspD8JdfXiXtes33av79ZbVxU8RRglM4gwvw4QoacAdNaAEFCc/wCm9Ioxf0jj4WrWuomDmBP0CfP/5hj9w=</latexit><latexit sha1_base64="St2Lt5LcnLuTejpI3thHW9gUjkk=">AAAB8HicbVBNSwMxEJ34WetX1aOXYBE8ld0i6LHoxWMF+yHtUrJptg1NskuSFcrSX+HFgyJe/Tne/Ddm2z1o64OBx3szzMwLE8GN9bxvtLa+sbm1Xdop7+7tHxxWjo7bJk41ZS0ai1h3Q2KY4Iq1LLeCdRPNiAwF64ST29zvPDFteKwe7DRhgSQjxSNOiXXSY9/wkSSDenlQqXo1bw68SvyCVKFAc1D56g9jmkqmLBXEmJ7vJTbIiLacCjYr91PDEkInZMR6jioimQmy+cEzfO6UIY5i7UpZPFd/T2REGjOVoeuUxI7NspeL/3m91EbXQcZVklqm6GJRlApsY5x/j4dcM2rF1BFCNXe3YjommlDrMspD8JdfXiXtes33av79ZbVxU8RRglM4gwvw4QoacAdNaAEFCc/wCm9Ioxf0jj4WrWuomDmBP0CfP/5hj9w=</latexit>

.
.

37 < �2 < 37.52
<latexit sha1_base64="wrNYvkiFu0d3urotAA3+kwCBXwk=">AAAB+nicbVDLSsNAFL3xWesr1Y3gJlgEVyFpkbrooqALlxXsA9oQJtNJO3QmCTMTpcR+ihsXirh16x+4cuffOH0stPXAhcM593LvPUHCqFSO822srK6tb2zmtvLbO7t7+2bhoCnjVGDSwDGLRTtAkjAakYaiipF2IgjiASOtYHg58Vt3REgaR7dqlBCPo35EQ4qR0pJvFsqValfSPkd+qVqu2Ocl3yw6tjOFtUzcOSnWjj4/QKPum1/dXoxTTiKFGZKy4zqJ8jIkFMWMjPPdVJIE4SHqk46mEeJEetn09LF1qpWeFcZCV6Ssqfp7IkNcyhEPdCdHaiAXvYn4n9dJVXjhZTRKUkUiPFsUpsxSsTXJwepRQbBiI00QFlTfauEBEggrnVZeh+AuvrxMmiXbdWz3RqdxBTPk4BhO4AxcqEANrqEODcBwD4/wDC/Gg/FkvBpvs9YVYz5zCH9gvP8ADaSUEw==</latexit><latexit sha1_base64="mz9yFTfoN8EQ8vQce7nHVEbx7Xg=">AAAB+nicbVDLSsNAFJ34rPWV1o3gZmgRXIWkReqii4JduKxgH9CGMJlO2qGTSZiZKCX2U9y4qIhbt/6BK3f+jdPHQlsPXDiccy/33uPHjEpl29/GxubW9s5uZi+7f3B4dGzm8i0ZJQKTJo5YJDo+koRRTpqKKkY6sSAo9Blp+6Prmd++J0LSiN+pcUzcEA04DShGSkuemStXqj1JByHyStVyxboseWbRtuw54DpxlqRYO/38yNenhYZnfvX6EU5CwhVmSMquY8fKTZFQFDMyyfYSSWKER2hAuppyFBLppvPTJ/BcK30YREIXV3Cu/p5IUSjlOPR1Z4jUUK56M/E/r5uo4MpNKY8TRTheLAoSBlUEZznAPhUEKzbWBGFB9a0QD5FAWOm0sjoEZ/XlddIqWY5tObc6jTpYIAPOQAFcAAdUQA3cgAZoAgwewBOYghfj0Xg2Xo23ReuGsZw5AX9gvP8AjA2VMQ==</latexit><latexit sha1_base64="mz9yFTfoN8EQ8vQce7nHVEbx7Xg=">AAAB+nicbVDLSsNAFJ34rPWV1o3gZmgRXIWkReqii4JduKxgH9CGMJlO2qGTSZiZKCX2U9y4qIhbt/6BK3f+jdPHQlsPXDiccy/33uPHjEpl29/GxubW9s5uZi+7f3B4dGzm8i0ZJQKTJo5YJDo+koRRTpqKKkY6sSAo9Blp+6Prmd++J0LSiN+pcUzcEA04DShGSkuemStXqj1JByHyStVyxboseWbRtuw54DpxlqRYO/38yNenhYZnfvX6EU5CwhVmSMquY8fKTZFQFDMyyfYSSWKER2hAuppyFBLppvPTJ/BcK30YREIXV3Cu/p5IUSjlOPR1Z4jUUK56M/E/r5uo4MpNKY8TRTheLAoSBlUEZznAPhUEKzbWBGFB9a0QD5FAWOm0sjoEZ/XlddIqWY5tObc6jTpYIAPOQAFcAAdUQA3cgAZoAgwewBOYghfj0Xg2Xo23ReuGsZw5AX9gvP8AjA2VMQ==</latexit><latexit sha1_base64="xCN1h3RFv9YKLvgbAMjQoRHHZCU=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgKiQtUhddFHThsoJ9QBvCZDpph85MwsxEKbGf4saFIm79Enf+jdM2C209cOFwzr3ce0+YMKq0635bhY3Nre2d4m5pb//g8MguH3dUnEpM2jhmseyFSBFGBWlrqhnpJZIgHjLSDSfXc7/7QKSisbjX04T4HI0EjShG2kiBXa7VGwNFRxwF1Uat7lxWA7viOu4CcJ14OamAHK3A/hoMY5xyIjRmSKm+5ybaz5DUFDMyKw1SRRKEJ2hE+oYKxInys8XpM3hulCGMYmlKaLhQf09kiCs15aHp5EiP1ao3F//z+qmOrvyMiiTVRODloihlUMdwngMcUkmwZlNDEJbU3ArxGEmEtUmrZELwVl9eJ52q47mOd+dWmjd5HEVwCs7ABfBAHTTBLWiBNsDgETyDV/BmPVkv1rv1sWwtWPnMCfgD6/MHg4KSMg==</latexit>

37 < �2 < 37.52
<latexit sha1_base64="wrNYvkiFu0d3urotAA3+kwCBXwk=">AAAB+nicbVDLSsNAFL3xWesr1Y3gJlgEVyFpkbrooqALlxXsA9oQJtNJO3QmCTMTpcR+ihsXirh16x+4cuffOH0stPXAhcM593LvPUHCqFSO822srK6tb2zmtvLbO7t7+2bhoCnjVGDSwDGLRTtAkjAakYaiipF2IgjiASOtYHg58Vt3REgaR7dqlBCPo35EQ4qR0pJvFsqValfSPkd+qVqu2Ocl3yw6tjOFtUzcOSnWjj4/QKPum1/dXoxTTiKFGZKy4zqJ8jIkFMWMjPPdVJIE4SHqk46mEeJEetn09LF1qpWeFcZCV6Ssqfp7IkNcyhEPdCdHaiAXvYn4n9dJVXjhZTRKUkUiPFsUpsxSsTXJwepRQbBiI00QFlTfauEBEggrnVZeh+AuvrxMmiXbdWz3RqdxBTPk4BhO4AxcqEANrqEODcBwD4/wDC/Gg/FkvBpvs9YVYz5zCH9gvP8ADaSUEw==</latexit><latexit sha1_base64="mz9yFTfoN8EQ8vQce7nHVEbx7Xg=">AAAB+nicbVDLSsNAFJ34rPWV1o3gZmgRXIWkReqii4JduKxgH9CGMJlO2qGTSZiZKCX2U9y4qIhbt/6BK3f+jdPHQlsPXDiccy/33uPHjEpl29/GxubW9s5uZi+7f3B4dGzm8i0ZJQKTJo5YJDo+koRRTpqKKkY6sSAo9Blp+6Prmd++J0LSiN+pcUzcEA04DShGSkuemStXqj1JByHyStVyxboseWbRtuw54DpxlqRYO/38yNenhYZnfvX6EU5CwhVmSMquY8fKTZFQFDMyyfYSSWKER2hAuppyFBLppvPTJ/BcK30YREIXV3Cu/p5IUSjlOPR1Z4jUUK56M/E/r5uo4MpNKY8TRTheLAoSBlUEZznAPhUEKzbWBGFB9a0QD5FAWOm0sjoEZ/XlddIqWY5tObc6jTpYIAPOQAFcAAdUQA3cgAZoAgwewBOYghfj0Xg2Xo23ReuGsZw5AX9gvP8AjA2VMQ==</latexit><latexit sha1_base64="mz9yFTfoN8EQ8vQce7nHVEbx7Xg=">AAAB+nicbVDLSsNAFJ34rPWV1o3gZmgRXIWkReqii4JduKxgH9CGMJlO2qGTSZiZKCX2U9y4qIhbt/6BK3f+jdPHQlsPXDiccy/33uPHjEpl29/GxubW9s5uZi+7f3B4dGzm8i0ZJQKTJo5YJDo+koRRTpqKKkY6sSAo9Blp+6Prmd++J0LSiN+pcUzcEA04DShGSkuemStXqj1JByHyStVyxboseWbRtuw54DpxlqRYO/38yNenhYZnfvX6EU5CwhVmSMquY8fKTZFQFDMyyfYSSWKER2hAuppyFBLppvPTJ/BcK30YREIXV3Cu/p5IUSjlOPR1Z4jUUK56M/E/r5uo4MpNKY8TRTheLAoSBlUEZznAPhUEKzbWBGFB9a0QD5FAWOm0sjoEZ/XlddIqWY5tObc6jTpYIAPOQAFcAAdUQA3cgAZoAgwewBOYghfj0Xg2Xo23ReuGsZw5AX9gvP8AjA2VMQ==</latexit><latexit sha1_base64="xCN1h3RFv9YKLvgbAMjQoRHHZCU=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgKiQtUhddFHThsoJ9QBvCZDpph85MwsxEKbGf4saFIm79Enf+jdM2C209cOFwzr3ce0+YMKq0635bhY3Nre2d4m5pb//g8MguH3dUnEpM2jhmseyFSBFGBWlrqhnpJZIgHjLSDSfXc7/7QKSisbjX04T4HI0EjShG2kiBXa7VGwNFRxwF1Uat7lxWA7viOu4CcJ14OamAHK3A/hoMY5xyIjRmSKm+5ybaz5DUFDMyKw1SRRKEJ2hE+oYKxInys8XpM3hulCGMYmlKaLhQf09kiCs15aHp5EiP1ao3F//z+qmOrvyMiiTVRODloihlUMdwngMcUkmwZlNDEJbU3ArxGEmEtUmrZELwVl9eJ52q47mOd+dWmjd5HEVwCs7ABfBAHTTBLWiBNsDgETyDV/BmPVkv1rv1sWwtWPnMCfgD6/MHg4KSMg==</latexit>
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Diapycnal transport at                    in Sv                       �2 = 37.52
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Diapycnal area transport across                in Sv                       �2 = 37
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Section transport                             in Sv37 < �2 < 37.52
<latexit sha1_base64="wrNYvkiFu0d3urotAA3+kwCBXwk=">AAAB+nicbVDLSsNAFL3xWesr1Y3gJlgEVyFpkbrooqALlxXsA9oQJtNJO3QmCTMTpcR+ihsXirh16x+4cuffOH0stPXAhcM593LvPUHCqFSO822srK6tb2zmtvLbO7t7+2bhoCnjVGDSwDGLRTtAkjAakYaiipF2IgjiASOtYHg58Vt3REgaR7dqlBCPo35EQ4qR0pJvFsqValfSPkd+qVqu2Ocl3yw6tjOFtUzcOSnWjj4/QKPum1/dXoxTTiKFGZKy4zqJ8jIkFMWMjPPdVJIE4SHqk46mEeJEetn09LF1qpWeFcZCV6Ssqfp7IkNcyhEPdCdHaiAXvYn4n9dJVXjhZTRKUkUiPFsUpsxSsTXJwepRQbBiI00QFlTfauEBEggrnVZeh+AuvrxMmiXbdWz3RqdxBTPk4BhO4AxcqEANrqEODcBwD4/wDC/Gg/FkvBpvs9YVYz5zCH9gvP8ADaSUEw==</latexit><latexit sha1_base64="mz9yFTfoN8EQ8vQce7nHVEbx7Xg=">AAAB+nicbVDLSsNAFJ34rPWV1o3gZmgRXIWkReqii4JduKxgH9CGMJlO2qGTSZiZKCX2U9y4qIhbt/6BK3f+jdPHQlsPXDiccy/33uPHjEpl29/GxubW9s5uZi+7f3B4dGzm8i0ZJQKTJo5YJDo+koRRTpqKKkY6sSAo9Blp+6Prmd++J0LSiN+pcUzcEA04DShGSkuemStXqj1JByHyStVyxboseWbRtuw54DpxlqRYO/38yNenhYZnfvX6EU5CwhVmSMquY8fKTZFQFDMyyfYSSWKER2hAuppyFBLppvPTJ/BcK30YREIXV3Cu/p5IUSjlOPR1Z4jUUK56M/E/r5uo4MpNKY8TRTheLAoSBlUEZznAPhUEKzbWBGFB9a0QD5FAWOm0sjoEZ/XlddIqWY5tObc6jTpYIAPOQAFcAAdUQA3cgAZoAgwewBOYghfj0Xg2Xo23ReuGsZw5AX9gvP8AjA2VMQ==</latexit><latexit sha1_base64="mz9yFTfoN8EQ8vQce7nHVEbx7Xg=">AAAB+nicbVDLSsNAFJ34rPWV1o3gZmgRXIWkReqii4JduKxgH9CGMJlO2qGTSZiZKCX2U9y4qIhbt/6BK3f+jdPHQlsPXDiccy/33uPHjEpl29/GxubW9s5uZi+7f3B4dGzm8i0ZJQKTJo5YJDo+koRRTpqKKkY6sSAo9Blp+6Prmd++J0LSiN+pcUzcEA04DShGSkuemStXqj1JByHyStVyxboseWbRtuw54DpxlqRYO/38yNenhYZnfvX6EU5CwhVmSMquY8fKTZFQFDMyyfYSSWKER2hAuppyFBLppvPTJ/BcK30YREIXV3Cu/p5IUSjlOPR1Z4jUUK56M/E/r5uo4MpNKY8TRTheLAoSBlUEZznAPhUEKzbWBGFB9a0QD5FAWOm0sjoEZ/XlddIqWY5tObc6jTpYIAPOQAFcAAdUQA3cgAZoAgwewBOYghfj0Xg2Xo23ReuGsZw5AX9gvP8AjA2VMQ==</latexit><latexit sha1_base64="xCN1h3RFv9YKLvgbAMjQoRHHZCU=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgKiQtUhddFHThsoJ9QBvCZDpph85MwsxEKbGf4saFIm79Enf+jdM2C209cOFwzr3ce0+YMKq0635bhY3Nre2d4m5pb//g8MguH3dUnEpM2jhmseyFSBFGBWlrqhnpJZIgHjLSDSfXc7/7QKSisbjX04T4HI0EjShG2kiBXa7VGwNFRxwF1Uat7lxWA7viOu4CcJ14OamAHK3A/hoMY5xyIjRmSKm+5ybaz5DUFDMyKw1SRRKEJ2hE+oYKxInys8XpM3hulCGMYmlKaLhQf09kiCs15aHp5EiP1ao3F//z+qmOrvyMiiTVRODloihlUMdwngMcUkmwZlNDEJbU3ArxGEmEtUmrZELwVl9eJ52q47mOd+dWmjd5HEVwCs7ABfBAHTTBLWiBNsDgETyDV/BmPVkv1rv1sWwtWPnMCfgD6/MHg4KSMg==</latexit>
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Helmholtz decomposition on isopycnals: NADW branch of the ROC

Need some guidance from particle paths (mass) 
and numerical tracer release experiments

Several possible interpretations: with different 
degrees of recycling of NADW in the abyssal cell



Conclusions

• Data estimates of residual overturning circulation differ quantitatively 

• Interbasin exchange of ROC is geostrophically balanced leading to isopycnal depth differences 

• Neither simple models nor ECCO4 estimate show cold-route exchange in upper ROC 

• Theory suggests that cold-route requires Cape Horn in subpolar wind-stress regime 

• Interbasin and intercell exchanges obscured by the large recirculation of ACC and super gyre 

• Need to apply diagnostics (Helmholtz decomposition and particle tracking) to eddy-resolving models to 
quantify inter-basin and inter-cell exchanges. 

• How do these methods compare quantitatively with traditional water-mass diagnostics from hydrography? 

Some fake news debunked
• ECCO4 24 years not equilibrated in abyss: ECCO4 is adjoint not a forward model. 
• Only altimeter anomalies are used: full altimetry with geoid model using GRACE data. 
• Eddy and diapycnal coefficients specified: 3-D fields part of the optimized parameters.



divergent mass budget below sigma2=37.518

0.3

-0.3
3.6

5.0

-4.2

-2.7

10.4

10.4
0.3

1.3
-8.8

.

5.0

.

x

x

.

x



0.04

-0.01
0.26

0.18

-0.07

-0.24 
-0.460.03

-0.20

0.15

-0.01

0.28

.

.

PSU

-0.02

0.03

-0.81

-0.51

-0.45-0.12
0.00

-0.50

So=34.5

AAIW+thermocline water

.

x

x

x
.

.

x

x

.

x

salt budget above sigma2=37. referenced to So 



-0.01
-0.03
-0.01

0.04

-0.20
-0.010.07

0.00

-0.06

0.03

0.15

.

x

x

.

x

PSU

0.03 .

-0.20

0.31

0.13

-0.04-0.04
0.00

0.30

So=34.5

NADW

x

x

. .

x

x

salt budget for NADW 37.52>sigma2>37 referenced to So 



-0.03
-0.01

0.0 0.03

-0.06

. .

x

x

x

PSU

0.07 .

0.00

0.15

0.12

0.030.07
0.00

0.13

So=34.5

NADW


