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Outline

‣ The deep ocean

‣ The deep circulation

‣ The sinking branch: deep convection

‣ The upwelling branch: Stommel-Arons theory 

‣ The upwelling branch: Munk’s “Abyssal Recipes’’

‣ The deep and abyssal ocean circulations



The deep ocean



Ocean temperature

Potential temperature — WOCE section P15, 165 W



Ocean dissolved carbon

Dissolved inorganic carbon — WOCE section P15, 165 W



The deep circulation



Deep circulation

Henri Ellis (1751) 

“The cold increased regularly, in proportion to the depths, till it 
descended to 3900 feet: from whence the mercury in the thermometer 
came up at 53 degrees Fahrenheit (11 degrees Celsius); and tho' I 
afterwards sunk it to the depth of 5346 feet, that is a mile and 66 
feet, it came up no lower.”

This experiment, which seemed at first but mere food for curiosity, 
became in the interim very useful to us. By its means we supplied our 
cold bath, and cooled our wines or water at pleasure; which is vastly 
agreeable to us in this burning climate.”



Deep circulation

Lenz, 1845

Benjamin Thomson 
Count Rumford of the Holy Roman Empire 

(1753-1814) 
On the Propagation of Heat in Fluids 

- 26 -

Figure 1 von Lenz’s two cell circulation scheme proposed in the 1830’s and 1840’s,

reproduced from Mills (2005).
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Deep circulation

Potential temperature — WOCE section P15, 165 W



Pacific deep circulation

Salinity — WOCE section P15, 165 W

AABW



Atlantic deep circulation

Salinity — WOCE section A16, 25 W

AABW

NADW



Ocean Heat & Carbon Uptake

Observed temperature trends

Durack and Wijffels (2010)

Anthropogenic carbon

Sabine et al. (2004)



Where does water sink?



Deep convection
Deep convection in the ocean occurs

• when the air-sea fluxes act to increase surface density

• when the ocean stratification is weak

These conditions are realized in sub polar gyres

• Nordic Seas of the North Atlantic

• Weddell and Ross Sea around Antarctica
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over the equatorial region, corresponding 
to strong heating. In the North Atlantic 
the surface waters are predominantly gain-
ing density with some isolated density loss 
off the east coast of North America. The 
Southern Ocean channel through Drake’s 
Passage experiences annual mean density 
loss. Low-latitude density loss occurs over 
the lightest isopycnal outcrops (σ < 23) so 
the air-sea fluxes are acting to make light 
surface waters lighter, as expected. Likewise, 
the density gain over the mid-latitudes 
and the North Atlantic occurs over denser 
isopycnal outcrops. Exceptions to this gen-
eralization are the isopycnals outcropping 
in the North Pacific and the Southern Ocean. 
Surface waters in the North Atlantic are 
denser than in the North Pacific, even though 
the temperature can be 7 ̊ C higher because 
the North Atlantic is much saltier (~2 PSU 
saltier). Lower sea surface temperatures in 
the North Pacific, as in the Southern Ocean, 
result in less latent cooling. The salinity 
difference between the two basins at high 
latitudes is a contributing factor to the lack 
of formation of deep water, by surface water 
sinking, in the North Pacific (Warren, 1983). 

In order to quantify the volume of dense 
water formed in the North Atlantic by air-sea 
fluxes and the corresponding destruction 
in the Southern Ocean, the transformation 
rates have been calculated. The transfor-
mation rate is the volume flux of surface 
waters across outcropping isopycnals due 
to air-sea fluxes (Walin, 1982; Tziperman, 
1986). This can be used to calculate the rate 
of increase or decrease in volume of dense 
water outcropping in the North Atlantic and 
Southern Ocean (through Drake’s Passage). 
Figure 5 shows the global surface-water 
transformation rate as a function of density, 
calculated by integrating the density fluxes 
over the area of the isopycnal outcrop for 
each month, and then annually averaging to 
include the seasonal migration of isopycnals. 
The black line is the total transformation 
due to the air-sea density fluxes. A positive 
value indicates that the surface waters are 
gaining density so are being transformed to 
a denser water class. For example, surface 
waters with densities in the range 25.95 < σ 

< 26.05 are transformed to denser waters at 
a rate of 65 Sv. The red and blue lines are the 
transformations due to heat and freshwater 
fluxes respectively. 

This transformation curve also confirms 
the assumption of air-sea fluxes acting 
to create extreme density water masses. 
Density classes lighter than σ = 23.3 are 
transformed to even lighter density classes. 
Those denser than σ = 23.3 are transformed 
to denser density classes. The total volume 
of water produced over a year at a par-
ticular density class due to air-sea fluxes is 
calculated from the negative gradients of 
the transformation curve. From our transfor-
mation curve, we can estimate that waters 
lighter than σ = 21.6 are formed globally 
at a rate of 130 Sv and waters denser than 
σ = 25.4 are formed at a rate of 100 Sv, 
with corresponding destruction of inter-
mediate waters (21.6 < σ < 25.4). Only one 
isopycnal was found to outcrop throughout 
the year in the Southern Ocean channel 
through Drake’s Passage. This is the σ = 27 
isopycnal which is also dense enough to 
be present only in the North Atlantic in the 
Northern Hemisphere. At this density, the 
global transformation rate is approximately 
zero, meaning the air-sea fluxes are almost 
completely balanced along this isopycnal’s 
surface outcrop. 

The transformations for the Atlantic Ocean 
north of 35°S and the Southern Ocean south 
of 35°S are shown in Figure 6. A positive 
transformation occurs over the σ = 27 iso-
pycnal in the North Atlantic of 15 Sv, which is 
almost entirely due to surface cooling. In the 
Southern Ocean there is a negative trans-
formation over the σ = 27 isopycnal with a 
freshwater flux contribution of −11.9 Sv and 
a heat flux contribution of −1.3 Sv. Using the 
monthly mean outputs for a 240-year con-
trol run of the third Hadley Centre non-flux 
adjusted global climate model (HadCM3), 
the transformation rates were calculated 
globally and for the Atlantic and Southern 
oceans, (defined as for the observational 
case). A ‘kink’ in the Southern Ocean was 
also observed over density classes which 
outcrop in the same geographical posi-
tions as the observational σ = 27 isopycnal. 

water by air-sea fluxes. The upwelling of 
cold, dense water reduces the sea surface 
temperature. A lower temperature results in 
less evaporation. This could allow precipita-
tion to become the dominant contribution 
to the freshwater flux supplying the required 
density loss at the sea surface. 

Air-sea fluxes of heat and 
freshwater
The sea surface density flux is estimated 
using heat fluxes and freshwater fluxes into 
and out of the ocean. Heat and freshwater 
fluxes into the ocean, i.e. shortwave radia-
tion and precipitation, act to increase sea 
surface temperature and lower sea surface 
salinity respectively. These processes result 
in lower sea surface density and therefore 
constitute a negative density flux. The glo-
bal, annual mean density flux shown in 
Figure 4 was constructed using sea surface 
salinity and temperature datasets from the 
World Ocean Atlas 2001, heat fluxes from the 
National Oceanography Centre (NOC) clima-
tology and 20 years of precipitation data 
(1987–2006) from the National Center for 
Environmental Prediction, National Oceanic 
and Atmospheric Administration merged 
analysis dataset (Xie and Arkin, 1996). NOC 
heat fluxes have been constrained using a 
linear inverse analysis by 10 hydrographic 
estimates of ocean heat transport from the 
World Ocean Circulation Experiment (WOCE) 
and the condition that the global ocean heat 
budget closed to ±2 W m−2 (Grist and Josey, 
2003). The freshwater flux of evaporation 
(calculated from the NOC latent heat flux) 
minus precipitation (including runoff from 
Dai and Trenberth (2002) 921 rivers) was also 
constrained by WOCE hydrographic section 
estimates of freshwater divergences. 

The contribution of heat fluxes to the den-
sity flux is generally greater in magnitude 
than the contribution of freshwater flux-
es. The large ocean density gain over the 
Kurushio Current in the North Pacific, the 
Gulf Stream in the North Atlantic and the 
Agulhas Current flowing down the east 
coast of Africa correspond to strong cooling. 
Conversely, the strongest density loss occurs 

Figure 4. Annual air-sea density fluxes, contour interval 2 × 10-6 kg m-2 s-1.
Figure 5. Global annual mean transformation rates 
as a function of sea surface density anomaly.



Deep convection
Deep convection in the ocean occurs

• when the air-sea fluxes act to increase surface density

• when the ocean stratification is weak

These conditions are realized in sub polar gyres

• Nordic Seas of the North Atlantic

• Weddell and Ross Sea around Antarctica



Deep convection
Deep convection in the ocean occurs

• when the air-sea fluxes act to increase surface density

• when the ocean stratification is weak

These conditions are realized in sub polar gyres

• Greenland and Labrador Seas in the North Atlantic

• Weddell and Ross Sea around Antarctica
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over the equatorial region, corresponding 
to strong heating. In the North Atlantic 
the surface waters are predominantly gain-
ing density with some isolated density loss 
off the east coast of North America. The 
Southern Ocean channel through Drake’s 
Passage experiences annual mean density 
loss. Low-latitude density loss occurs over 
the lightest isopycnal outcrops (σ < 23) so 
the air-sea fluxes are acting to make light 
surface waters lighter, as expected. Likewise, 
the density gain over the mid-latitudes 
and the North Atlantic occurs over denser 
isopycnal outcrops. Exceptions to this gen-
eralization are the isopycnals outcropping 
in the North Pacific and the Southern Ocean. 
Surface waters in the North Atlantic are 
denser than in the North Pacific, even though 
the temperature can be 7 ̊ C higher because 
the North Atlantic is much saltier (~2 PSU 
saltier). Lower sea surface temperatures in 
the North Pacific, as in the Southern Ocean, 
result in less latent cooling. The salinity 
difference between the two basins at high 
latitudes is a contributing factor to the lack 
of formation of deep water, by surface water 
sinking, in the North Pacific (Warren, 1983). 

In order to quantify the volume of dense 
water formed in the North Atlantic by air-sea 
fluxes and the corresponding destruction 
in the Southern Ocean, the transformation 
rates have been calculated. The transfor-
mation rate is the volume flux of surface 
waters across outcropping isopycnals due 
to air-sea fluxes (Walin, 1982; Tziperman, 
1986). This can be used to calculate the rate 
of increase or decrease in volume of dense 
water outcropping in the North Atlantic and 
Southern Ocean (through Drake’s Passage). 
Figure 5 shows the global surface-water 
transformation rate as a function of density, 
calculated by integrating the density fluxes 
over the area of the isopycnal outcrop for 
each month, and then annually averaging to 
include the seasonal migration of isopycnals. 
The black line is the total transformation 
due to the air-sea density fluxes. A positive 
value indicates that the surface waters are 
gaining density so are being transformed to 
a denser water class. For example, surface 
waters with densities in the range 25.95 < σ 

< 26.05 are transformed to denser waters at 
a rate of 65 Sv. The red and blue lines are the 
transformations due to heat and freshwater 
fluxes respectively. 

This transformation curve also confirms 
the assumption of air-sea fluxes acting 
to create extreme density water masses. 
Density classes lighter than σ = 23.3 are 
transformed to even lighter density classes. 
Those denser than σ = 23.3 are transformed 
to denser density classes. The total volume 
of water produced over a year at a par-
ticular density class due to air-sea fluxes is 
calculated from the negative gradients of 
the transformation curve. From our transfor-
mation curve, we can estimate that waters 
lighter than σ = 21.6 are formed globally 
at a rate of 130 Sv and waters denser than 
σ = 25.4 are formed at a rate of 100 Sv, 
with corresponding destruction of inter-
mediate waters (21.6 < σ < 25.4). Only one 
isopycnal was found to outcrop throughout 
the year in the Southern Ocean channel 
through Drake’s Passage. This is the σ = 27 
isopycnal which is also dense enough to 
be present only in the North Atlantic in the 
Northern Hemisphere. At this density, the 
global transformation rate is approximately 
zero, meaning the air-sea fluxes are almost 
completely balanced along this isopycnal’s 
surface outcrop. 

The transformations for the Atlantic Ocean 
north of 35°S and the Southern Ocean south 
of 35°S are shown in Figure 6. A positive 
transformation occurs over the σ = 27 iso-
pycnal in the North Atlantic of 15 Sv, which is 
almost entirely due to surface cooling. In the 
Southern Ocean there is a negative trans-
formation over the σ = 27 isopycnal with a 
freshwater flux contribution of −11.9 Sv and 
a heat flux contribution of −1.3 Sv. Using the 
monthly mean outputs for a 240-year con-
trol run of the third Hadley Centre non-flux 
adjusted global climate model (HadCM3), 
the transformation rates were calculated 
globally and for the Atlantic and Southern 
oceans, (defined as for the observational 
case). A ‘kink’ in the Southern Ocean was 
also observed over density classes which 
outcrop in the same geographical posi-
tions as the observational σ = 27 isopycnal. 

water by air-sea fluxes. The upwelling of 
cold, dense water reduces the sea surface 
temperature. A lower temperature results in 
less evaporation. This could allow precipita-
tion to become the dominant contribution 
to the freshwater flux supplying the required 
density loss at the sea surface. 

Air-sea fluxes of heat and 
freshwater
The sea surface density flux is estimated 
using heat fluxes and freshwater fluxes into 
and out of the ocean. Heat and freshwater 
fluxes into the ocean, i.e. shortwave radia-
tion and precipitation, act to increase sea 
surface temperature and lower sea surface 
salinity respectively. These processes result 
in lower sea surface density and therefore 
constitute a negative density flux. The glo-
bal, annual mean density flux shown in 
Figure 4 was constructed using sea surface 
salinity and temperature datasets from the 
World Ocean Atlas 2001, heat fluxes from the 
National Oceanography Centre (NOC) clima-
tology and 20 years of precipitation data 
(1987–2006) from the National Center for 
Environmental Prediction, National Oceanic 
and Atmospheric Administration merged 
analysis dataset (Xie and Arkin, 1996). NOC 
heat fluxes have been constrained using a 
linear inverse analysis by 10 hydrographic 
estimates of ocean heat transport from the 
World Ocean Circulation Experiment (WOCE) 
and the condition that the global ocean heat 
budget closed to ±2 W m−2 (Grist and Josey, 
2003). The freshwater flux of evaporation 
(calculated from the NOC latent heat flux) 
minus precipitation (including runoff from 
Dai and Trenberth (2002) 921 rivers) was also 
constrained by WOCE hydrographic section 
estimates of freshwater divergences. 

The contribution of heat fluxes to the den-
sity flux is generally greater in magnitude 
than the contribution of freshwater flux-
es. The large ocean density gain over the 
Kurushio Current in the North Pacific, the 
Gulf Stream in the North Atlantic and the 
Agulhas Current flowing down the east 
coast of Africa correspond to strong cooling. 
Conversely, the strongest density loss occurs 

Figure 4. Annual air-sea density fluxes, contour interval 2 × 10-6 kg m-2 s-1.
Figure 5. Global annual mean transformation rates 
as a function of sea surface density anomaly.



Where does water rise?
Stommel-Arons theory



Uniform upwelling

H

Fig. 21.12 (Vallis, 2017)
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• Planetary geostrophic equations

- geostrophic balance

- mass conservation

• Vorticity equation

• Taking the vertical integral
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Vertically integrated circulation
Fig. 21.14 (Vallis, 2017)
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Vertically integrated circulation

Fig. 21.13 (Vallis, 2017)Fig. ��.��



Global deep circulation

Stommel Arons (1958-1960)



Western Boundary Current
found below Gulf Stream!



Western Boundary Current
found below Gulf Stream!

North Atlantic WOCE section 42-43 N (Schott et al. 2004)



Deep WBC

Hogg (2001)

Atlantic Pacific



Where does water rise?
Munk’s Abyssal Recipes



Abyssal Recipes
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Abyssal Recipes
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Abyssal Recipes

• Munk found that vertical profiles of 
density and 14C in abyssal Pacific are 
consistent with 1-D balance

• Least-square curve field yield

• Upwelling in Pacific
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Abyssal Recipes

• Munk found that vertical profiles of 
density and 14C in abyssal Pacific are 
consistent with 1-D balance

• Least-square curve field yield

• Turbulent diffusivity
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Turbulent mixing
• Mixing in the deep ocean below1000 m is turbulent

• Turbulent mixing is typically associated with breaking internal waves
T ⇠ 10
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�1 � molecular di↵usion

Smyth et al. (2001)
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Abyssal circulation and κT



Observations of abyssal 
circulation: WOCE era



Abyssal overturning circulation

Lumpkin and Speer (2007)

Deep cell

Abyssal cell



Abyssal overturning circulation

Lumpkin and Speer (2007)



Abyssal overturning circulation

Lumpkin and Speer (2007)



Conclusions
‣ The deep ocean circulation is fed by deep convection
- in the North Atlantic
- around Antarctica

‣ The deep waters return to the surface
- pulled by winds above 2000m the Southern Ocean
- through mixing in the abyssal Atlantic, Indian and Pacific 

Oceans

Ferrari (2014)


