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Climatological sea-surface salinity

Observed climatological surface salinity from World Ocean Atlas.

Salinity (psu)

High surface salinity enables sinking in the Atlantic 

Why is Atlantic saltier than Pacific?



Proposed reasons for Atlantic saltiness

• The AMOC carries salt from the subtropics to subpolar area (Warren 83)

• Low S.Africa latitude favors salt import from Indo-Pacific (Reid 61, Gordon 85)

• AMOC warms up the North Atlantic increasing evaporation (Warren 83)

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

• Atlantic precipitation footprint extends into Pacific (Schmitt 89, Ferreira 10)

Many processes involve AMOC: why no Pacific MOC?
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Fig. 2a. Global structure of the thermohaline circulation cell associated with NADW production. The warm water 
route, shown by the solid arrows, marks the proposed path for return of upper layer water to the northern North Atlantic 
as is required to maintain continuity with the formation and export of NADW. The circled values are volume flux in 106 
m3/s which are expected for uniform upwelling of NADW with a production rate of 20 x 106 m3/s. These values assume 
that the return within the cold water route, via the Drake Passage, is of minor significance. 

the atmosphere to ocean heat flux is large, while the lower 
thermocline would warm. This effect probably accounts for 
the decrease of surface water temperature from over 28øC in 
the western tropical Pacific to less than 28øC in the eastern 
tropical Indian Ocean receiving the through flow (for example, 
see the surface temperature maps of Pickard and Emery 
[ 1982]) despite strong atmospheric heating of the ocean. 

Wyrtki [1971] shows that the nutrient concentrations in the 
Banda Sea on the 25.0ao surface (near the 18øC isotherm at 
150 m) are 1.0, 15, and 23 mol/kg for PO4, NO3, and SiOn_, 
respectively. Closer to the base of the thermocline, at the 
26.6-ao surface (near the 10øC isotherm at 350 m), nutrients 
are higher by somewhat less than a factor of 2: 1.8, 30, and 35 
mol/kg for PO4, NO3, and SiOn_, respectively. Within the Pa- 
cific Ocean's North Equatorial Current, which is the source 
for the Mindanao Current [Tsuchiya, 1968] feeding the trans- 
fer to the Indian Ocean, there is a strong nutrient-cline across 
the 15 ø to 20øC layer [Wyrtki and Kilonsky, 1984]. Values of 

0.5, 5, and 5 mol/kg near 18øC yield to 2.0, 25, 30 mol/kg near 
the 10øC isotherm for PO,, NO3, and SiO2, respectively, a 
factor of 5 increase. The breakdown of the nutrient-cline and 
elevated nutrient concentrations in the upper layer of the 
Banda Sea thermocline is likely to be a consequence of the 
large vertical mixing coefficient within the Indonesian seas. 
The high nutrient levels characteristic of the Indian Ocean 
thermocline north of 15øS may be derived at least in part from 
the vigorous mixing within the Indonesian seas. 

The North Pacific origin for the water flow into the Indian 
Ocean [Wyrtki, 1961] suggests that the NADW contribution 
to the North Pacific thermocline is the chief supplier for this 
link of the warm water route. The NADW entering the more 
saline South Pacific thermocline may add some water to the 
flow through, (associated with equatorial upwelling and ad- 
vection) along the north coast of New Guinea (Figure 3), but 
it appears to have a secondary impact on the Banda Sea 
salinity. This leads to the question, where does most of the 
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Fig. 2b. Schematic representation of the thermohaline circulation cell associated with NADW production and the 
warm water route along line a-a' shown in Figure 2a. The upper layer water within the main thermocline begins its 
passage to the North Atlantic in the Pacific as low-salinity water. It enters the Indian Ocean via the Indonesian seas, 
where its salinity and volume flux increase by excess evaporation and further upwelling of NADW, respectively. The 
thermocline water enters the Atlantic south of Africa and spreads to the northern Atlantic, continuing to increase in 
salinity and volume flux. 

Gordon (1985)

• 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 (saltier), but not North Pacific 
• Why is the Atlantic the preferred sinking site (AMOC but no PMOC)? 
• How is water entering the Pacific returning to the Atlantic (warm versus cold route)?
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An ocean-only approach
Simplified geometry: two basins + circumpolar region in S.H.: 
• Basins have same latitudinal extent in N.H., but different widths 
• Different continent lengths in the S.H. 
• Zonally uniform surface forcing (wind, temperature, freshwater flux) 
• Weak diapycnal diffusion below the surface mixed layer 
• Domain is 2100 -periodic, 4000m deep 
• MITgcm 1-degree resolution, parametrized eddies, linear EoS
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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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latitude

6

10
16

−60 −40 −20 0 20 40 60

−3000
−2000
−1000
 −750
 −500
 −250

latitude

de
pt

h 
(m

)

6

10
18

−60 −40 −20 0 20 40 60

−3000
−2000
−1000
 −750
 −500
 −250

6
10
16

−60 −40 −20 0 20 40 60

−3000
−2000
−1000
 −750
 −500
 −250

de
pt

h 
(m

)

6

10
16

−60 −40 −20 0 20 40 60

−3000
−2000
−1000
 −750
 −500
 −250

 

 

6

10
14

−60 −40 −20 0 20 40 60

−3000
−2000
−1000
 −750
 −500
 −250

−25

−20

−15

−10

−5

0

5

10

15

20

25

de
pt

h 
(m

)
6

10
14

−60 −40 −20 0 20 40 60

−3000
−2000
−1000
 −750
 −500
 −250

Residual overturning streamfunction (color) and buoyancy (black contours)
Atlantic/sinking Pacific/not sinking

45S 45S

35S

21S 21S

35S

bm: dividing isopycnal
• Sinking is always in narrow basin, with short continent to the east 
• Properties on upper branch of ROC, averaged above bm

(Sv)

wide basins’ east boundary narrow basins’ east boundary 



Ekman transport

Diffusive upwelling

Active basin (Atlantic)

Passive basin 
(Indo-Pacific)

Northern sinking

Long continent

Diffusive upwelling

Transport budget above isopycnal bm bounding the upper branch of the MOC

No northern sinking in passive basin: Ekman transport from Southern Ocean + 
diffusive upwelling must transfer from passive to active basin

Interbasin exchange: Warm route or cold route?
RESULT: It depends on relative position of Ekman pumping and short continent

Eddy transport

x
yz

Southern wall (Antarctica)
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� Cross-isopycnal velocity

Residual zonal velocity integrated above isopycnal bm

Pseudo-Streamfunction    for horizontal flow�

Longitude

La
tit
ud
e

20

10

50

40

30
20

10

10
30

10

0
0

0
0

5

5

5

5

−50 0 50 100 150

−60

−40

−20

0

20

40

60

Short continent ends at 45S



• 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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• 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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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
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Zonally and vertically averaged salinity above isopycnal bm
Short continent at 21S 
(warm route)

Short continent at 45S 
(cold route)

• Salinity distribution is similar in circumpolar region 
• Short continent at 45S (52S is similar): small salinity difference in the north  
• Short continent at 21S (35S is similar): sinking basin is saltier by 1PSU at 65N 
• No need for E-P asymmetry to generate salinity difference in high latitudes



Conclusions
• MOC’s upper branch carries salt northward enabling sinking: positive feedback 

• Interbasin transport is via either cold or warm route. 

• Route depends on short continent’s tip (34S) relative to Ekman transport max in SH (43S) 

• Warm route is very effective at salinifying receiving basin 

• Strong preference for sinking in basin with short continent to the east

• Mild preference for sinking in narrow basin 

• Atlantic has both geometrical asymmetries in its favor

• No need for asymmetries in E-P

Cessi, P. and Jones, C.S. Warm-route vs. cold-route inter basin exchange in the meridional overturning circulation. JPO 2017 EOR.
Jones, C.S. and Cessi, P. Interbasin transport of the meridional overturning circulation (2016) JPO. 

Jones, C.S. and Cessi, P. Size matters: another reason why the Atlantic is saltier than the Pacific. Talk 1.4
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Sinking in the wide basin 

Interbasin transport is smaller when sinking in wide basin 
Interbasin  salinity difference is smaller when sinking in wide basin
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Pseudo-Streamfunction for horizontal flow
Short continent ends at 21S



Observed Ekman pumping and Sverdrup transport

Tip of South Africa safely far from gyre’s boundary.

Ekman pumping Sverdrup transport


