Lecture 9

Lecture 1

The Atlantic meridional
overturning circulation

9.1 Water masses
A “water mass” is defined as a body of water with given potential
temperature and salinity (and other) properties, and is usually named in
terms of:
• Its formation site - where θ and S are set by air-sea interaction.
e.g North Atlantic (NA), North Pacific (NP), Antarctic (AA),
Mediterranean (M), etc.
• The depth at which the water mass eventually settles:

Intermediate water (IW)

~ 500m
~ 1500m

Deep water (DW)
~ 3000m
Bottom water (BW)
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Properties along a transect
from south (left) to north
(right) in the Atlantic at 25oW.

World Ocean Circulation
Experiment (WOCE A16)

Atlantic
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Salinity at 1000m depth in the
Atlantic, showing high salinity MIW.

P16 potential temperature

Properties along a transect
from south (left) to north
(right) in the Pacific at 150oE.

P16 salinity

World Ocean Circulation
Experiment (WOCE P16)
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Atlantic

Pacific

Salinity sections through Atlantic and
Pacific (Pickard and Emery 1990).

Surface
water

AAIW

AABW

A useful tool for studying water
masses is the T-S diagram (really
the θ-S diagram) in which a curve
showing θ and S at a hydrographic
station is plotted along with
contours of density.

NADW

e.g. in the Atlantic
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Water masses are “formed” in the surface mixed layer, where properties
are modified by air-sea interaction. Abyssal water masses are generally
formed in the deep mixed layers which occur in winter at high latitudes.
Surface waters can be
made dense through:

e.g.open ocean
deep convection
during winter in the
Labrador Sea

• cooling
• evaporation
• brine-rejection during
sea-ice formation.

Price (1994)Pancake ice

9.2 Marginal seas and overflows
The densest water masses are formed in
semi-enclosed or marginal seas where a
small volume of water is trapped for an
extended period and exposed to intense
buoyancy loss, allowing large changes in
density to be achieved

(e.g. Nordic Seas, Labrador Sea,
Weddell Sea and Mediterranean).

These waters then “overflow” into the open
abyssal ocean.
Price (1994)

Price (1994)
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The densest water entering the Atlantic comes from the Mediterranean,
but this ends up only as intermediate water (MIW)! The water formed in
the Weddell Sea is the least dense of the abyssal water masses, yet this
reaches the bottom (AABW).
This inverse relation is due to mixing and entrainment in the overflows.

Large density excess
at the overflow
⇒ fast descent
⇒ intense mixing
⇒ overflow loses its
density excess by
intermediate depths.

Price (1994)

Mixing and entrainment of a density current in the lab
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The pathways of abyssal water
masses (e.g. NADW) can be
identified using transient tracers
such as CFC-11.

The “age” of a water
parcel is a measure of
the amount of time since
it was last in contact with
the surface.

These estimates were
calculated using an
ocean model, and
suggest an age of up to
1300 years in the North
Pacific!

England (1995)
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9.3 Meridional overturning circulation
The MOC involves large
changes in the density
(temperature and/or
salinity) in some parts of
the ocean and so is often
referred to as the
thermohaline circulation.

Greg Holloway/
Dan Wright

Part of a global overturning circulation which includes other water masses:

Schmitz (1996)
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Overturning streamfunction in the Atlantic based on a model constrained by
observational data

Kohl et al. (2006)

Transport = 15 - 20 Sv

9.4 Heat transport associated with the Atlantic MOC
The large temperature difference
between upper and lower
branches of the overturning
circulation results in a large
northward heat transport.
cooling

heat transport
= (volume transport) ρ0 cw (T1 - T2)
≈ 15 x 106. 103. 4 x 103. 15
≈ 0.9 x

1015

T1
15 Sv
T2

W

≈ 0.9 PW northward!
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Trenberth
and Caron
(2001)

The heat transported northwards by the Atlantic MOC is largely released
to the atmosphere over the separated Gulf Stream, and warms the air that
subsequently flows over NW Europe.

This is thought to be partly responsible for the deviation in annual mean
surface air temperature over northern Europe from its zonal average.

Rahmstorf (2000)
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When the Atlantic MOC is artificially switched off via freshwater hosing in
coupled climate models, widespread northern hemisphere cooling results
(particularly severe in the Atlantic sector). Note that the details of this
response are highly model dependent!

Vellinga and Wood (2002)

The MOC also plays an important role in the carbon cycle. Carbon dioxide
is more soluble in cold water, and carbon is therefore naturally sequestered
in the deep ocean when cold water sinks in the high-latitude North Atlantic.
1995

NCEP

Flux of CO2 out of the ocean (moles CO2 m -2 year -1)
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9.5 The role of mechanical forcing
The ocean is both heated and cooled at its surface. This is an inefficient
way of driving a circulation - try boiling a pot of water under the grill!
As a consequence we might expect the overturning circulation to be weak
and confined to a very thin surface layer of the ocean, with the deep
ocean gradually filling up with uniformly cold, motionless water.
Instead we observe a deep
overturning circulation and a
broad thermocline!
This suggests that there must
be a source of mechanical
energy to mix heat down from
the surface and maintain a
deep overturning circulation.

“Sandstrom’s theorem”

Turbulence generated by tides flowing over topography mixes heat
downwards…
Potential temperature (oC)
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…and westerly winds around Antarctica lead to coastal upwelling which
also brings dense water up to the surface.

wind

Therefore the water that sinks in the high-latitude North Atlantic returns to
the surface due to tidal mixing in the ocean interior or wind-driven
upwelling around Antarctica.
wind

cooling

mixing

Is the Atlantic MOC “pushed” by deep water formation at high northern
latitudes, or “pulled” by mechanically-forced upwelling? This is currently
an area of very active research.
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9.6 Evidence of past changes
There is considerable evidence from ice-cores and sediment records that
the climate of the North Atlantic has changed abruptly in the past.
e.g. abundance of pachyderma shells as a proxy
for surface water temperature west of the UK
(Broecker 1987).
cooling

warming

North Atlantic warmed abruptly ~ 15 000 years
ago, at the end of the last glacial maximum.
However, ~10 800 years ago, cold temperatures
suddenly returned to the North Atlantic - known
as the Younger-Dryas period.
One possible explanation is that a massive
injection of freshwater into the North Atlantic
from the retreating ice sheets led to a temporary
shutdown or weakening of the MOC.
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Developing proxies which may tell us about the strength of the Atlantic
MOC in the past is another active area of research.

e.g. Protactinium/Thorium
ratios in sediment cores

9.7 The future?!
In a warming climate, increased
precipitation is likely to lead to a
freshening of the high latitude
oceans...
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Most coupled climate models suggest that the Atlantic MOC will weaken
(but not collapse!) over the next century:
IPCC (2007)

Note that the predictions diverge significantly, and that even the highest
resolution models used here are unable to resolve key processes such as
ocean convection, eddies, overflows and boundary currents!

IPCC (2007):
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There is significant observational evidence for
freshening of the high-latitude North Atlantic in
recent decades, both at the surface and in the
NADW layer:

Dickson et al. (2002)

We do not yet know if the Atlantic MOC is changing.

Three-year timeseries of the zonallyintegrated overturning
at 26.5oN from the
RAPID/MOCHA array:

Kanzow et al. (2008)
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Summary of key points
• Deep water is formed in the North Atlantic (NADW) and Southern Ocean
(AAIW and AABW), but not in the North Pacific.
• The meridional overturning circulation transports ~ 1 PW of heat
northwards in the Atlantic, warming temperatures in NW Europe by
several degrees.
• The ocean is both heated and cooled at the surface, and so mechanical
forcing is also required to maintain a deep stratification and circulation.
• There is no clear consensus on whether the Atlantic meridional
overturning circulation is likely to collapse over the next century. Most
climate models show a modest weakening.
• The meridional overturning circulation is sensitive to a number of
processes that are currently poorly represented in ocean and climate
models, and so predictions must be treated with caution..

18

