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» The role of the deep ocean in climate

» Turbulent mixing and the deep ocean circulation
» Southern Ocean and the deep ocean circulation
» Future changes in the deep ocean circulation

» Past changes in the deep ocean circulation



Deep Ocean and Climate
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! Ocean Heat Uptake

Pathways of ocean heat uptake

Observed temperature trends
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Deep Circulation and Mixing



A | heory of the ADyss

* Heat and carbon are taken up by the ocean at high latitudes
|. theory for the deep ocean stratification

2. theory for the deep ocean circulation
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Abyssal recipes

WALTER H. MUNK* w — = — K—

(Received 31 January 1966)
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IThir
Abyssal Recipes

® Munk found that vertical profiles of 0

density and '*C in abyssal Pacific are
consistent with |-D balance
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Turbulent mix u!wg

* Mixing in the deep ocean below1000m is turbulent

k ~ 107* m?s™t > molecular diffusion
* Turbulent mixing is typically associated with breaking internal waves
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Smyth et al. (2001)



Overturning Circulation

Parameter Sensitivity of Primitive Equation Ocean General Circulation Models
FRANK BRYAN

.
LATITUDE

mw.mmqu for (a) Ay = 0.1, (b) Auy = 0.5, (€) Auy = 2.5
(e = 2.5 % 10° m’ 5°*, solid contours indicate counterclockwise circulation),

15. 0.
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* Munk and Wunsch (1998) estimated that 2TW are needed to lift waters
from the ocean bottom up to 1000m

* Internal waves are generated by tides and geostrophic eddies at the ocean
bottom at a rate of 2TW (Waterhouse et al., 2014)

* Only a small fraction of the waves break in the deep ocean

1600 { - Waterhouse at al. (2014)
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Southern Ocean



Effect of Drake Passage on the global thermohaline circulation

J. R. TocoweILER" and B. SAMuri1s®
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Southern Ocean Dynamics

|dealized model of Southern Ocean circulation (Abernathey et al., 201 I)
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* Momentum and buoyancy budgets of the Southern Ocean

T v
wres — wwind + weddy = —— =

f 0,b
J(wre& 6) — azB

* Closure for lateral buoyancy fluxes (Gent and McWilliams, 1990)

V'Y = —Keddyﬁyg

Marshall and Speer (2012)



 Momentum and buoyancy budgets of the Southern Ocean
T O, b
— —— — K, ., —=
wres f eddy (‘Lb
J(wre& b) = 0,5

Marshall and Speer (2012)



Marshall and Speer (2012)




Buoyancy budget constrains shape of circulation (Marshall and Radko, 2003)

J(¢resa B) — azB
— mixed layer: Wres 8y5 =B
— ocean interior: J (Yres, b) = 0

Marshall and Speer (2012)
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Air-sea buoyancy fluxes over the Southern Ocean

* the ocean loses buoyancy under permanent (summer) sea ice

* the ocean gains buoyancy north of the permanent sea ice

‘ Positive buoyancy fluxes (atmospheric heating/precipitation) ‘

Latitude

Longitude

Negative buoyancy fluxes (cooling and brine rejection) ‘

Southern Ocean State Estimate (Mazolff et al., 2013)



sdouthern Ucean Circuliation

Southern Ocean branch of the overturning circulation
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Deep Ocean Circulation



* One global figure eight overturning circulation

* Density outcropping at the permanent sea ice edge is crucial

Ferrari et al. (PNAS, 2014)
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Global Ocean Circulation
* The upper cell of the Southern Ocean circulation must match

- convection in the North Atlantic
e.g. Gnanadesikan (1999)

* The lower cell of the Southern Ocean circulation must match

- mixing driven upwelling in the basins

e.g. Nikurashin and Vallis (2011)
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* Key controls
- Southern Ocean winds, buoyancy fluxes, and eddies

- North Atlantic buoyancy fluxes

- Abyssal mixing
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Future Climate



* Reanalyses show positive trend in Southern Annular Mode over last 30 years
- strength of Southern Hemisphere westerlies increased

- position of Southern Hemisphere westerlies did not change significantly
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* Le Queéré et al. (2007) speculated that increase in wind strength would

- strengthen upper cell and increase ocean release of deep carbon

T 81)
wupper:_f_Keddyab > 0

- weaken lower cell and slightly decrease ocean release of abyssal carbon
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* Increase in winds is accompanied by an increase in eddy activity

* Increase in eddy activity results in an increase in eddy diffusivity
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Last Glacial Maximum



* Global overturning circulation spans three different basins

* Circulation in the Southern Ocean is not zonally symmetric
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IMhir
Changes in Ocean Circulation
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Depth (m)

Modern

Western Atlantic 3'3C (%o PDB)
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A'“C Observational Evidence
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» The deep ocean circulation and stratification is controlled by
— winds and air-sea fluxes acting on the Southern Ocean
— air-sea fluxes in the North Atlantic
— mixing in the Atlantic, Indian and Pacific Oceans

Ferrari (‘2‘()“14)

» The theory must be extended to account for
— uneven bottom topography
— non-zonal structure of the Southern Ocean
— presence of multiple closed basins
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» The deep ocean circulation has not changed much in response
to strengthening of the Southern hemisphere westerlies

— no major changes in air-sea fluxes of carbon

» The deep ocean overturning circulation is composed of
— a single figure eight cell in the modern climate
— two separate cells at the Last Glacial Maximum
— increased ocean storage of carbon



