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1. Introduction 

DRAKKAR is a consortium of European ocean modelling 
teams. It was “created to take up the challenges of 
developing realistic global eddy-resolving/ permitting 
ocean/sea-ice models, and of building an ensemble of 
high resolution model hindcasts representing the ocean 
circulation from the 1960s to present” (quoting the 
DRAKKAR Group, 2007, in a CLIVAR Exchanges paper where 
the DRAKKAR strategy was presented for the first time).  
Now in the second decade of its existence, the DRAKKAR 
Group is active and thriving, and it is now timely to present 
recent developments and future plans in this special issue of 
CLIVAR Exchanges. 

DRAKKAR was initiated when a group of leading ocean 
modelling teams in Europe decided to use common global 
ocean-ice model configurations based on the NEMO 
platform in order to explore the ocean variability forced 
by the atmosphere, at time scales from seasonal to multi-
decadal, with the highest possible spatial resolution.  High 
resolution is required to resolve narrow boundary currents 
and energetic mesoscale eddies, which are ubiquitous in 

the world ocean. High resolution global simulations have 
considerable added value compared to regional models, 
because eddies and unstable jets can transfer eddy energy 
across ocean basins and from one basin to the next.  Such 
features are difficult to reproduce in limited-area models - 
unless high resolution (both temporal and spatial) boundary 
conditions are used at the open boundaries, which again 
requires high resolution global simulations. The DRAKKAR 
simulations are well-suited both for the analysis of the 
global ocean variability forced by the atmosphere, and as 
boundary conditions for regional models. Furthermore, the 
multi-decadal forced simulations carried out by DRAKKAR 
are necessary steps to assess ocean model configurations 
as trustworthy components of earth system models, in 
preparation for  - or as companion to - the CORE multi-
century forced ocean-ice simulations (Coordinated Ocean 
Reference Experiments, e.g., Danabasoglu et al., 2014). 

2. Global ocean simulations: from 1/4° to 1/12°

The three key ingredients of DRAKKAR global configurations are
-  the NEMO modelling platform (Madec, 2008), based on the 

OPA ocean code and the sea-ice model LIM;
-  the ORCA tripolar global grid, which is almost isotropic 

(it is refined as the cosine of the latitude in the Southern 
hemisphere and also refined poleward in the Northern 
hemisphere). The ORCA grid allows a good representation 
of the Arctic Ocean and its exchanges with the Pacific and 
Atlantic oceans (e.g., Lique et al., 2009)

-  the DRAKKAR forcing sets (DFS, Brodeau et al., 2010). 

These atmospheric forcings follow the methodology of Large 
and Yeager (2010) but use ECMWF atmospheric variables 
instead of NCEP.  Within DRAKKAR, simulations with DFS 
are compared with simulations using the Large and Yeager 
forcing, following the CORE protocol (Griffies et al., 2012).

The first DRAKKAR simulations were carried out in 2006 
used ORCA025, a global configuration with resolution 1/4° 
at the equator (DRAKKAR Group, 2007; see also Barnier et 
al., 2006, and Penduff et al., 2007). The model configuration 
was shared with MERCATOR-Ocean, the French operational 
oceanography agency. MERCATOR-Ocean tested ORCA025 
in operational mode; the DRAKKAR teams developed it 
further, regarding numerical schemes, parameterisations 
and bathymetry, which benefitted not only research projects 
but also the operational forecasts. Recognizing the need for 
increased vertical resolution in the surface layers (of order 
1m to represent the diurnal cycle), the UK Met Office and 
MERCATOR-Ocean operational centres and the DRAKKAR 
Group jointly agreed on a new vertical grid with 75 levels.  
ORCA025 simulations carried out by DRAKKAR partners 
have made possible a large number of scientific studies 
about, for instance, the global and regional variability of 
the ocean circulation, heat and salt content; the oceanic 
response to atmospheric modes of variability; eddy 
dynamics and their impacts on biogeochemical cycles and 
biology. About 50 peer-reviewed articles per year based on 
DRAKKAR ORCA025 simulations or DFS forcings have been 
published between 2011 and 2013. 

The ORCA025 global configuration is now the ocean 
component of high resolution coupled climate models 
(Scaife et a.l, 2014), and it is anticipated that a large number 
of European climate centres will use it for CMIP6, at least for 
short term scenarios (time scales of a few decades). 

Although the ORCA025 grid allows for the development of 
baroclinic instability and large eddies, such as Agulhas rings, 
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it has long been known that even higher resolution is required 
to represent faithfully the mid-latitude western boundary 
currents systems such as the Gulf Stream and Kuroshio 
and their recirculation gyres (Smith et al, 2000).  This has 
been recognised by the operational centres, and in 2009 
MERCATOR-Ocean brought the 1/12° ORCA12 configuration 
into pre-operational mode (Hulburt et al., 2009). The use of 
such a costly ocean model for multi-decadal simulations was 
a challenge that the DRAKKAR group decided to take up in a 
coordinated fashion. Long experiments (10 to 30 years) were 
carried out by three DRAKKAR teams in 2012, followed in 
2013 and 2014 by a climatological simulation (84 years) and 
a long interannual simulation (from 1958 to 2012).

3. Recent results 

The DRAKKAR ORCA12 simulations are a unique opportunity 
to investigate the variability of the Atlantic Meridional 
Overturning Circulation (AMOC), the eddy or small scale 
mechanisms that contribute to its variability, and its 
stability. Indeed, there was concern that coarse resolution 
climate models may be at odds with observations for the 
representation of a key property of the AMOC: its stability 
with respect to an increased freshwater input in the 
northern high latitudes (Hawkins et al., 2011). Following the 
introduction of the AMOC bistability concept by Ramstorf 
(1996), modellers have focussed on a specific indicator: 
FTov, the salinity anomaly transport (or conversely, 
freshwater anomaly) by the AMOC at the entrance of the 
South Atlantic along 30°S. When the AMOC imports fresh 
waters into the Atlantic, an increase in AMOC leads to a 
reduction in Atlantic Ocean salinity (negative feedback on 
the AMOC) while in the opposite case, a stronger AMOC 
imports more salt into the northern latitudes, inducing more 
dense water formation (a positive feedback and possible 
instability of the AMOC). Using four ORCA12 simulations and 
two ORCA025 simulations, Deshayes et al. (2013) showed 
that the ORCA12 simulations are in better agreement 
with observations than ORCA025 simulations or coarse 
resolution climate models in terms of the FTov indicator. This 
is because the AMOC maximum is located at a more realistic 
depth in relation to the water masses at 30°S. These results 
confirm that the present -day AMOC could be in the bi-stable 
regime. These results hint that future coupled scenarios 
with high resolution ocean components could predict more 
dramatic future changes of the AMOC, compared to the 
present coarse resolution scenarios. 

Just like this stability issue, the AMOC variability requires 
more than a single simulation in order to understand which 
events are robust, and what is their significance. Blaker et 
al. (2014) use a total of seven simulations; six ORCA025 
simulations with different forcings and one ORCA12 
simulation, in order to investigate the dramatic minimum in 
AMOC observed during the winter 2009-2010 by the RAPID 
array (McCarthy et al., 2012), which was followed by a similar 
event the next winter. The two simulations covering the 
observational period (up to 2011) reproduce the weakening 
events, demonstrating that these events are directly forced 
by the atmosphere, as shown in Figure 1. The long time series 
provided by the DRAKKAR simulations allow Blaker et al. 
(2014) to look for historical analogues of these weakening 
events. At least two pairs of events have occurred in the past, 
and these events show substantial meridional coherence. 

ORCA12 simulations give us a unique opportunity to 
investigate in detail the mechanisms of AMOC variability. 
Analysis of the RAPID array have shown that wind forcing 

is a driver at the seasonal scales, and the dynamics near 
the eastern boundary have a strong impact on the AMOC at 
26°N. ORCA12 provides a four-dimensional context to these 
observations, and shows how the relationship between the 
wind stress curl and the density structure is influenced by 
small scale features such as the Canary Islands (Duchez et 
al., 2014).  Other studies are targeted at the North Atlantic 
subpolar gyre, considering the circulation in the boundary 
currents (Marzocchi et al., 2014) or wind-forced variability 
in relation to atmospheric weather regimes (Barrier et al., 
2014). Hughes et al. (2014) have recently investigated the 
“Southern mode” of variability of the Antarctic circumpolar 
transport in both ORCA025 and ORCA12. The availability 
of many simulations and also the contrast between the 
interannual simulations and those forced by a repeated 

Figure 1: a, b) Comparison of RAPID observations of the AMOC 
(thin lines McCarthy et al., 2012) with an ORCA025 (a) and 
ORCA12 (b) simulation (Blaker et al., 2014). The time series 
of the total AMOC (red line) is the sum of three components: 
Gulf Stream transport (blue), Ekman transport (black) and 
the upper mid-ocean transport (pink).  All time series are 
in units of Sv (Sverdrup). Note that the two events of weak 
AMOC at the end of years 2009 and 2010 are well simulated in 
ORCA12. c) Cumulative upper mid-ocean transport anomalies 
(following Bryden et al., 2014) for the RAPID observations 
(black), ORCA025 (blue) and ORCA12 (red). Units are Sv/year.  
The good agreement between ORCA025/ORCA12 and RAPID 
shows that the similar AMOC evolutions seen in model and 
observations in a) and b) are not just due to Ekman transports 
but also to the model’s ability to capture a large fraction of the 
long-term evolution of the upper mid-ocean transport.
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seasonal cycle (climatological runs) is the key to a 
quantification of the “intrinsic” ocean variability (Penduff 
et al., 2011, Hirschi et al., 2013). These studies initiated with 
ORCA025 are currently being pursued using ORCA12 and 
will also benefit from ensemble strategies at lower resolution 
(see Penduff et al., 2014, this issue). 

Long ORCA12 simulations (especially the unique, 84-years 
long climatological simulation) are well suited for an 
evaluation of the impact of transient (“eddy”) correlations on 
the global meridional transports of heat and salt. Regarding 
the global salt balance, until last year the only estimate of 
the eddy contribution dated from the nineties and relied on a 
0.5° numerical model.  The new calculation carried out with 
ORCA12 by Treguier et al. (2014) demonstrates that eddy 
velocity-salinity correlations are responsible, on average, for 
about half the flux of salt out of the subtropical gyres that is 
required to balance the excess evaporation in these regions, 
as shown in Figure 2. 

4. Conclusions and future plans

While global simulations at 1/10° to 1/12° resolution have 
been around for more than a decade, the possibility to run 
multiple multi-decadal experiments with such models is 
recent. In the past four years the DRAKKAR Group has run 
such simulations with the global 1/12° ORCA12 model based 
on the NEMO European modelling platform. The dramatic 
improvement of the western boundary current systems will 
certainly lead to great advances when these models are 
coupled to the atmosphere and to biogeochemical cycles. 

However, we have also found new biases and drifts that 
arise at high resolution. For example, although the Gulf 
Stream separation is generally improved, the path of the 
North Atlantic current is not yet robust between the different 
ORCA12 simulations and in some cases appears less realistic 
than in the lower resolution configurations. Extensive tests 
carried out by the DRAKKAR Group suggest that despite its 
fine grid, ORCA12 is still very sensitive to the sub-grid scale 
parameterisations and numerics. Further work is needed to 
improve the representation of bathymetry, and to choose the 
optimal vertical resolution for ORCA12. The improvement of 
the global ORCA12 model will benefit from the exploration 
of even higher resolution regimes in key regions, using the 
AGRIF refinement package (e.g., Talandier et al., 2014; 
Biastoch et al., 2014, this issue). 

It is the genuine collaboration across all the DRAKKAR 
modelling groups, and the planning and execution of 
coordinated sets of model integrations, that greatly 
enhances our ability to achieve rapid scientific advances 
with such high-resolution models. ORCA12 simulations are 
documented on the web site www.drakkar-ocean.eu and the 
results are available upon request.

References 

Barnier, B., G. Madec, T. Penduff, J.M. Molines, A.M. Treguier, J. 
Le Sommer, A. Beckmann, A. Biastoch, C. Böning, J. Dengg, C. 
Derval, E. Durand, S. Gulev, E. Remy,  C. Talandier, S. Theetten, M. 
Maltrud, J. McClean, B. De Cuevas 2006: Impact of partial steps and 
momentum advection schemes in a global ocean circulation model 
at eddy permitting resolution. Ocean Dynamics, 56, 543-567, DOI: 
10.1007/s10236-006-0082-1.

Barrier, N., J. Deshayes, A.M. Treguier and C. Cassou, 2014: 
Interannual to decadal heat budget in the subpolar North Atlantic. 
Progress in Oceanography, submitted. 

Biastoch, A., E. Curchitser, R. J. Small, and C. W. Böning, 2014: 
Nested Ocean Modeling. CLIVAR Exchanges, 65, 52-55

Blaker, A., J.  Hirschi ,_ G. McCarthy, B. Sinha, _ S. Taws , R.  Marsh,  
A. Coward, B. de Cuevas, 2014: Historical analogues of the recent 
extreme minima observed in the Atlantic meridional overturning 
circulation at 26N. Climate Dynamics, submitted.

Brodeau, L., B. Barnier, A.M. Treguier, T. Penduff, S. Gulev, 
2010: An ERA40-based atmospheric forcing for global ocean 
circulation models. Ocean Modelling, 31, 88-104, doi: 10.1016/j.
ocemod.2009.10.005.

Bryden H.L., B. A. King, G. D. McCarthy, and E. L. McDonagh, 2014: 
Impact of a 30% reduction in Atlantic meridional overturning during 
2009–2010, Ocean Sci. Discuss., 11, 789-810, 2014

Deshayes J., A.-M. Treguier, B. Barnier, A. Lecointre, J. Le Sommer, 
J.-M. Molines, T. Penduff, R. Bourdallé-Badie, Y. Drillet, G. Garric, 
R. Benshila, G. Madec, A. Biastoch, C. Böning, M. Scheinert, A. C. 
Coward, J. J.-M. Hirschi, 2013: Oceanic hindcast simulations at high 
resolution suggest that the Atlantic MOC is bistable. Geophys. Res. 
Lets., DOI: 10.1002/grl.50534.

DRAKKAR Group, 2007: Eddy permitting ocean circulation hindcasts 
of past decades. CLIVAR Exchanges, 42, 8–10.

Duchez, A., E. Frajka-Williams, N. Castro, J. Hirschi, and A. Coward, 
2014: Seasonal to interannual variability in density around the 
Canary Islands and their influence on the Atlantic meridional 
overturning circulation at 26oN, J. Geophys. Res. Oceans, 119, 
1843–1860, doi:10.1002/ 2013JC009416.

Griffies, S. M., Winton, M., Samuels, B., Danabasoglu, G., Yeager, 
S., Marlsand, S., Drange., H., and Bentsen, M., 2012: Datasets 
and protocol for the CLIVAR WGOMD Coordinated Ocean-sea ice 
Reference Experiments (COREs), WCRP Report No. 21/2012, pp. 21

Figure 2: Decomposition of the meridional transport of salt in 
the climatological ORCA12 simulation, averaged zonally over 
the global ocean (Treguier et al., 2014). The total transport  
(T, red line) is close to zero, reflecting the equilibrium of the 
salinity distribution in this long experiment. The non-zero 
transport north and south of 60° is due to ice-ocean fluxes. 
This total transport results from the near-cancellation of 
three contributions: 1) the salt transport by the net ocean 
mass flux (Tm, thick black line) which is directly forced by 
the evaporation/precipitation balance and which compares 
well with the observations (Large and Yeager, grey shading), 
2) the compensating transport by time-mean recirculations, 
overturning and gyres (Tr, thin black line), and 3) the salt 
transport by transient “eddy” velocity-salinity correlations 
(Te, blue line), which is as important as the mean in the mid 
latitudes (40°N and 40°S). 



CLIVAR Exchanges No. 65, Vol. 19, No. 2, July 2014     21

Hawkins, E., R. S. Smith, L. C. Allison, J. M. Gregory, T. J. Woollings, 
H. Pohlmann, and B. de Cuevas (2011), Bistability of the Atlantic 
overturn- ing circulation in a global climate model and links to 
ocean freshwater transport, Geophys. Res. Lett., 38, L10605, 
doi:10.1029/2011GL047208.

Hirschi, J., A.T. Blaker, B. Sinha, A. Coward, B. de Cuevas, S. 
Alderson, and G. Madec, 2013: Chaotic variability of the meridional 
overturning circulation on subannual to interannual timescales. Ocean 
Science Discussions, 9 (5), 3191-3238. 10.5194/osd-9-3191-2012

Hughes, C.W., J. Williams, A.C. Coward, and B.A. de Cuevas, 2014: 
Antarctic circumpolar transport and the southern mode: a model 
investigation of interannual to decadal timescales. Ocean Science, 
10, 215–225.

Hurlburt, H. E., Brassington, G. B., Drillet, Y., Kamachi, M., 
Benkiran, M., Bourdallé-Badie, R., Chassignet, E. P., Jacobs, G. A., 
Le Galloudec, O., Lellouche, J. M., Metzger, E. J., Smedstad, O. M., 
and Wallcraft, A. J.: High-Resolution Global and Basin- Scale Ocean 
Analyses and Forecasts, Oceanography, 22, 110– 127, 2009.

Lique, C., Treguier, A., Scheinert, M., and Penduff, T., 2009: A model-
based study of ice and freshwater transport variabilities along both 
sides of Greenland, Climate Dynamics, 33, 685–705. 

Madec,G., 2008: NEMO ocean engine, Note du Pole de modelisation, 
Institut Pierre-Simon Laplace (IPSL), France, No 27 ISSN,1288–1619.

Marzocchi, A., J.M. Hirschi, P. Holliday, S. Cunningham, A.T. Blaker, 
A. Coward, 2014: The North Atlantic subpolar circulation in an eddy-
resolving global ocean model, Ocean Modelling, submitted.

McCarthy G, Frajka-Williams E, Johns WE, Baringer MO, Meinen CS, 
Bryden HL, Rayner D, Duchez A, Cunningham SA (2012) Observed 
Interannual Variability of the Atlantic Meridional Overturning 
Circulation at 26.5N. Geophysical Research Letters, 39(L19609), 
doi:10.1029/2012GL052933

Penduff, T. M. Juza, and B. Barnier, 2007: Assessing the realism 
of ocean simulations against hydrography and altimetry. CLIVAR 
Exchanges, 42,11-12.

Penduff T., M. Juza, B. Barnier, J. Zika, W.K. Dewar, A.M. Treguier, 
J.M. Molines, N. Audiffren, 2011: Sea-level expression of intrinsic 
and forced ocean variabilities at interannual time scales. Journal of 
Climate, 24, 5652–5670. doi: 10.1175/JCLI-D-11-00077.1

Penduff, T., B. Barnier, L. Terray, L. Bessières, G. Sérazin, S. 
Gregorio, J.-M. Brankart, M.-P. Moine, J.-M. Molines, and P. 
Brasseur, 2014, Ensembles of eddying ocean simulations for climate. 
CLIVAR Exchanges, 65, 26-29

Rahmstorf, S., 1996, On the freshwater forcing and transport of the 
Atlantic thermohaline circulation, Clim. Dyn., 12, 799–811.

Scaife A.A., A. Arribas, E. Blockley, A. Brookshaw, R. T. Clark, 
N. Dunstone, R. Eade, D. Fereday, C. K. Folland, M. Gordon, L. 
Hermanson, J. R. Knight, D. J. Lea, C. MacLachlan, A. Maidens, M. 
Martin, A. K. Peterson, D. Smith, M. Vellinga, E. Wallace, J. Waters, 
and A. Williams, 2014: Skillful long-range prediction of European and 
North American winters. Geophys. Res. Lets., 41(7), 2514–2519.

Smith, R. D., M. E. Maltrud, F. O. Bryan, and M. Hecht, 2000: 
Simulation of the North
Atlantic ocean at 1/10o. J. Phys. Oceanogr., 30, 1532–1561.

Talandier, C., J. Deshayes,, A.M. Treguier, X. Capet, R. Benshila, L. 
Debreu, R. Dussin, J.M. Molines, G. Madec, 2014: Improvements of 
simulated Western North Atlantic current system and impacts on 
AMOC. Ocean Modelling, 76, 1-19.

Treguier, A. M., J. Deshayes, C. Lique, R. Dussin, and J. M. 
Molines (2012), Eddy contributions to the meridional transport 
of salt in the North Atlantic. J. Geophys. Res., 117, C05010, 
doi:10.1029/2012JC007927.

Treguier, A.M., J. Deshayes, J. Le Sommer, C. Lique, G. Madec, 
T. Penduff, J.-M. Molines, B. Barnier, R. Bourdalle-Badie, and C. 
Talandier, 2014: Meridional transport of salt in the global ocean from 
an eddy-resolving model. Ocean Sci., 10, 243-255, 2014.


