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Proposed reasons for Atlantic saltiness

• The AMOC warms up the N.Atl. increasing evaporation (Warren 83)

• The AMOC carries salt from the tropics (Warren 83)

• Orographic blockage of precipitation in the Pacific (Broecker 90, Schmitnner 11)

• Precipitation footprint of Atl. extends into Pac. (Schmitt 89, Ferreira 10)

• Mixing with Mediterranean Sea (Reid 1979,Warren 1981)

• Low S.Africa latitude favors high-salt transport from Indo-Pac. (Reid 61)

• Pac. has large wind-driven heat transport: no need for MOC (Wang 85)

Many processes involve the MOC: why no Pacific MOC?
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Box 1 |TheMOC of the world ocean.

Broecker95,96 put forward an ocean circulation schematic in which
polar sinking is balanced by upwelling from depth through the
thermocline of the North Pacific, as sketched in his famous
conveyor belt analogy, inspired from earlier descriptions97. The
neglect of a role for the Southern Ocean was subsequently
addressed74,98,99. Here we have revised and updated Broecker’s
famous conveyor to draw out the asymmetry among the Atlantic,
Pacific and Indian basins and between the Northern and Southern
hemispheres, and to emphasize the central role of Southern
Ocean upwelling. The upper cell of ocean circulation is fed
predominantly by broad upwelling across surfaces of equal density
at mid-depths, distributed over the main ocean basins (rising
blue–green–yellow arrows). Upwelling to the ocean surface occurs
mainly around Antarctica along surfaces of equal density (rising
yellow–red arrows)withwind and eddy processes playing a central
role. Much of this upwelled water is converted into intermediate-
depth mode waters and, after entering various thermocline layers,
it eventually resupplies the upper branch of the global cell in the
Atlantic with relatively warmer waters.

In the northern North Atlantic, warm water is cooled in the
subpolar gyre and eventually becomes dense enough to sink under
the thermocline in the polar seas and Labrador Sea convection
regions (blue arrows). The dense water formed by convection in
the Atlantic flows southwards in the deep branch of the upper
cell (green arrow), before joining the ACC system. Below that, in
turn, is the even denser bottomwater that spreads fromAntarctica
and feeds the upwelling branch of the lower cell. Antarctic regions
where water sinks to great depth are indicated in the Weddell and
Ross seas around Antarctica and the Labrador and Greenland–
Iceland seas in the northern North Atlantic. (Figure 1 represents a
zonal average view of this complex pattern). To construct such a
diagram, much of the richness of the ocean’s three-dimensional
circulation structure has to be ignored, and only an overall,
idealized representation of the cells can be shown. Cooler colours
indicate denser water masses, ranging from warmer mode and
thermocline waters in red to bottom waters in blue.

The new diagram builds on previous ones99, links old and new
ideas and brings the Southern Ocean to the forefront of theMOC.

CO2 in the deep, cold, sluggish ocean occurs during glacial periods
when, it seems, the ocean was more salty and more stratified57.
Communication between the interior ocean and the surface may
have been less efficient than today, mainly as a result of reduced
residual upwelling rates but also suppressed mixing. Release of
abyssal CO2 into the atmosphere may be indicative of increased
exchange between the deep and the surface, and could have con-
tributed to, for example, the transition out of the last ice age58,59.

Communication between the deep and surface in the modern
ocean is governed by the upwelling branch of the MOC, but how
it operated in glacial periods is unclear. Proxy data indicate that
upwelling patterns may have been very different from today. For
example, the winter sea-ice edge in glacial times was probably at the
position of today’s polar front, and the summer ice edge close to
where the winter ice edge is today60,61.

A number of mechanisms have been proposed in which the
upwelling branch of the Southern Ocean plays a central role in
glacial cycles, elements of which may all have had an impact. First,

sea-ice cover62. Increased sea-ice cover in glacial times could have
reduced the outgassing of CO2 from the upwelling branch of the
MOC, thereby reducing the concentration of atmospheric CO2.
Second, the bipolar seesaw63. Changes in Southern Hemisphere
climate may be caused by a cessation of the MOC in the
Northern Hemisphere, induced by freshwater release owing to
glacial melt in the North Atlantic/Arctic. Heat remains in the
Southern Hemisphere owing to reduced northward heat transport,
melting back sea ice and allowing winds to drive air–sea exchange
more efficiently between deep and surface waters. Third, Southern
Hemisphere westerly wind shifts59,64,65. In cold climates the surface
westerlies may have been significantly equatorward (perhaps⇠10�)
of their present position and so not aligned with Drake Passage.
Thus the wind stress may have been largely balanced by the
pressure gradient term in equation (2) implying reduced residual
meridional flow and upwelling rates. As the climate warmed,
the surface westerlies may have shifted southwards towards their
present location, turning on the upwelling branch of the MOC
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The global overturning circulation

• Lower branch of overturning (deep water) sinks in N. Atl. and upwells in ACC region

• The sources of the upper branch (intermediate waters) are all along ACC plus diapycnal 
upwelling in S. Atl, and S. Indo-Pacific.

• Additional diapycnal cell in N. Pacific isolated from global overturning.

Marshall and Speer(2012)



Simplest geometry for Atl. and Indo-Pac: width is only difference
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Narrow sinking
Wide sinking

Barotropic
streamfunction

• Two basins + a circumpolar channel with1o grid

• GM eddies:

• Linear equation of state:

• Vertical diffusivity:                              + mixed layer

• Depth 4000m, except for 1333m ridge at 0E

GM = 500 m2 s�1

b = g↵(✓ � ✓ref)� g�(S � Sref)

⌫ = 2⇥ 10�5 m2s�1

Forcing depends only on latitude:

wind stress, surface temperature,

freshwater flux.



Stable state w/ zonally uniform forcing Unstable state w/ zonally uniform forcing

• Sinking in the wide basin is obtained by increasing the local salt flux in the north

• Sinking reverts to the narrow basin for slow return to zonally uniform freshwater flux

• Cross-equatorial residual overturning is ~15Sv in both cases regardless of basin width

b⇤=0.0076 m/s2

narrow
basin

wide
basin

RO
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Residual Overturning Circulation of two states
a) b)

c) d)
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Surface salt and tracer anomaly in the two states
Zonally averaged

• Salinity is higher in active basin than passive basin north of 40oN (not surprisingly)

• Salinity difference between active basin and passive basin is smaller for wide-sinking despite 
salinity addition to wide active basin (- -).

• A passive tracer advected with velocity obtained with asymmetric FW flux but forced by 
symmetric FW flux has higher concentration in narrow basin.
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Upper-branch salt and tracer anomaly in the two states
Zonally averaged

• Salinity is higher in active basin than passive basin north of 40oN (not surprisingly)

• Salinity difference between active basin and passive basin is smaller for wide-sinking despite 
salinity addition to wide active basin (- -).

• A passive tracer advected with velocity obtained with asymmetric FW flux but forced by 
symmetric FW flux has higher concentration in narrow basin.
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Horizontal structure of the flow above b⇤

Narrow basin sinking                                             Wide basin sinking

Visualize the 2-d flow integrating �

y

= �U +

Z
x

$|�h

dx

Thick contours: 2.5 Sv apart. Colors:  10 Sv apart

Exchange flow originates in SH of passive basin and enters active basin on western boundary
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 Exchange of tracers (salt) between gyres 

• Diffusive exchange transfers salt from subtropics to subpolar gyre (SPG)

• For large Peclet the salinity difference jump between SPG and subtropical gyre scales as 

Upper branch transport without overturning, only gyres + Ekman 

Net positive salinity surface flux

Net negative salinity surface flux

Diffusive exchange at inter-gyre boundary

F : diffusivity;     : surface salt flux;      : wind-stress

• Gyres diffuse salt independently of basin width

�S ⇠ FLy

s
�

h⌧yy
⌧



Exchange of tracers between gyres - adding the ROC 
Upper branch transport with gyres and overturning in NH - active basins

Advective exchange at inter-gyre boundary due to ROC is more effective in narrow-sinking

Narrow basin sinking                                                                    Wide basin sinking

• Narrow basin sinking has almost no closed streamlines recirculating freshwater in SPG

• Higher Peclet number in open streamlines  for narrow sinking

• The width of the open-streamlines region can equal the size of the SPG 

Pe =
 

N

�y

L
x

Net freshening

Net salinification

Net freshening

�y

�y

Closed streamlines

Open streamlines
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Advection diffusion in 2-D of passive salt
Solve the advection diffusion equation on a spherical sector with open boundaries 

St + v ·rS =
F
H

+ GMr2S

Narrow-basin sinking                                     Wide-basin sinking                           

GMrS·n̂ = 0

S = 0BC at entry:

BC elsewhere:

v = Barotropic wind-driven gyres + 15 SV of western boundary through-flow (ROC)  
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Vertically and zonally averaged salinity

Solution of the 2-D advection diffusion

In the 2-D advection-diffusion solution the sinking region is fresher for wide-sinking,  
as in the full 3-D solution. Salinity feedback not as effective.

Other processes must be at work to prefer narrow-sinking, associated with up/
downwelling, neglected in the 2-D approach.
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Solution of the full 3-D MITgcm



Conclusions

• Symmetrically forced two basins + channel has sinking in narrow basin

• Wide-basin sinking can be coerced by asymmetric salt flux

• Total residual sinking is the same regardless of sinking location

• Sinking is preferred in narrow basin due to salt distribution

• Interplay ROC/ wind-driven gyres is crucial to salt distribution in NH

• Gyres trap salt which ROC transfers more efficiently in narrow basins


