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Part one

Ocean semplified model :

1. Box model
2. 2D model



• The world oceans are an essential component of the 
physical climate system

• The ocean is responsible for about half of the total heat 
flux from low to high latitudes, that is necessary to
compensate for the radiation imbalance between the 
equator and the poles

• The oceans act as formidable buffers that can store
large amounts of heat and elements like a carbon

• To represent the ocean from a climate point of view we
use ocean models





Our approach 



On the global scale the ocean circulation is
driven by

• Wind forcing
• Fluxes of heat and fresh-water through the 

ocean surface (thermohaline circulation)
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Wind driven circulation

• the frictionally induced wind driven 
circulation that tend to create upper level 
oceanic horizontal flows in the direction of 
the mean surface winds







Thermohaline circulation

• The component of the flow driven by 
horizontal pressure forces resulting from 
hydrostatically balanced horizontal density 
differences



Salinity and temperature 
distribution 

(at intermediate level)



temperature and salinity at a 
pressure of 1000 dbar. 

Note the large salinities in the 
North Atlantic and NW Indian 
Oceans: these are due to 
outflows from the 
Mediterranean and Red Seas, 
respectively. 



WOCE hydrographic Atlas

It is often common to 
plot properties on density 
surfaces, in order to see 
water mass structure. We 
have used neutral density 
surfaces for this exercise. 
Neutral surfaces will vary 
for a fixed pressure 
because of geostrophic
flow in the ocean. At the 
right are plotted neutral 
density at the surface and 
at 1000 dbar. 



From WOCE hydrographic Atlas

pressure (top) and salinity 
(bottom) on the neutral density 
of 27.3. 

This density is one which rises 
to the surface (outcrops) in the 
Southern Ocean and is a good 
level for tracing properties of 
Antarctic Intermediate 
Water (AAIW). 

We can also see effects of the 
Red Sea and Med Outflows. 

Note how this display shows a 
much broader salty Med 
‘tongue’ than on the 1000 dbar
pressure level.  



esempio di visualizzazione 
di parametri oceanografici



The fundamental processes
for the TH variability



Deep water formation
• In addition to the large-scale hydrostatic TH circulation, 

relatively intense localized buoyancy-driven (i.e. 
nonhydrostatic) convective circulation cells induced by
unstable vertical gradients of density, particularly in high 
latitude where strong surface cooling and avaporation
can occur

• These area are located at high latitudes in particular in 
Greenland sea, Labrador sea and Weddel sea

• Mediterranean sea (Gulf of Lions)

• Red sea



• Change in the deep water prodution have
a large scale response in the thermohaline
circulation

• The physics of the deep-water formation is
poorly understood: for example the 
sensitivity of the amount of deep and 
intermediate water to changes in the 
ocean-atmosphere heat flux



• Deep water is formed by cooling of the 
upper layer followed by an overturning of 
the water column

• Adjusts on a larger scale to its neutrally
level

• Transported by advection






 

 
 



Different phase of the deep water 
simulation



• “deep mixing is not occuring by simple
overturning of surface mixing layer, but
rather through a complex hierarchy of 
mixing scales and dynamical processes”
(Gascard, 1983)







THE OCEAN CONVEYOR
carries warm surface waters from the tropics northward. At high latitudes, the 

waters cool, releasing heat to the atmosphere and moderating wintertime 
climate in the North Atlantic region. The colder (and denser) waters sink and 

flow southward in the deep ocean to keep the conveyor moving. 

(Illustration by Jack Cook, WHOI)



SENSITIVE SEAS—Cold, dense 
waters that propel the ocean 

conveyor form and accumulate 
primarily in certain locations in the 
Arctic and North Atlantic—in the 

Greenland, Iceland, and Norwegian 
Seas and in the Labrador, Irminger, 

and Iceland Basins





The stability of the ocean
circulation

• Changes in ocean circulation can have an
enormous effect on climate due to a strong 
modification of the pole ward heat transport

• There are evidences that rapid transition
between warm and cold periods have occured

• Importance to understand the processes by
which the global ocean circulation pattern can 
be changed

• Sensitivity study of the present ocean circulation
under disturbances

• Keys area (Achille’s heel) that can respond
rapidally to this external pertubation



A Thresholds

• Strongly discontinuous  responses to 
projected climate change

Time

Climate change

Step change in
response variable

Ecosystems: species 
extinctions
Health: arrival of malaria

Change in related 
response rate



• The present atlantic circulation has 1-cell 
strutture with a northward surface flow and 
a conpensating southward deep sea
circulation

• All the above considerations motivate 
studies of the thermohaline ocean
circulation



• Stommel (1961) showed that the presence
of heat and salt, with their different
influence on the density field, may lead to
steady stable regime (multiple steady state 
of ocean circulation)

• Bryan (1986) showed that perturbing the 
symmetric 2-cell state also 1-cell pole-to-
pole asymmetric stable steady state may
exist



• The transition is due to feedback 
processes induced by salinity anomaly at 
high latitude on the 2-cell state with
equatorial upflow: an advective feedback 
processes between the strength of the 
circulation and the associated salt
transport



• Box model may serve as a “toy” models to
investigate one particular problem (like the 
influnze of the internal anomaly)

• Although these models are highly
idealized as ocean model, the results
obtained have shown many similarities
with those of complex 3-D ocean models



circolazione termoalina









MULTIPLE EQUILIBRIA OF THC



ADVECTIVE FEEDBACK CONVECTIVE FEEDBACK











THE A-O SYSTEM CAN EXHIBIT HYSTERESIS BEHAVIOUR 
(FROM STOKER, QSR, 2000)

CRITICAL THRESHOLD OF THE CONTROL VARIABLE

LINEAR BEHAVIOUR
NON-LINEAR BEHAVIOUR 

REVERSIBLE/IRREVERSIBLE 
RESPONSE TO PERTURBATION



LA RISPOSTA DEL  SISTEMA CLIMATICO AI FORZANTI ESTERNI (E.G.
SCIOGLIMENTO DEI GHIACCIAI) HA UN COMPORTAMENTO NON-

LINEARE TIPO ISTERESI (ovvero un giro sulle montagne russe) OSSIA 
PER VALORI CRITICI DEI FORZANTI IL SISTEMA CROLLA PER POI 

RECUPERARE PER UN PERCORSO DIVERSO DA QUELLO PRECEDENTE





















Intermediate depth 
anomalies and  the 

thermohaline circulation:
toy models.



Pathways of MOW (I)

McCartney and Mauritzen, Progr. Oceanogr., 2001.



Pathways of MOW (II)



Pathways of MOW (III)

Bower et al., Nature, 2002.

1000 m 1500-1750m



Stommel-type box-model to study 
the impact of MOW in the THC 

variability
We study three different scenario:
1) Standard (M0) 
2) Outflow mixes with newly formed deep 

waters at high latitude (M6)
3) Outflow is carried to the surface layers by 

the large-scale circulation before entering 
the regions of deep-water formation (M5)
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3 box-models with 
intermediate depth layer.
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A box-model of the THC
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Steady states

• Sensitivity to fresh water parameter 
(sigma) introduced in the model equations 
computing the bifurcation diagram for the 
three model scenarios M0, M5 and M6, 
with sigma a control parameter



results

• For small sigma two steady solution exist
• As sigma grows a linear oscillatory eigenmode

appears on the stable branch of solution
• M0, M5 and M6 are destabilized in 

correspondence with slightly different value



Bifurcation diagram

Stable Oscillatory

unstable

Unstable



Linear stability



Advective feedback

Heat

Salt

Flux

Anomalous
flux
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Positive feedback on 
the overturning



Only in the scenario M5 a salinity 
gradient is mainteined in the ocean 

interior
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Stochastically forced oscillations
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• Sampled stochastically sustained 
oscillation for scenario M0 (thin solid line), 
M5 (thick solid line), M6 (dashed line)

• Meridional transport (U1-2) in the surface 
layer (top), U5-6 in the intermediate layer 
(center) and U3-4 in the deep layer 
(bottom) positive values corresponds to 
northward transport



Average power spectra of U1-2 
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A 2-D model of the THC

Free-slip Closed basin Mixed boundary conditions



Stationary states in a symmetric 2-D model of the 
THC

Artale et al., Tellus, 2002



Model sensitivity to kv



Intermediate Depth anomalies in a 
symmetric in the THC



Advective feedback in a in a 2-D 
model of the THC

Artale et al., 
Tellus, 2002.












