
Eddies in global ocean models, meridional 
overturning circulation, and interannual 

variability. 

1 – Eddies in high resolution models (effect on the 
mean MOC, heat transport?)  

2 – Eddy-driven interannual variability 

3 – Can eddies control some aspects of climate 
variability? Eddy feedbacks? (one example…) 
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Eddies in high resolution ocean models  

SLA (Sea level anomaly) 
variability observed from 
altimetry  (CLS). 

SLA in ¼° ORCA025 
Drakkar model (based on 
the NEMO code, Madec 
2008) 



From ¼° to 1/10° 
Sla Aviso 
(1995-1997) 

Sla POP10 
1/10° 
(Maltrud and 
McClean, 
Ocean 
Modelling, 
2005) 



Do eddies matter for the MOC? 

Global 
MOC 
Kuhlbrodt 
et al, 2007 

Eddy effects: formation/sinking regions, spreading (DWBC),    
upwelling (Southern Ocean….) 



Quantifying eddy effects on the 
time-mean MOC 

Zonally integrated meridional transport in density 
coordinates. 

V = meridional velocity, h= isopycnal thickness 
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Global MOC in density coordinates 

Total MOC 
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ORCA025 ¼°  Drakkar model  

MOC from 
mean 



Eddy global MOC in density coordinates 

Eddies are important: 
 - in the tropics (TIW) 
 - In the ACC 

Effect of model resolution on 
this picture: not well known 
yet? 

Eddy MOC: maximum at 50°S 
(ACC) 
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Meridional eddy fluxes of heat  
Where are eddy heat  
fluxes important?  Global MHT 

ORCA025 
model  
Red=eddy 

Consistence with a 
diffusive role of 
eddies in upper 
ocean (Stammer 
1998) 

Maximum eddy 
mht at 40°S 
(subtropical front) Eddy flux heat out of 

subtropical gyres 



Eddy fluxes of heat:  
dependent on model resolution?  

AGU book, Hecht and Hasumi 
2008 

Bryan, Hecht, Smith, North 
Atlantic, from 0.4°, 0.2° to 0.1° 
POP models: max MHT 
increases by 50%  

Increasing resolution changes the mean circulation more than the 
eddy fluxes.  



Resolution: what is the limit? 
Levy et al (Ocean Modelling, 2010), idealized gyre 

My text 24   

Instantaneous map of relative vorticity at the surface 

12 km 2 km 



Eddy effects on MHT at the km scale 

40°N: total MHT increases,  
1° to 1/54° 

26°N: total MHT decreases, 
1° to 1/54 

Meridional heat flux in the GYRE 
experiments (Levy et al, Ocean 
Modelling 2010)   



Eddy effects on MOC at the km scale 

The deep overturning is made of 
different water masses (less dense 
at high resolution: restratification 
effect of submesoscale dynamics) 

Total MOC in density coordinates in 
the GYRE experiments (Levy et al, 
Ocean Modelling 2010)   



Eddy fluxes and long term  
(> 10 year) mean transports 

Diagnosing eddy fluxes: does this bring information about the 
role of eddies in decadal and multidecadal variability?  

-  Many kinds of eddies, different contributions to the climate 
system: the eddy contribution to the MOC measured by eddy 
thickness fluxes is maximum at 50°S in the ACC. Eddy heat 
fluxes are maximum at the subtropical fronts (e.g., 40°S) 

- Dependency on model resolution is complex: the mean state 
is modified as eddies arise.  



2- Contribution of eddies to interannual 
variability  

My text 24   

Interannual variability of SLA in the DRAKKAR hierarchy of global models 
(2° to ¼°), Penduff et al, Ocean Science 2010. 



Resolution dependence 

AVISO 

¼° 
ORCA025
model 

2° ORCA2 

Equatorial variability 
exists in both models 
(2° and ¼°). 

Mid-latitude variability 
exists only in ¼° model. 



Model/data sla correlations 

Correlation of spatial 
patterns: always good in the 
tropics, increases with 
resolution at high latitudes.  

Temporal correlation decreases 
with higher resolution in the 
ACC: eddy-driven interannual 
variability  is not constrained in 
these models. 

Large scale interannual 
correlations as a function of 
latitude (Penduff et al 2010) 



Biastoch and C. Böning, Nature, 2008 
DRAKKAR Hierarchy, based on NEMO v2.3 [Madec, 2008] 

  Tripolar grid, coupled configuration with 2-way interaction between 

  Global coarse-resolution model   (1/2°) 

  Regional high-resolution model  (1/10° ) 

  46 vertical levels,  partial cell topography 

  State-of-the-art physics / parameterizations 

  Thermodynamic-dynamic sea-ice model 

  20-yr spinup with global model 

  O(50-yr) atmospheric forcing:  
NCEP/NCAR-derived  
(“CORE-v1”), Bulk formulae,  
6h/1d-resolution, interannual  
variability (1958-2004) 

ORCA05 

AG01 

Nested Agulhas Model 



Agulhas‐Induced MOC Variability 

Interannually filtered MOC-difference at 1000m:  
Exp. with minus without Agulhas nest 

MOC and NBUC at 6°S 

[Biastoch, Böning, Lutjeharms; Nature, 2008] 

Fast propagation of signals by  
Rossby and boundary waves 



Northern /Southern origin of MOC anomalies 

MOC anomalies in sensitivity experiments 

Labrador Sea Water formation rate and NAO+ 

HEAT+SALT 

REF 

[Biastoch, Böning, Getzlaff, Molines, Madec; J. Clim, 2008] 
MOC anomalies  due to Agulhas mesoscale  

AGULHAS 

[Biastoch, Böning, Lutjeharms; Nature, 2008] 

Effect of Agulhas 
mesoscale variability 

Effect of heat 
flux variability 

Std dev. of interannual MOC strength 



3) Can eddies control some 
aspects of the climate variability? 

Possible mechanisms (to list a few):  

-  Inter-basin exchange by Agulhas eddies (Biastoch et al: 
leakage decreases from  1/2° to 1/10°) 
-  Eddy mixing of boundary current properties into the interior 
(e.g., freshwater in the subpolar gyre) 
-  Eddy restratification = control on mode water mass 
densities/properties 
-  Dense overflows : influence of model resolution, 
representation of the bathymetric details, etc 
-  Propagation of Rossby waves (eddy/resolution 
dependence?) 
-  Eddy-induced meridional overturning in the ACC 



Influence of eddies on the Southern 
ocean climate 

Context: 

Response of the 
Southern ocean 
MOC to an 
increase in the 
winds. 

Increase of Ekman transport and SAM index, 1970-2000. 



The eddy compensa@on hypothesis 

Speer et al, 2001 

Eddy compensation hypothesis (Böning et al 2008) 

Eddies: opposite 
direction (circulation 
tends to flatten 
isopycnals) 

Mean flow: 
equatorward at the 
surface (Ekman) 



Use ORCA025 to test the hypothesis?  
It is possible to calculated 
the eddy MOC in density 
space, following 
streamlines of the ACC    

In the time-averaged state, the eddy 
MOC partially compensates the 
mean. 
 Mean = max at surface 28 Sv; 
 Eddy = max -22 Sv.  
 Max total MOC about 10-12 Sv.   



No eddy compensation 
Total MOC (black) 
follows SAM index 
(blue)   

Eddy moc (red) is 
stable. Total MOC 
increase (black) 
equilibrated by surface 
density flux (green) 



…but… 
ORCA025 runs show a decline 
of the ACC transport+ a decline 
of EKE, due to loss of dense 
water masses around 
Antarctica.  

Does this long-term adjustment 
interfere with the 30-year 
response to the SAM?  

The ACC is forced by wind+ buoyancy: study of one without 
the other is inconclusive.  



Eddies and the MOC  
Eddies create interannual, large scale variability (e.g., sla). 

Examples of eddy effects on the MOC:  
-  Eddy control on the MOC in the ACC at 50°S;  
-  Agulhas eddy variability / leakage;  
-  Eddies restratify subpolar waters and change the density of 
the MOC; 

Does the response of an eddying model differ from a low 
resolution model (do « real eddy » feedbacks differ from 
parameterized eddies?) … probably… 

By refining the grid, one gets more eddies… but the « mean » 
state is also changed!  


