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The big challenge of the next decade for the oceanic sciences is to adopt a multi-scale approach because of the strong

impact of the small scales on the ocean circulation through the nonlinearities of the oceanic fluid. This can be undertaken only

by performing numerical simulations with ultra-high resolution. Within this context, the purpose of our project is to fully

explore two energetic nonlinear dynamical oceanic regimes that have a major impact on the general oceanic circulation: the

mesoscale eddy regime at mid-latitudes and the equatorial regime. Results will help for the configuration of realistic numeri-

cal simulations to be performed in the future by the ESC on the Earth Simulator and also should benefit to future climate mod-

els. These studies make use of the Primitive Equations model ROMS (Regional Ocean Modelling System).

Keywords: mesoscale oceanic eddies, equatorial dynamics

1. Dynamics of mid-latitude eddy turbulence and mixing
1.1 Research Objectives

The mid-latitude oceanic circulation is characterized by

the presence of energetic mesoscale eddies (30–100 km) that

are known to drive a large part of the meridional heat fluxes

(between the equator and high latitudes). Little is known

however on the vertical velocity field they induce (mostly

because of the lack of resolution), as well as its impact on

the vertical transfers of any properties (such as nutrients) and

on the strength of the thermohaline circulation. Purpose of

this project is to better estimate - as well as to quantify the

impacts of - the vertical velocity field associated to a turbu-

lent eddy field in a large domain by using a spatial resolution

never attained so far. 

1.2 Results achieved in 2007

High resolution simulations (1/100th degree in the hori-

zontal and 200 vertical levels) of mesoscale eddy turbulence,

performed on the Earth Simulator, have revealed a strong

impact of the small scales (<10 km) that was never suspect-

ed and thus never reported so far. The principal new mecha-

nism is the efficient frontogenesis associated to the small-

scale structures. Three classes of results have been con-

firmed and strengthened in 2007 and have incited further

studies. 

First these small scales, generated and organized near the

surface by mesoscale eddies, have a strong impact on the

eddies themselves and drive a very large part of the vertical

transfers in the first 300–400 m below the surface. The

detailed knowledge of this new surface dynamics has further-

more led to develop with success new methods to retrieve the

3-D circulation in the first 300–400 m using high-resolution

satellite data (such as SST and the SAR data). 

Second, the vertical propagation of the high-frequency

wind energy is strongly catalyzed by these small scales lead-

ing to a significant mixing at a 3000–4000 m depth (highly

needed for the thermohaline circulation) [1]. The potential of

these results has been further explored with success in a cou-

pled ocean-atmosphere model by the ESC [2]. 

Third, results of last year about the impact of the small

scales on the warming of the oceanic surface layers of nearly

one degree Celsius have been subsequently deepened. The

mechanism involved - related to the energetic vertical pump

triggered by the small scales - is also the one that links the

surface dynamics to the interior dynamics. Some work has

still to be done to rationalize this link, which is a key factor

for the ventilation of the main oceanic thermocline. 

Seven publications [3–9] related to this project have been
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Fig. 1  Relative vorticity 2-D map (cyclonic (anticyclonic) structures in red (magenta)) and 3-D

lagrangian trajectories of particles initially seeded in eddies (where they remain trapped)

and small-scale filaments (from where they can cover long horizontal distance). 

accepted in 2007 in referee journals. Some of them are coau-

thored by scientists from the ESC. Four conferences have

been given in scientific international meetings. 

1.3 Perspectives for the fiscal year 2008-2009

In the coming year our work will be: 

(1) to further rationalize the link between the upper oceanic

layers and the deep interior through the vertical velocity

field. Activation of a tracer field in the simulations will help

to decipher and quantify this link; 

(2) to quantify the impact of the energetic sub-mesoscale

physics on the eddy turbulence equilibrium and meridional

and vertical heat fluxes; 

(3) to extend the results on the vertical propagation in the

deep ocean interior by using results from a coupled atmos-

phere-ocean model. This will be done in cooperation with

the ESC. 

2. Dynamics of deep equatorial transport and mixing
2.1 Research Objectives

The closure of the mass budget in the global ocean circu-

lation is a fundamental and still open problem in Earth cli-

mate system. In particular, the dynamics of the resupply to

the abyssal oceans with potential energy lost through polar

deep water formation is poorly understood. Equatorial deep

zonal jets are a significant reservoir of kinetic energy, and

their transport reaches about 2/3 of the thermohaline circula-

tion. For these reasons, the equatorial regions are thought to

be preferential places for abyssal mixing: for instance tracer

fields measurements such as the recent CFCs surveys, sug-

gest an important dynamical role of the equatorial deep jets

in closing the oceanic deep general circulation budget.

Overall the deep equatorial jets play an analogous role to

radiator fins for diffusing heat, but also for transporting trac-

er fields from one side to the other of oceanic basins inside

the equatorial guide. Specific questions that are addressed

are: Which mechanisms can create alternating-signs deep

equatorial zonal jets and what is their role in the oceanic

general circulation? Which mechanisms are responsible for

mixing of water masses at the equator? 

2.2 Results achieved on the Earth Simulator

The approach uses direct numerical simulations at very

high resolution in order to resolve the nonlinear interactions

between a large range of spatial and temporal scales. Our

simulations are in a bihemispheric basin, centered about the

equator and of comparable size either to the Atlantic and

Pacific basin's with a resolution of 1/24˚ in the horizontal

and more than 300 levels in the vertical. Numerical solutions

have enabled us to identify the main parameters which gov-

ern the formation mechanisms of alternate equatorial jets

and we have been able to reproduce the very different char-

acteristics of the jets which are observed in the equatorial

Atlantic and Pacific oceans. The very high three-dimension-

al resolution has been crucial for obtaining our results, in

particular for representing the Pacific flow regime. 

Two papers have been co-authored by scientists from

IFREMER and from the ESC (d'Orgeville et al. 2007 [10]

and Hua et al. 2008 [11]). These papers that are based on the

results of these simulations, reveal that the temporal variabil-
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Fig. 2  Layering in density (black contours) superposed on zonal velocity field (color field).

ity inside the Western boundary layer plays an essential role

in determining the spatial characteristics of alternate jets that

are created inside the equatorial track. Explicitly, low verti-

cal modes Mixed Rossby gravity waves are excited in the

Western boundary layer and their subsequent destabilization

leads to the formation of vertically alternate-signed zonal

jets of high vertical mode.

The initial identification of alternate jets formation mech-

anisms being completed, we next studied

(1) The quantification of their associated mixing: numeri-

cal simulations in a basin size which is comparable to the

Atlantic Ocean have been performed with a zoom on the

deep equatorial circulation for the study of tracer fields verti-

cal dispersion. Enhanced vertical mixing of the tracer field

inside the equatorial track have been consistently observed,

with the formation of pancake structures in the density field,

characteristic of "layering "with characteristic vertical

scales of about 50 m (Menesguen et al. 2008 [12]) corre-

sponding to the black contours in Fig. 2, overlayed on the

zonal velocity field with eastward and westward jets.

(2) The influence of a realistic stratification such as the

Atlantic equatorial stratification on the depths of the equato-

rial bifurcation of tracer fields from the western boundary

layer and the influence of the horizontal component of the

Earth rotation on the jet dynamics. Both effects have a non-

negligible effect on the depth of eastward jets positions such

as the CFC jet which is observed to be semi-permanent in the

Atlantic (Fruman et al., 2008 [13]; Bunge et al., 2008 [14]).

2.3 Perspectives for fiscal year 2008–2009

In the coming year, our work will concern

The quantification of equatorial lateral and vertical mixing:

further numerical simulations with tracers will be pursued in

order to better capture the characteristics of vertical mixing.

Specific attention will be given on vertical resolution: primi-

tive equations simulations will be performed with a number

of vertical grid points varying between 500 to 1000 levels in

the vertical to quantify and attribute mixing efficiency to the

various vertical scales present in the flow (i.e. the equatorial

deep jets scale (300–500 m) and the 50m-scale layering).

Furthermore, collaborative work with H.Sasaki of ESC and

K.Richards of IPRC will be initiated on the influence of lay-

ering on lateral mixing properties in the upper layers of

equatorial flow.

Intercomparison with nonhydrostatic dynamics: the

above primitive equations results will be intercompared with

non-hydrostatic simulations (of shorter duration span) in col-

laboration with H. Aiki of FRCGC to assess the different

time characteristics of layering dynamics.
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