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David Marshall 
Co-Director, 21st Century Ocean Institute

Department of Physics, University of Oxford

• Brief overview of the ocean circulation, range of scales, complexity

• Observing the global ocean 

• Modelling the global ocean

Two problems: 

(i) Understanding the role of Southern Ocean eddies in glacial cycles  

(ii) Will the Gulf Stream shut down? 



  

Cartoons of the global ocean circulation:

surface currents 

Atlantic meridional 
overturning circulation
(AMOC)

(figure: Church et al. 2001)

(figure: Holloway)

MICOM 1/12 0  numerical model



  

Plus a myriad of smaller-scale processes:

(figure: 
Oregon State)

convective plumes: 

breaking internal waves: 

(figure: Timmermans)

double diffusion: 

(figure: Federov)



  

The oceans are a complex system in the scientific sense (according to most definitions): 

   - interactions between many processes at many different scales
   - emergent properties
   - non-equilibrium
   - self-organise into states that show quasi-stability
   - feedback to external manipulation

              ... and also a complex system in the misused sense, i.e., complicated!



Observing the global ocean:                    historically, treated oceans as steady 

In the 1990s, the “World Ocean Circulation Experiment” (WOCE)

doubled the hydrographic database in just 10 years:
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Some key elements of the present-day global observing system:

Altimeter - sea surface elevation:

ARGO profiling floats: 

www.argo.ucsd.edu

topex-www.jpl.nasa.gov



+ process experiments to develop improved parameterisations of small-scale processes

Mooring time series: 

(figure: Boscolo)

+ always room for new ideas: 

biology.st-andrews.ac.uk/seos/



  

In principle, we know the equations of motion 
for the ocean ... 

10.2 Momentum equation for a rotating fluid

In a rotating frame of reference, we must include the Coriolis and Cen-

trifugal accelerations. However the Centrifugal acceleration can be com-

bined with the gravitational acceleration to give an apparent gravity (as

discussed in lecture 6.) The resulting momentum equation is therefore:

∂u

∂t
+ u.∇u + 2Ω × u +

1

ρ
∇p + ga k = ν∇2u. (10.3)

Here k is a unit vertical vector defined to be parallel to local acceleration

due to the apparent gravity. For convenience, the subscript in ga is often

dropped — but note that g then refers to the apparent gravity, including

the centrifugal contribution.

This momentum equation must now be supplemented by additional equa-

tions to determine how the density and pressure evolve.

10.3 Continuity equation

In lecture 4 we derived the general form of the continuity equation:

∂ρ

∂t
+ ∇.(ρu) = 0. (10.4)
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10.4 Equation of state

In the atmosphere the density is related to pressure and potential tem-

perature via the ideal gas equation:

p = ρRT = ρRθ
(

p

p0

)
R
Cp

. (10.5a)

In the ocean we have

ρ = ρ(θ, S, p). (10.5b)

10.5 Conservation of heat and salt

In the atmosphere and ocean, the potential temperature is conserved by

fluid parcels in the absence of heating and molecular conduction of heat.

The potential temperature equation can thus be written:

∂θ

∂t
+ u.∇θ = κ∇2θ + H, (10.6)

where H represents heating and the term κ∇2θ represents molecular dif-

fusivity of heat (very much analogous to the role of viscosity in the mo-

mentum equation.) Here κ is the thermal diffusivity.

In the ocean, we need a similar equation for the salinity,

∂S

∂t
+ u.∇S = κS∇

2S + (E − P), (10.7)

where κS is the diffusivity of salt and (E − P) represents changes to the

salinity due to evaporation, precipitation and sea-ice formation.
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     ... however, these apply to each fluid parcel. 

assuming each 1mm3 of seawater evolves independently gives 6 x 1027 degrees of freedom

- impractical to solve for each fluid parcel, nor would we want to! 

Modelling the global ocean



  

Instead, solve approximation to the equations of motion on a finite grid: 

MIT model  
- global 1°x1°  (78°S-74°N)
- 33 vertical levels
- climatological forcing (NCEP)
- isopycnal mixing, Gent a. McWilliams, partial steps ...

temperature (°C)  at 100m

10 (climate) resolution 

viscous                                                              less viscous

- many processes are sub-grid scale and need to be parameterised (i.e., separately modelled)

1/12 0 resolution

- smallest scales can affect the largest scales and vice-versa



  

(after Killworth)

Equivalent resolution for atmospheric weather systems as a 1 degree model for ocean eddies?

Part of the answer is increased resolution, e.g., HiGEM: 

(www.higem.nerc.ac.uk)

but brute force is not sufficient ...                         (NB: Bob Bishop - 18 Mar)

MIT model  
- global 1°x1°  (78°S-74°N)
- 33 vertical levels
- climatological forcing (NCEP)
- isopycnal mixing, Gent a. McWilliams, partial steps ...

temperature (°C)  at 100m



biogeochemical mechanisms have been proposed for increased CO2 during interglacials, including 

dust fertilisation (Martin, 1990), changes in the overall nutrient content (Broecker, 1982), changes 

in the export ratio of calcite to organic carbon (Archer and Maier-Reimer, 1994), changes in export 

of silicic acid to silica-limited regions of the ocean (Sarmiento et al., 2004), and nutrient utilisation 

differences across the polar front (Marinov et al., 2006).  However, sedimentary records of marine 

export production suggest that  biogeochemical mechanisms account for no more than half of  the 

observed CO2 change (Kohfeld et  al., 2005). This has led to a renewed focus on physical 

mechanisms that can affect atmospheric CO2, including changes in sea ice cover (Stephens and 

Keeling, 2000), changes in near-surface stratification of the Southern Ocean (Sigman and Boyle, 

2000), and changes in upwelling from, and ventilation of, the deep  ocean due to changes in wind 

stress (Toggweiler et al., 2006) or buoyancy flux (Watson and Naveira Garabato, 2006). 

b. The global pycnocline and atmospheric CO2

Dissolved inorganic carbon (DIC) in the ocean varies from roughly 

2000 !mol kg-1 at the surface to about 2300 !mol kg-1 at depth. This 

vertical gradient in carbon is due to (i) the “biological pump”, in 

which surface productivity leads to a downward particulate flux of 

carbon, and (ii) the “solubility pump”, due to the increased solubility 

and chemical reactivity of carbon in colder water. Roughly half of 

the observed vertical carbon gradient can be explained through the 

solubility  pump. This raises the question of how a vertical 

displacement of ocean stratification impacts on ocean carbon storage. 

For example, suppose that the global pycnocline were raised by 

100m, or roughly 2% of the total ocean depth. The increased carbon 

storage capacity of the ocean would be roughly 0.5 x 0.02 x 300 

!mol kg-1 / 2000 !mol kg-1 = 0.15%. Assuming that the total carbon 

in the atmosphere and ocean is fixed (i.e., ignoring exchanges with 

other reservoirs such as surface biota) and using the fact that the ocean presently holds roughly 50 

times more carbon that the atmosphere, this gives a back-of-the-envelope estimate for a decrease in 

atmospheric CO2 of 50 x 0.15% = 7.5%. Thus a change in pycnocline depth of order 400m is of the 

correct order to explain the entire reduction in atmospheric CO2 over a glacial cycle. 

c. Processes controlling the global pycnocline depth

A useful conceptual model for the global pycnocline has 

been developed by Gnanadesikan (1999). Suppose that 

the ocean can be represented by a warm surface 

pycnocline layer and a cold abyssal layer, as sketched 

schematically in Fig. 4. Gnanadesikan identifies two 

sources of surface pycnocline water, Southern Ocean 

wind forcing (which drives a northward Ekman 

transport) and diapycnal mixing, and two sinks, deep 

water formation in the northern high latitudes and 

Southern Ocean eddies. The southward eddy transport in  

Fig. 4 represents flattening of the pynocline across the 

Antarctic Circumpolar Current (ACC), due to baroclinic 

instability. 

With a PhD student, Lesley Allison, the PI and Co-I have 

 

Fig. 3: Mean profile of 

dissolved inorganic carbon 

as a function of depth. 

Fig. 4: Gnanadesikan (1999) model of the 

global pycnocline. The depth of the 

pycnocline, h, is increased by Southern 

Ocean winds (TEk) and diapycnal mixing 

(TU) and decreased by northern deep 

water formation (TN) and Southern Ocean 

eddies (TEddies). 

(courtesy, Andy Ridgewell)

Problem (i) Understanding the role of Southern Ocean eddies in glacial cycles  

(with David Munday, Lesley Allison, Helen Johnson)

Q: Why is glacial CO2 much lower than interglacial CO2? 
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Simple model:  

Chapter 4. Spin-up and adjustment of a circumpolar current: Numerical experiments 108
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Model: Baseline winds

Model: Wind stress + 30%

Model: Wind stress ! 30%

Model: Zero wind stress

Theory: Baseline winds

Theory: Wind stress + 30%

Theory: Wind stress ! 30%

Theory: Zero wind stress

Figure 4.17: Time evolution of basin-mean surface layer thickness in the model and theory, with varying

wind stress magnitude. Solid curves are model results, dashed curves are theory. Black: baseline case, Red:

τx + 30%, Blue: τx − 30%, Green: τx = 0. For the cases with non-zero wind stress, the zonal extent of

the basin Lx is taken at the latitude of the maximum wind stress. For the zero wind case, Lx is taken at a

latitude 4◦ further north.

The theory matches the model results closely in capturing the spin-up of the pycnocline

structure under different wind stress forcing. A stronger wind stress leads to a deeper

pycnocline and stronger circumpolar current. In this idealised setup it is possible for a cir-

cumpolar current to exist without explicit wind forcing. Basin-wide upwelling associated

with diapycnal mixing deepens the global pycnocline. This, in concert with buoyanacy

forcing at the southern boundary which pins the pycnocline to the surface in the south,

acts to create a meridional density gradient across the Southern Ocean, which produces a

baroclinic circumpolar current.
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simple model Everything depends on how we 
parameterise Southern Ocean 
eddies 

extension of Gnanadesikan (1999)

2-d circulation model: 
        (parameterised eddies) 
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integration.
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An "eddy permitting box model" - able to integrate to 
equilibrium (~ 5000 years) with explicit eddies: 
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(figure: Holloway)

(Trenberth and Caron, 2001)

Northward heat transport (PW) in each basin:

Atlantic Meridional Overturning Circulation (AMOC)
                                     or thermohaline circulation:

Problem (ii) Is the Gulf Stream going to collapse?



  

Sea-surface temperature
(3 Feb 2003) over the 
western North Atlantic

(www.rsmas.miami.edu)  

Annual-mean air-sea 
heat flux (Wm-2)
(Isemer et al. 1989)



  

Surface temperature anomalies 20-30 years after the AMOC is removed in the 
HadCM3 coupled ocean-atmosphere model. 

(Vellinga and Wood, 2001)



  

Abrupt change?

Can the AMOC possess more than one stable mode of operation under identical 
surface boundary conditions? 

•  box models (Stommel, 1961)
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•  idealised ocean  circulation models (e.g., Marotzke and Willebrand, 1991)

•  (coarse-resolution) global ocean-atmosphere models 
   e.g., Manabe and Stouffer (1994): 

•  abrupt changes also seen in paleo-records - link to AMOC?
   e.g., Broecker (1987): 

There is considerable

evidence of freshen-

ing of the high lat-

itude North Atlantic,

both at the surface and

in the NADW layer

(Dickson et al. 2002):

However we do not know, with confidence, whether the strength of the

North Atlantic overturning circulation is also changing.

12-11

12.5 Evidence for 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. These

changes are consistent with the concept that the thermohaline circulation

has changed abruptly in the past.

An example of a sediment record showing the abundance of Pachyderma

shells (west of the UK). During cold periods this species provides up to

90% of shells found in such sediments, and its abundance is therefore a

proxy for surface water temperature:

(Broeker, 1987)

12-12•  however, no state of the art coupled ocean-atmosphere model  
   has yet shown multiple equilbrium states



  
(from TheGuardian)

What is going to happen to the AMOC over the next century?



  

Sir — Young Brazilian scientists not only
have to pay high prices for equipment, as
reported in your News story “High prices 
of supplies drain cash from poorer nations’
labs” (Nature 428, 453; 2004), they receive
little funding from government agencies,
and encounter obstacles if they obtain
international support. For instance, when a
Brazilian institution has valuable equipment
donated by laboratories in the developed
world, getting the equipment through
customs is a surreal experience. Not only
does it require tremendous amounts of
paperwork; in some cases release from
customs can take more than a year, during
which time storage is charged. Consequently,
the cost of importing scientific equipment to

Brazil is often higher than the cost of the
equipment itself in the developed world.

What is at stake here is more than
specific items of equipment. This situation
risks undermining the creation in Brazil of
new research groups led by young
scientists, trained abroad in the most up-
to-date techniques. In the United States,
for example, the Pew Latin American
Fellows Program awards junior biomedical
scientists US$35,000 at the end of their US
postdoctoral training, to help establish
laboratories back home. The benefits of
such schemes are many, but they will falter
without a different policy towards foreign
scientific trade and donations.

The nomination of a new minister of

science and technology, Eduardo Campos,
offers some hope. Although state and
municipal institutions are also responsible
for delays in importing goods, the
possibility of reform is mostly in federal
hands. President Luis Inacio Lula’s
administration, which was elected with 
a mandate for change, should give
immediate attention to these matters.
Stevens Kastrup Rehen
Department of Molecular Biology, The Scripps
Research Institute, 10550 North Torrey Pines Road,
ICND118, La Jolla, California 92037, USA
Signed on behalf of:

A. Muotri, A.-M. Landeira-Fernandez, J.-G. Abreu, M. da Silva

Almeida, M. Guimarães, R. Mohana-Borges, S. Ribeiro.

Full addresses are available from the corresponding author.

correspondence
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Ugly truths should not
stop Pakistan’s reforms
Sir — Your Editorial about science reform
and alleged sales of nuclear technology to
Iran, “Good and bad in Pakistan” (Nature
427, 379; 2004), mentions both good and
bad, but stops short of citing the ‘ugly’. Yet
there are two ugly truths involved.

The first is the state of international
politics, which keeps shifting its goalposts,
and accordingly either ignores the obvious
or sometimes searches for the obscure.
Witness, for example, the newly discovered
activities of Abdul Qadeer Khan, Pakistan’s
former chief nuclear scientist. It beggars
belief that a solo scientist would be capable
of exchanging nuclear know-how for
missiles without the active participation of
the army, and hence the government. It is
getting clearer now that key players in the
international community, including the
United States, knew a lot about these
activities but chose to remain quiet (see,
for example, the International Herald
Tribune of 21 April 2003; www.iht.com/
articles/93839.html).

The second ugly truth is the fact that
Pakistan never signed the nuclear non-
proliferation treaty, and therefore the
International Atomic Energy Agency can
do very little about Pakistan’s proliferation
activities in any case.

Your Editorial was perhaps too quick 
in predicting repercussions from these
events on science in Pakistan, which has
been making progress recently.

It is more probable than not that
President Musharraf, in order to gain the
confidence of the country’s wider scientific
community and to prove that the matter
was nothing but an isolated incident,

would continue to finance reforms.
Debasish Debnath
Department of Surgery, Medical School,
University of Aberdeen, Foresterhill,
Aberdeen AB25 2ZD, UK

Gulf Stream safe if wind
blows and Earth turns
Sir — Your News story “Gulf Stream
probed for early warnings of system
failure” (Nature 427, 769; 2004) discusses
what the climate in the south of England
would be like “without the Gulf Stream”.
Sadly, this phrase has been seen far too
often, usually in newspapers concerned
with the unlikely possibility of a new ice
age in Britain triggered by the loss of the
Gulf Stream.

European readers should be reassured
that the Gulf Stream’s existence is a
consequence of the large-scale wind system
over the North Atlantic Ocean, and of the
nature of fluid motion on a rotating
planet. The only way to produce an ocean
circulation without a Gulf Stream is either
to turn off the wind system, or to stop the
Earth’s rotation, or both.

Real questions exist about conceivable
changes in the ocean circulation and its
climate consequences. However, such
discussions are not helped by hyperbole
and alarmism. The occurrence of a climate
state without the Gulf Stream any time
soon — within tens of millions of years  —
has a probability of little more than zero.
Carl Wunsch
Earth, Atmospheric and Planetary Sciences,
Massachusetts Institute of Technology,
77 Massachusetts Avenue, Cambridge,
Massachusetts 02139, USA

Poet described stars in
Milky Way before Galileo
Sir — It is commonly accepted that Galileo
in 1609 was the first to appreciate the
discrete nature of the stars in the Milky
Way, by training his telescope on that part
of the heavens. Your review of Francesco
Bertola’s book Via Lactea (Nature 427, 489;
2003) notes Bertola’s suggestion that the
true nature of the Milky Way may have
been known before Galileo’s observation.

There is evidence to support this view.
Sonnet 31 of Thomas Watson’s Hekatom-
pathia (1582) describes the Milky Way as
being composed of a huge number of
discrete stars: “That can not tell how many
starres appeare/ In part of heav’n, which
Galaxia hight” — “Galaxia” is identified as
the Milky Way in the notes to the poem.
Sonnet 31 also appears in an earlier version
of the Hekatompathia called Looking glase
for Loouers. Watson, it seems, knew of the
discrete nature of the stars before 1582.

Sebastian Verro also describes the Milky
Way as a collection of discrete stars in his
1581 Physicorum Libri X, Book II, chapter
17, page 31: “We now refer to the glorious
Galaxia, which is also called the Milky Way.
It is a chaos of minute, brightly shining
stars, as if a fog or mist, which traverses the
sky in an oblique path” (our translation).

Perhaps Watson and Verro gained their
knowledge of the Milky Way through the
use of earlier instruments than Galileo’s
telescope, such as the perspective glasses 
of the sixteenth-century English natural
scientists Leonard and Thomas Digges.
Eric Lewin Altschuler*, William Jansen†
*Mount Sinai School of Medicine, 1425 Madison
Avenue, Box 1240, New York, New York 10029, USA
†2611 18th Ave (G), Forest Grove, Oregon 97116, USA

Scientific aid to Brazil is strangled by red tape
The cost of importing donated equipment can be more than its original purchase price.
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IPCC model projections:

(IPCC, 2007)
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Chapter 10 Global Climate Projections

a weakening of the MOC in future climate causes reduced sea 

surface temperature (SST) and salinity in the region of the Gulf 

Stream and North Atlantic Current (Dai et al., 2005). This can 

produce a decrease in northward heat transport south of 60°N, 

but increased northward heat transport north of 60°N (A. Hu et 

al., 2004). No model shows an increase in the MOC in response 

to the increase in greenhouse gases, and no model simulates an 

abrupt shut-down of the MOC within the 21st century. One study 

suggests that inherent low-frequency variability in the Atlantic 

region, the Atlantic Multidecadal Oscillation, may produce a 

natural weakening of the MOC over the next few decades that 

could further accentuate the decrease due to anthropogenic 

climate change (Knight et al., 2005; see Section 8.4.6).

In some of the older models (e.g., Dixon et al., 1999), 

increased high-latitude precipitation dominates over increased 

high-latitude warming in causing the weakening, while in 

others (e.g., Mikolajewicz and Voss, 2000), the opposite is 

found. In a recent model intercomparison, Gregory et al. (2005) 

find that for all 11 models analysed, the MOC reduction is 

caused more by changes in surface heat flux than changes in 

surface freshwater flux. In addition, simulations using models 

of varying complexity (Stocker et al., 1992b; Saenko et al., 

2003; Weaver et al., 2003) show that freshening or warming 

in the Southern Ocean acts to increase or stabilise the Atlantic 

MOC. This is likely a consequence of the complex coupling 

of Southern Ocean processes with North Atlantic Deep Water 

production.

A few simulations using coupled models are available that 

permit the assessment of the long-term stability of the MOC 

(Stouffer and Manabe, 1999; Voss and Mikolajewicz, 2001; 

Stouffer and Manabe, 2003; Wood et al., 2003; Yoshida et al., 

2005; Bryan et al., 2006). Most of these simulations assume an 

idealised increase in atmospheric CO2 by 1% yr–1 to various 

levels ranging from two to four times pre-industrial levels. One 

study also considers slower increases (Stouffer and Manabe, 

1999), or a reduction in CO2 (Stouffer and Manabe, 2003). 

The more recent models are not flux adjusted and have higher 

resolution (about 1.0°) (Yoshida et al., 2005; Bryan et al., 2006). 

A common feature of all simulations is a reduction in the MOC 

in response to the warming and a stabilisation or recovery of the 

MOC when the concentration is kept constant after achieving 

a level of two to four times the pre-industrial atmospheric CO2 

concentration. None of these models shows a shutdown of 

the MOC that continues after the forcing is kept constant. But 

such a long-term shutdown cannot be excluded if the amount 

of warming and its rate exceed certain thresholds as shown 

using an EMIC (Stocker and Schmittner, 1997). Complete 

shut-downs, although not permanent, were also simulated by 

a flux-adjusted coupled model (Manabe and Stouffer, 1994; 

Stouffer and Manabe, 2003; see also Chan and Motoi, 2005). 

In none of these AOGCM simulations were the thresholds, 

as determined by the EMIC, passed (Stocker and Schmittner, 

1997). As such, the long-term stability of the MOC found in the 

present AOGCM simulations is consistent with the results from 

the simpler models. 

The reduction in MOC strength associated with increasing 

greenhouse gases represents a negative feedback for the warming 

in and around the North Atlantic. That is, through reducing the 

transport of heat from low to high latitudes, SSTs are cooler 

than they would otherwise be if the MOC was unchanged. As 
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Figure 10.15. Evolution of the Atlantic meridional overturning circulation (MOC) at 30°N in simulations with the suite of comprehensive coupled climate models (see Table 8.1 
for model details) from 1850 to 2100 using 20th Century Climate in Coupled Models (20C3M) simulations for 1850 to 1999 and the SRES A1B emissions scenario for 1999 to 
2100. Some of the models continue the integration to year 2200 with the forcing held constant at the values of year 2100. Observationally based estimates of late-20th century 
MOC are shown as vertical bars on the left. Three simulations show a steady or rapid slow down of the MOC that is unrelated to the forcing; a few others have late-20th century 
simulated values that are inconsistent with observational estimates. Of the model simulations consistent with the late-20th century observational estimates, no simulation 
shows an increase in the MOC during the 21st century; reductions range from indistinguishable within the simulated natural variability to over 50% relative to the 1960 to 1990 
mean; and none of the models projects an abrupt transition to an off state of the MOC. Adapted from Schmittner et al. (2005) with additions.

Summary for Policymakers  IPCC WGI Fourth Assessment Report 
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• Increasing atmospheric carbon dioxide concentrations lead to increasing acidification of the ocean. 

Projections based on SRES scenarios give reductions in average global surface ocean pH
17

 of between 0.14 

and 0.35 units over the 21st century, adding to the present decrease of 0.1 units since pre-industrial times. 

{5.4, Box 7.3, 10.4}  

There is now higher confidence in projected patterns of warming and other regional-scale features, 

including changes in  wind patterns, precipitation, and some aspects of extremes and of ice. {8.2, 8.3, 

8.4, 8.5, 9.4, 9.5, 10.3, 11.1} 

• Projected warming in the 21st century shows scenario-independent geographical patterns similar to those 

observed over the past  several decades. Warming is expected to be greatest over land and at most high 

northern latitudes, and least over the Southern Ocean and parts of  the North Atlantic ocean (see Figure 

SPM-5). {10.3}  

• Snow cover is projected to contract. Widespread increases in thaw depth are projected over most 

permafrost regions. {10.3, 10.6}  

• Sea ice is projected to shrink in both the Arctic and Antarctic under all SRES scenarios. In some 

projections, Arctic late-summer sea ice disappears almost entirely by the latter part of the 21st century. 

{10.3}  

• It is very likely that hot extremes, heat waves, and heavy precipitation events will continue to become more 

frequent. {10.3} 

• Based on a range of models, it is likely that future tropical cyclones (typhoons and hurricanes) will become 

more intense, with larger peak wind speeds and more heavy precipitation associated with ongoing increases 

of tropical SSTs. There is less confidence in projections of a global decrease in numbers of tropical 

cyclones. The apparent increase in the proportion of very intense storms since 1970 in some regions is 

much larger than simulated by current models for that period. {9.5, 10.3, 3.8}  

• Extra-tropical storm tracks are projected to move poleward, with consequent changes in wind, precipitation, 

and temperature patterns, continuing the broad pattern of observed trends over the last half-century. {3.6, 

10.3}  

• Since the TAR there is an improving understanding of projected patterns of precipitation. Increases in the 

amount of precipitation are very likely in high-latitudes, while decreases are likely in most subtropical land 

regions (by as much as about 20% in the A1B scenario in 2100, see Figure SPM-6), continuing observed 

patterns in recent trends. {3.3, 8.3, 9.5, 10.3, 11.2 to 11.9}  

• Based on current model simulations, it is very likely that the meridional overturning circulation (MOC) of 

the Atlantic Ocean will slow down during the 21st century. The multi-model average reduction by 2100 is 

25% (range from zero to  about 50%) for SRES emission scenario A1B. Temperatures in the Atlantic 

region are projected to increase despite such changes due to the much larger warming associated with 

projected increases of greenhouse gases. It is very unlikely that the MOC will undergo a large abrupt 

transition during the 21st century. Longer-term changes in the MOC cannot be assessed with confidence. 

{10.3, 10.7}  

Anthropogenic warming and sea level rise would continue for centuries due to the timescales 

associated with climate processes and feedbacks, even if greenhouse gas concentrations were to be 

stabilized. {10.4, 10.5, 10.7}  

• Climate-carbon cycle coupling is expected to add carbon dioxide to the atmosphere as the climate system 

warms, but the magnitude of this feedback is uncertain. This increases the uncertainty in the trajectory of 

carbon dioxide emissions required to achieve a particular stabilisation level of atmospheric  carbon dioxide 

concentration. Based on current understanding of climate carbon cycle feedback, model studies suggest that 

                                                        
17 Decreases in pH correspond to increases in acidity of a solution. See Glossary for further details. 

 



  

Projected changes relative to 1980-1999:

(stippling ⇒ agreement on sign of change between 90% of models)

OAC6-18

The impact of a forced thermohaline circulation shutdown

in the Hadley Centre coupled ocean-atmosphere model:

(Vellinga and Wood 2002)

 AMOC shutdown 

(IPCC, 2007)



There is evidence of a wide-spread 
freshening of the high-latitude 
North Atlantic over the past 40 years

(Dickson et al. 2002)

(although recent reversal)

Observations?



  
©!!""#!Nature Publishing Group!

!

the Florida Straits larger than 2 Sv. In the SOC and NCEP wind stress
climatologies21,22, the mean Ekman transport at 25.58N is 3.8 Sv
(SOC) or 3.6 Sv (NCEP) and the variability in annual averaged
Ekman transport is 0.6 Sv. There is no significant change in Ekman
transport at 258N over time in either the SOC or NCEP climatolo-
gies. There is a small net southward transport across 258N associated
with the 0.8 Sv Bering Straits throughflow from the Pacific which is
diminished by a net evaporation of order 0.1 Sv over the Atlantic
north of 258N (ref. 23) but this is smaller than the uncertainty in the
calculations.
Here, to be consistent with previous analyses of the 258N sections4,

we use a constant northward Ekman transport for each section of
5.4 Sv (ref. 24) and a constant Gulf Stream transport of 30.2 Sv for the
early sections finishing at 24.58N, and 32.2 Sv for the 1998 and 2004
sections ending at 26.58N. The difference of 2 Sv is due to the flow
through the northwest Providence channel25 that joins the Gulf
Stream flow north of 24.58N to make up the 32.2 Sv measured by
cable at 26.58N. In summary, the southward mid-ocean geostrophic
transport equals 35.6 Sv for the 1957, 1981 and 1992 sections and
37.6 Sv for the 1998 and 2004 sections. From the observed variability,
we estimate that the uncertainty in forcing the southwardmid-ocean
geostrophic transport to equal a constant value for each of the five
sections is only ^2 Sv.
The overall vertical structure of the mid-ocean geostrophic circu-

lation is similar for the five sections (Fig. 2a): there is surface-
intensified southward flow in the thermocline above a depth of
800m, small northward flow of intermediate waters between about
800 and 1,200m, southward flow below 1,200m down to about
5,000m and northward flow below 5,000m. The strength of the flows
has changed, however. In the main thermocline, the southward flow
is much stronger between 100 and 600m depth in 2004 (Fig. 2b) so
that the mid-ocean southward transport above 1,000m depth has
increased from 13 Sv in 1957 to nearly 23 Sv in 2004 (Table 1). In the
deep waters the southward transport between 1,000 and 3,000m that
is associated with upper North Atlantic Deep Water (NADW)
originating in the Labrador Sea has remained reasonably constant,
varying between 9 and 12 Sv; below 3,000m, however, the southward
transport of lower NADW originating in the Greenland–Iceland
Norwegian Sea has steadily decreased from 15 Sv in 1957 to 7 Sv in
2004 (Table 1). Not only has the lower-NADW transport decreased
but the bottom part of the flow is gone: in 1998 and 2004 the flow
passes through zero at about 4,800m depth, whereas in earlier
sections the southward flow extended down to 5,200m (Fig. 2c).

The changes in transport distribution along 258N are described in
Supplementary Figs S1 and S2. In temperature (water mass) classes,
the results are effectively the same. Thermocline waters defined to be
waters warmer than 9.5 8C exhibit an increase in southward transport
from 16 Sv in 1957 to 24 Sv in 2004 (Supplementary Table S1). Lower
NADWs defined to have temperatures between 1.8 and 2.5 8C exhibit
a consistent decrease in southward transport from 16 Sv in 1957 to
7 Sv in 1998 and 2004.
Estimates of geostrophic transport for transoceanic sections rely

heavily on the stations close to the eastern and western boundaries,
because these end stations effectively set the overall baroclinic shear
in the currents above 1,000m depth and the upper-level transport.
The variability near the western boundary is evident in Supplemen-
tary Fig. S3, so we can argue that the upper 1,000m transport
depends critically on the nature of the western end station: for
example, whether it is inside or outside an eddy. Careful considera-
tion of the errors in geostrophic transports derived from transoceanic
sections and simulated in ocean circulationmodels led Ganachaud to
the conclusion that there is an error of ^6 Sv in overall upper and
lower layer transports26. Although there is little error in overall
transport owing to the constraint of basin-scale mass conservation
(as discussed above), there is an uncertainty of ^6 Sv in upper layer
transport that is due to sampling in or out of eddies, and because
there must be compensation by deep flows, there is also an uncer-
tainty in deep transport of ^6 Sv.The increased southward thermo-
cline transport of 8 Sv and the 9 Sv decrease in lower-NADW
transport in the 2004 section are close to this expected uncertainty.
Two aspects of the 2004 circulation convince us that the changes

are not due to end-station variability. First, the increased southward
thermocline transport is a result of substantially warmer waters in the

Table 1 | Meridional transport in depth classes across 2588N

1957 1981 1992 1998 2004

Shallower than 1,000m depth
Gulf Stream and Ekman þ35.6 þ35.6 þ35.6 þ37.6 þ37.6
Mid-ocean geostrophic 212.7 216.9 216.2 221.5 222.8

Total shallower than 1,000m þ22.9 þ18.7 þ19.4 þ16.1 þ14.8
1,000–3,000m 210.5 29.0 210.2 212.2 210.4
3,000–5,000m 214.8 211.8 210.4 26.1 26.9
Deeper than 5,000m þ2.4 þ2.1 þ1.2 þ2.2 þ2.5

Values of meridional transport are given in Sverdrups. Positive transports are northward.

Figure 2 | Vertical distribution of mid-ocean meridional geostrophic flow
across 2588N section. Transport per unit depth (in m2 s21) represents the
zonally averaged northward geostrophic velocity times the zonal distance
across the section at each depth. a, Top-to-bottom profile showing the
general similarity in vertical structure of the flow for each section with
southward flow in the upper waters, a northward flow of intermediate

waters, a southward flow of deep waters at 1,200–5,000m depth, and a
northward flow in the bottomwaters. b, Expanded profile of the thermocline
flow showing the stronger southward flow in the 1998 and 2004 sections.
c, Expanded profile below 1,000m depth showing the two cores of
southward flowing upper NADW centred at about 2,000m depth and lower
NADW centred at 4,000m depth.
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Slowing of the Atlantic meridional overturning
circulation at 2588N
Harry L. Bryden1, Hannah R. Longworth1 & Stuart A. Cunningham1

The Atlantic meridional overturning circulation carries warm
upper waters into far-northern latitudes and returns cold deep
waters southward across the Equator1. Its heat transport makes a
substantial contribution to the moderate climate of maritime and
continental Europe, and any slowdown in the overturning circula-
tion would have profound implications for climate change. A
transatlantic section along latitude 258N has been used as a
baseline for estimating the overturning circulation and associated
heat transport2–4. Here we analyse a new 258N transatlantic
section and compare it with four previous sections taken over
the past five decades. The comparison suggests that the Atlantic
meridional overturning circulation has slowed by about 30 per
cent between 1957 and 2004. Whereas the northward transport in
the Gulf Stream across 258N has remained nearly constant, the
slowing is evident both in a 50 per cent larger southward-moving
mid-ocean recirculation of thermocline waters, and also in a 50
per cent decrease in the southward transport of lower North
Atlantic Deep Water between 3,000 and 5,000m in depth. In
2004, more of the northward Gulf Stream flow was recirculating
back southward in the thermocline within the subtropical gyre,
and less was returning southward at depth.
Some climate models suggest that the anthropogenic increase in

atmospheric carbon dioxide will result in a slowdown of the Atlantic
overturning circulation5. Coupled climate model runs that had the
Atlantic overturning circulation shut off exhibited a cooling over
northwest Europe with temperatures 4 8C lower than at present6.
Thus, any indication of a slowdown in the Atlantic overturning
circulation has profound implications for climate change. In March
2004 we deployed an array of moored instruments along 258N to
begin to monitor the overturning circulation7 and in April–May we
took a transatlantic hydrographic section along 258N to provide an
initial calibration for the time-series array measurements8.
The 258N transatlantic hydrographic sectionwas occupied in 1957

(ref. 9), in 1981 (ref. 3) and again in 1992 (ref. 10). Analysis of these
three occupations suggested that the overturning circulation and
heat transport at 258N had been reasonably constant with only
relatively small changes in thermocline, intermediate and deep water
transports3,4. In 1998, the 258N section was again occupied11, so the

section of 2004 marked the fifth complete transatlantic section
along 258N. Here we analyse the new 2004 section and the 1998
section using methods similar to those previously developed for the
1957, 1981 and 1992 sections2,4 and examine the structure of the
overturning circulation for all five sections.
Each section extends from the African continental shelf to the

Bahama Islands (Fig. 1). The 1957 and 1992 sections were effectively
along 24.58N over the entire width of the Atlantic. The 1981, 1998
and 2004 sections angled southwestward from the African continen-
tal shelf at about 288N to join the standard 24.58N section at about
23.58W. To take advantage of the continuous electromagnetic cable
monitoring of Gulf Stream transport through the Florida Straits12,
the 1998 and 2004 sections angled northwestward at about 738W to
complete the section along 26.58N.
The analysis calculates geostrophic velocities for each station pair

along the section. A reference level of 3,200 dbar is used for station
pairs east of the western boundary region where current meter
observations suggest 1,000 dbar to be more suitable4,13. The tran-
sition between the two reference levels is identified from the distri-
bution of dissolved oxygen concentration that marks the eastern edge
of the boundary region4 and ranges from 68.38W to 70.68W. The
concept behind the analysis is to estimate the annual average over-
turning, so the annual averaged wind-driven surface Ekman trans-
port and the annual averaged Gulf Stream transport through Florida
Straits must be balanced by the overall southward geostrophic
transport across the mid-ocean section. Thus a uniform reference
level velocity is added everywhere along the section to force the mid-
ocean geostrophic transport to balance the Gulf Stream plus Ekman
transport. This approach assumes that the large-scale baroclinic
interior flow does not vary on seasonal or shorter timescales;
theoretical arguments and modelling results support such an
assumption14,15.
Gulf Stream transport through the Florida Straits has been

reasonably constant at 32.2 Sv (1 Sv ¼ 106 m3 s21) since 1980
(refs 12, 16) with a standard deviation in annual mean transport of
1.1 Sv. Sporadic estimates of Gulf Stream transport back to the
1960s16–19 and cable estimates of transport since 2000 (ref. 20)
show no evidence of changes in annual averaged transport through

LETTERS

Figure 1 | Station positions for transatlantic hydrographic sections taken in
1957, 1981, 1992, 1998 and 2004. The 1957 and 1992 sections each went
zonally along 24.58N from the African coast to the Bahama Islands. Because
of diplomatic clearance issues, the 1981, 1998 and 2004 sections angled

southwestward from the African coast at about 288N to join the 24.58N
section at about 238W. The 1998 and 2004 sections angled northwestward at
about 738W to finish the section along 26.58N.
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RAPID AMOC monitoring array at 26N: 

(figure: Church 2007)

(Kansow et al. 2008)



  

26.5N: AMOC component from E-W density gradient 

(courtesy: Kansow)

Science, Nov 2006:



(Collins et al., 2003) 

CLIVAR  Exchanges

2

Fig. 1: The strength of the ocean Meridional Overturning Circulation (MOC – left panel) and Sea Surface Temperatures averaged
in the region 50ºW-10ºW, 40ºN-60ºN (right panel) from control experiments (black lines) and perfect ensemble experiments (red/
grey lines) from 5 different coupled atmosphere-ocean models. The perfect ensemble experiments allow the assessment of the
potential predictability of N. Atlantic climate on decadal time scales. The experiments were performed as part of the EU PREDI-
CATE project.

climatological mean (Pohlmann et al., 2003). The
HadCM3 model also has some decadal predictability
(Collins and Sinha, 2003, give quantitative measures) but
less than that seen in ECHAM5/MPI-OM1. For both
these models there is also some indication of weak but
significant potential predictability of surface tempera-
tures over land areas in Europe (Collins and Sinha, 2003).
The ARPEGE3 and BCM models perhaps show the low-
est levels of predictability with the ensemble spread satu-
rating after only a few years. While the INGV model
appears to show significant levels of decadal predictabil-
ity, this may be related to the model drift. Care should
be taken in assessing levels of predictability in models
that are not in equilibrium.

!"##$%&

These new model experiments indicate that there may

be some potential for initial-value decadal predictions
of climate. In general, models that show the highest lev-
els of decadal variability also show the highest levels of
decadal predictability: so which model is right? Quanti-
tative validation of the levels of decadal variability in
the models is hampered by the short observational record
and sparse palaeo-proxy record, and by the fact that these
are records of not only the natural internal variability
but also forced natural and anthropogenic variations
(Collins et al., 2002). Hence it is not possible, at present,
to say which model has the more realistic decadal vari-
ability and hence more realistic decadal predictability.

Studies of this type, which identify predictable signals,
are the first step towards any future operational fore-
casting system. In any such system the most pressing
problem would be in producing an adequate ocean

Not interested only in abrupt change - potential predictability?



  

Atlantic sea surface temperature, GFDL climate model ensemble under IPCC A1B forcing:                     

(courtesy: Isaac Held)



c. MOC variability

This is an area of ongoing research, but there appears to be a damped os-

cillatory mode in the North Atlantic which can be excited by atmospheric

forcing.

Antlantic Meridional Oscillation (AMO) index, based on detrended, running-

mean of North Atlantic SSTs:

(Sutton and Hodson, 2005)

The AMO can dominate SST trends on decadal time-scales, for example:

(Courtesy, Tom Delworth)
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Atlantic Multidecadal Oscillation (AMO)

SST anomaly: (1930-1960) - (1960-1990)

link to AMOC? 



  

Adjoint model - sensitivity of AMOC at 27N to:   

temperature anomalies at 180m, 
8.25 years earlier

(Czeschel et al., 2010)

Laure Zanna (JM Fellow)
using adjoint model to 
pick out anomalies that 
grow most rapidly 
⇒ limits to predictability
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Cautionary note: most of the critical processes for the AMOC (convection, overflows, 
boundary waves, boundary currents, eddies, ... ) are either sub-grid scale or 
poorly resolved by the current generation of ocean models  



  

Concluding remarks

•  Ocean circulation spans a bewildering array of spatial and temporal scales. 

•  The smallest scales can affect the largest scales and vice-versa.   

•  The ocean is grossly undersampled in both space and time, but the modern observing 
    system gives global coverage for the first time (at least of the upper ocean).  

•  Making progress requires a careful combination of observations, simple models to test and  
    develop physical understanding, and global numerical models.   

•  While dramatic scenarios such as "collapse of the Gulf Stream" make good headlines,    
    we need to be careful not to over-dramatise: this can damage the field in the long term 
    and trivialise important (if somewhat less dramatic) issues.  


