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SecondSecond PartPart

DecadalDecadal ThermohalineThermohaline
OscillationsOscillations of the of the 
MediterraneanMediterranean SeaSea: : 

advectiveadvective and and convectiveconvective
processesprocesses



OscillationsOscillations of of climateclimate can can occuroccur eveneven ifif therethere
werewere absolutelyabsolutely no no variationsvariations of of externalexternal
forcing, forcing, purelypurely byby internalinternal oscillationsoscillations
involvinginvolving feedbacksfeedbacks amongamong allall of the of the 
componentscomponents of the of the EarthEarth--airair--seasea systemsystem



itit isis possiblepossible thatthat the the swingsswings in in climateclimate are the are the 
consequenceconsequence of a steady forcing of of a steady forcing of anan
inherentlyinherently unstableunstable system system thatthat nevernever achievesachieves
a a truetrue equilibriumequilibrium





BifurcationBifurcation diagramdiagram
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ClimateClimate scientificscientific problemsproblems
UnknownUnknown longlong--termterm forcingforcing
HeterogenityHeterogenity and and nonlinearitynonlinearity: : 
eacheach domaindomain ((forfor exampleexample the the oceanocean), in turn, ), in turn, isis itselfitself
heterogeneousheterogeneous, , describabledescribable byby manymany variablesvariables thatthat varyvary
significantlysignificantly over space and time scale over space and time scale coveringcovering manymany orderorder
of of magnitudemagnitude, , moreovermoreover the the nonlinearitynonlinearity isis alsoalso anan intrinsicintrinsic
proprertyproprerty of the system, of the system, ifif onlyonly due due toto the the dominancedominance of of 
advectiveadvective fluxesfluxes in the in the fluidfluid domainsdomains, , butbut alsoalso toto the the manymany
complexcomplex feedback feedback betweenbetween the the domainsdomains
InstabilityInstability: : 
positive (negative) feedback can positive (negative) feedback can leadlead toto instabilityinstability thatthat drivesdrives
the system the system toto new new modesmodes of of behaviourbehaviour that bear little 
resemblance to the external forcing, , ifif suchsuch destabilizingdestabilizing
processesprocesses are are notnot properlyproperly representedrepresented, the system , the system maymay notnot
ableable toto display display importantimportant modesmodes of of internalinternal variabilityvariability



NUMERICAL EXPERIMENTS

The Modular Ocean Model (MOM) was used to represent the 
Mediterranean Sea circulation, and its sensitivity to different 
boundary conditions at the air-sea interface. 

The control run, temperature and salinity of the first layer 
were relaxed to climatological values and the basin circulation 
was simulated for over a hundred years, after reaching a steady state. 

Starting from the same stationary state, but switching
to mixed boundary conditions, the model reached a different final 
steady state, in which the convective activity in the Eastern Basin 
and that in the Gulf of Lion seemed to be connected through 
a cyclic process of salty water intrusion in the Sicily Channel,
over multi-decadal time scales. 



MEDMOM

• Primitive equation Cox – Bryan model for Climatic studies
• “Coarse resolution” 0.25° x 0.25° x 19 levels (deformation

Rossby radius from 5 to 30 Km)
• Rigid lid, surface restoring conditions (SSST and MODB 

SSS)
• Perpetual year forcing (different forcing, 1988)
• Horizontal and vertical mixing scheme (different diffusivity

parameterization)
• Long integration experiments (equilibrium)
• Lagrangian trajectories and diagnostics

Surface
temperature



IN THE MEDITERRANAN THERMOHALINE CIRCULATIONIN THE MEDITERRANAN THERMOHALINE CIRCULATION THE EXTERNAL THE EXTERNAL 
FORCING ARE THE PRINCIPAL CAUSE  OF CONVECTIVE PROCESSES AND  FORCING ARE THE PRINCIPAL CAUSE  OF CONVECTIVE PROCESSES AND  

INTERMEDIATE AND DEEP WATERINTERMEDIATE AND DEEP WATER
FORMATIONFORMATION

from Pinardi et al., 2000



Mean surface freshwater fluxes diagnosed over years 190-200 
of EXP1. The spatial average is computed over the area 

enclosed in the Mediterranean Sea.

Locations where mean profiles of salinity and temperature are 
stored at high time resolution (5 days)



SALINITY AT 280m IN THE SALINITY AT 280m IN THE 
AEGEAN SEAAEGEAN SEA

RELAXATION

MIXED BOUNDARY CONDITION

Spectra of the evolution of salinity in the 
Aegean Sea (280 m) for EXP1 (red line) 
and EXP2 (blue line)



Time evolution Time evolution 
of the salinity of the salinity 
profile in the profile in the 

Sicily Channel Sicily Channel 
(site 4) for EXP1 (site 4) for EXP1 

(panel a) and (panel a) and 
EXP2 (panel b)EXP2 (panel b)



Time evolution of the Time evolution of the 
salinity profile  West salinity profile  West 
of Sardinia (site 5) of Sardinia (site 5) 
for EXP1 (panel a) for EXP1 (panel a) 

and EXP2 (panel b).and EXP2 (panel b).



Deep Deep 
convection convection 
in the Gulf in the Gulf 
of Lyon in of Lyon in 

the two the two 
experimentsexperiments



Mediterranean thermohaline circulation



Phase diagram of the Phase diagram of the 
kinetic energy against kinetic energy against 
heat fluxes for eastern heat fluxes for eastern 
and western basin, the and western basin, the 
upper and the below upper and the below 

panel shows the panel shows the 
restoring and flux restoring and flux 

boundary condition boundary condition 
respectively.respectively.





Time series (MEDARTime series (MEDAR--MEDATLAS) for the period 1950MEDATLAS) for the period 1950--
2000 of volume mean salinity (left scale) and salt content 2000 of volume mean salinity (left scale) and salt content 

(10(101313 PSU*mPSU*m33, right scale) anomalies, right scale) anomalies
600m 600m ––bottombottom and and 00--bottombottom (from (from RixenRixen et al, 2005)et al, 2005)

Eastern MediterraneanWestern Mediterranean Mediterranean







Mean Mean ZonalZonal
Transport field (units Transport field (units 
SvSv) for the period 15 ) for the period 15 
Jun/14 Jul: EXP1 (a) Jun/14 Jul: EXP1 (a) 

and EXP2 (b). and EXP2 (b). 



Mean Mean MeridionalMeridional
Transport field (units Transport field (units 

SvSv) in the Eastern Basin ) in the Eastern Basin 
for the period 15 Jul/14 for the period 15 Jul/14 

Aug: EXP1 (a) and Aug: EXP1 (a) and 
EXP2 (b).EXP2 (b).



MeridionalMeridional
Transport (units Transport (units 

SvSv) in the Eastern ) in the Eastern 
Basin: first mode Basin: first mode 

of the EOF of the EOF 
decomposition  decomposition  

for EXP1 (a) and for EXP1 (a) and 
EXP2 (b).EXP2 (b).



MeridionalMeridional
Transport Transport 

(units (units SvSv) in the ) in the 
Eastern Basin: Eastern Basin: 
second mode of second mode of 

the EOF the EOF 
decomposition decomposition 
for EXP1 (a) for EXP1 (a) 

and EXP2 (b).and EXP2 (b).



MeridionalMeridional
Transport (units Transport (units 

SvSv) in the Eastern ) in the Eastern 
Basin: time Basin: time 

evolution of the evolution of the 
principal principal 

component component 
relative to mode 1 relative to mode 1 
for EXP1 (a) and for EXP1 (a) and 

EXP2 (b).EXP2 (b).



Evolution of the Evolution of the 
maximum maximum meridionalmeridional
streamfunctionstreamfunction (units (units 

SvSv) in the Eastern ) in the Eastern 
Mediterranean.duringMediterranean.during

EXP2 (July). EXP2 (July). 



Monthly mean Monthly mean 
meridionalmeridional
Transport Transport 

(units (units SvSv) in the ) in the 
Eastern Basin Eastern Basin 
for the period for the period 

15 Jul/14 Aug in 15 Jul/14 Aug in 
two selected two selected 

years of EXP2: years of EXP2: 
year 351 (a); year 351 (a); 
year 359 (b). year 359 (b). 



EOF (1ST (46%) AND 2ND EOF (1ST (46%) AND 2ND 
(13%) MODE) OF THE (13%) MODE) OF THE 
MERIDIONAL TRANSPORTMERIDIONAL TRANSPORT

MERIDIONAL TRANSPORT 
IN THE EASTERN BASIN

THC (+) ADRIATIC DW

THC (-) EAGEAN DW



Probability density function Probability density function 
of the peakof the peak--toto--peak peak 

amplitude of the oscillation amplitude of the oscillation 
of the maximum of the maximum meridionalmeridional
overturning (figure 15). The overturning (figure 15). The 
amplitude A is normalized amplitude A is normalized 
with a reference amplitude with a reference amplitude 
A0 = 0.01 A0 = 0.01 SvSv. The natural . The natural 

logarithm of the ratio A/ A0 logarithm of the ratio A/ A0 
is considered in order to is considered in order to 

account for the increase of account for the increase of 
the relative spacing of single the relative spacing of single 
peakpeak--toto--peak amplitudes in peak amplitudes in 
the case of large oscillations.the case of large oscillations.





Scatter diagram of Scatter diagram of 
the the meridionalmeridional
versus versus zonalzonal

overturning. The overturning. The 
correlation correlation 

coefficient is r = 0.5.coefficient is r = 0.5.



Salinity difference at surface Salinity difference at surface 
between 351between 351--359 yrs359 yrs



WeWe foundfound thatthat the the meridionalmeridional circulationcirculation waswas
cruciallycrucially affectedaffected byby the the changechange in in surfacesurface
forcing, and forcing, and thatthat mixed boundary conditions
acted to destabilize the main circulation cell in 
the Eastern Basin, and to stabilize that in the 
Western Basin. 
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Ionian
Eagean

Adriatic

Production of salt anomalies drive the seesaw

Mechanism of Eastern sub-basin variability



Mediterranean internal
variability: advective-
convective feedback

THC (+)

THC (-)

Local phenomena at 
Gibraltar Straits

Global Condition

MOW variability

Tide (+/-)
Inflow

Outflow

Transport of freshwater
into the Med THC

North Atlantic THC

?

Hydraulic
control

Bifurcation?



The The lastlast 200200--yr of yr of easteast basinbasin meanmean
kinetickinetic energyenergy and and surfacesurface heatheat fluxflux





KeKe vsvs HfHf trajectorytrajectory forfor te te lastlast 200200--yryr



HF linea continua time series filtrata a 5-yr




