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The basic idea of the “Ocean Conveyor Belt”
(can it really be like this?)

Importance of the global deep circulation?
• long term memory (~ 1 ky)
• storage of heat (cold)
• sequestration of carbon
• climate impacts?
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Dissolved oxygen, nitrate, and 
silica in the near bottom layer 
all show an apparent aging of 
deep water from the North 
Atlantic to the North Pacific.

[from GEOSECS, 1970s]



“Age”, or time (in years) since deep water was in contact with the 
atmosphere, determined from the measured concentration of 14C in the 
deep water.

[from GEOSECS]



Source function for tritium (HTO) input to the ocean
(tritium half-life ≈ 12.5 years)

[ 3H detection limit ∼ 0.25 tu ]



Tritium in the western 
N. Atlantic, mid-1972



Tritium in the thermocline of the 
world ocean, 1970s.

This suggests some bounds on the 
magnitude of vertical mixing in the 
ocean.
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κz∼ (δz)2/τ ∼ (5×104)2/(14×3×107)

→ κz ∼ 6 cm2/sec
(somewhat high)

[ 500 m ] [ 14 years ]



Estimates of the deep circulation….

Suppose the total amount of water that is sinking via 
deep convection in the world ocean is ∼30 Sv (20 N. 
Atlantic, 10 Antarctic).  

The volume of the deep ocean is ~ 109 km3 .

The appropriate time scale TA for the renewal of water in 
the ocean by deep convection is

TA ~ (ocean volume) / (convection volume transport)

= (1018 m3)/(3 ×107 m3/sec) ~ 1000 years
[which seems to be consistent with the 14C data]



Stommel’s 1958 
T-O2 diagram, 
suggesting 
locations of deep 
water sources
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Goldsborough’s (1933) concept of ocean gyres driven by sources and 
sinks of mass at the sea surface (precipitation and evaporation), 
completely analogous to ideas of the wind-driven circulation driven by 
Ekman pumping or Ekman suction.

P

E

τ∇× > 0

0τ∇× <

sources of vorticity
1. wind; or E; or P
2. friction
3. planetary effects
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The Stommel-Arons Abyssal Circulation Model
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If Q(θ,φ) is known, then u, v, and η can be found. This is the essence 
of the Stommel-Arons source-sink circulation model:  specify Q and 
deduce the circulation by integration.



The resulting S-A source-sink circulation for Q = Qo sinφ sinθ
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The circulation in a meridionally-bounded ocean with a source So at the 
North Pole and a uniformly distributed sink Qo such that So=Qoa2(φ2−φ1) .

From this example, the basic idea of the global abyssal circulation 
can be derived, with sources in the North and South Atlantic and
sinks to balance everywhere else.

elements of the circulation
1. localized sources (sinking)
2. distributed sinks (upwelling)
3. deep w. boundary currents

•

[uniform interior 
upwelling]
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Norwegian Sea

Descending dense water plumes

DWBC
~ 10-20 Sv

The northern hemisphere source of deep water:  the Norwegian Sea



Bottom potential temperature 
in the Weddell Sea

Bottom potential temperature 
in the region around Antarctica

The southern hemisphere sources of deep water:  the Weddell and Ross Seas



An estimate of the S-A global abyssal circulation driven by mass sources 
in the North and South Atlantic and uniform upwelling everywhere else.  
The interior flows are supplied by deep western boundary currents.  Note 
the conceptual similarity to the contemporary “conveyor belt”.



Observed deep western boundary currents of the world ocean
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Estimates of the deep circulation….

There must be a deep upwelling velocity over most of the 
world ocean in order to balance the downward motion in 
convection regions.  The magnitude of this upwelling 
velocity can be estimated from

wdAd = −wuAu → wu = −wd(Ad/Au)

Putting in some numerical values (wu is unknown but 
some measurements suggest that wd can perhaps be 
as large as 1 cm/sec), it is found that

wu ~ 10−5, 10−6 cm/sec

or about 30-300 meters/year [far too small to measure].
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A simple one-dimensional advection-diffusion model of the 
dissolved oxygen distribution, showing the O2 minimum and the 
effect of removing uniform upwelling (see Munk, 1966).



S-A model circulation 
for the South Pacific, 
showing effects of mid-
ocean ridges and large-
scale hydrothermal 
venting.

uniform upwelling nonuniform upwelling

3 geothermal hotspots geothermal hotspots 
+ uniform upwelling

geothermal hotspots 
+ nonuniform upwelling

geothermal strip

mid-ocean ridge ridge + geothermal heating [Hautala and Riser, 1989]
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This section of S along 43° S in the S. Pacific shows 
that there is considerable detail at signal levels ≤
0.01 PSU, along with the DWBC.
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p , σ0 = 26.5 p , σ1.5 = 34.60 p , σ2 = 36.95

eddy-driven recirculation

The simple abyssal flow patterns and associated deep western 
boundary currents implied by the S-A model cannot be entirely 
correct, as the wind-driven circulation and effects of topography 
together produce rectified, eddy-driven mean flows that are 
probably stronger than the S-A flow.

[Lozier, 1997]



cold water 
pathway

warm water 
pathway

2-year pathways of 
deep acoustically-
tracked floats 
released in the DWBC, 
and their temperature 
anomaly

[Bower et al., 2009]







A schematic drawing showing the Milankovich orbital parameters.

(∼20 ky)

(∼40 ky)

(100-400 ky)

Climate variations:  quasi-regular…



[from Hartmann, 1994]
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δ 18O data derived from ice cores



[from Hartmann, 1994]

Gulf Stream/N. Atl. current





Fig. 8.11

[from Hartmann]



time
∼18 Ky BP∼11 Ky BP





[Broecker et al., 1985]

warm; open to high lat.;
high net evaporation 

from warm inflow;
NADW

cool; closed at high lat.;
low net evaporation;

cold upwelling

warm; higher net 
evaporation;

NPDW??

cold; ice covered;
low net evaporation;

no NADW formed



Summary
• The idea of a “conveyor belt” is a greatly oversimplified 
(and, in Stommel’s words, dreamlike) conceptual model 
of the globally connected deep circulation.

• There is considerable evidence that deep circulation 
proceeds from sinking in the Atlantic on to the Indian and 
Pacific Oceans, with some sort of shallow return flow.

• Stommel and Arons showed how an abyssal circulation 
fed through a series of deep western boundary currents 
was not inconsistent with basic dynamics.

• Modern observations suggest that the S-A idea is a 
good starting point but is far to simple to include the 
effects of transients (eddies, etc.) on the deep circulation.

• The abyssal circulation may be connected to climate 
variability on century to millenial time scales;  this 
problem is just beginning to be explored.




