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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 non-

linearity of the oceanic fluid. This can be undertaken only through numerical simulations with ultra-high resolution. Within

this context, the purpose of our project is to fully explore two energetic 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 numerical simulations to be performed in 2007–2008 by the OFES group on the Earth Simulator

and also should benefit to future climate models. These studies make use of the Primitive Equations model ROMS (Regional

Ocean Modelling System).
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1. Dynamics of mid-latitude eddy turbulence and mixing
1.1 Research Objectives

The mid-latitude oceanic eddy regime is characterized by

strongly interacting mesoscale eddies (30–100 km) and

resulting smaller scale structures (<10 km). The key dynami-

cal impacts of this regime are to drive the meridional heat

fluxes in oceanic basins (between the equator and high lati-

tudes), to catalyse the air-sea interactions at mid-latitudes

and to trigger a powerful vertical pump that links the oceanic

surface layers to the deep interior. Assessing these dynami-

cal impacts at a basin scale can be done only using ultra-high

resolution that is consistent in the three dimensions. 

1.2 Results achieved in 2006

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

zontal and 200 vertical levels) of mesoscale eddy turbulence

have been successfully achieved on the Earth Simulator.

Some simulations include realistic high-frequency atmos-

pheric forcings and the activation of a tracer equation. 

Three classes of results have been obtained. First the exis-

tence of a specific surface dynamical mode (with a k–5/3

velocity spectrum), highlighting the strong efficiency of

Fig. 1  Ertel Potential Vorticity surface map (left) and vertical section (right) highlight the strong dynamical

connection between the surface and the interior (down to 1000m).
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small (10–30 km) scales, has been confirmed. Its character-

istics have led to develop new methods for the interpretation

of satellite data. Second, the high-frequency wind energy has

been found to propagate much deeper into the oceanic interi-

or (reaching depth as large as 3000–4000m) where its char-

acteristics make it potentially available for mixing through

the parametric subharmonic instability. Third, the small hori-

zontal scales trigger a vertical pump much larger than antici-

pated whose consequence is a warming of the oceanic sur-

face layers of nearly one degree Celsius. This powerful ver-

tical pump is also a key factor for the link between the

oceanic surface layers to the interior and therefore for the

ventilation of the main thermocline (as illustrated on Fig. 1). 

These results have been reported in a first publication

([1]) and in an invited lecture at the 2006 AGU fall meeting

([2]). Two other publications will be submitted in 2007 in

peer-reviewed journals. 

1.3 Perspectives for 2007-2008

The work proposed for the fiscal year 2007–2008 is: 

(1) to confirm the robustness of these results for other

mesoscale eddy regimes; 

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

physics on the eddy turbulence equilibrium and merid-

ional heat fluxes; 

(3) to fully examine the impact of high-frequency wind forc-

ings on the small-scale mixing in the deep interior. 

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 mecha-

nisms 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 sim-

ulations are in a bihemispheric basin of idealized geometry,

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 govern the formation mechanisms of alternate equatori-

al jets and we have been able to reproduce the very different

characteristics of the jets which are observed in the equatorial

Atlantic and Pacific oceans. The very high three-dimensional

resolution has been crucial for obtaining our results, in particu-

lar for representing the Pacific flow regime.

Two papers ([3] and [4], based on the results of these simu-

lations, reveal that the temporal variability inside the Western

boundary layer plays an essential role for determining the spa-

tial characteristics of alternate jets that are created inside the

equatorial guide. Explicitly, low vertical modes Mixed

Rossby gravity waves are excited in the Western boundary

layer and their subsequent destabilization leads to the forma-

Fig. 2  Depth-latitude sections of zonal velocity (left) and Ertel Potential Vorticity (right) in

the immediate vicinity of the equator.
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tion of vertically alternate-signed zonal jets of high vertical

mode. These results were presented in an invited Lorenz lec-

ture at the December 2006 AGU in San Francisco [5].

2.3 Perspectives for fiscal year 2007–2008

The initial phase concerning the identification of alternate

jets formation mechanisms being completed, our next goals

concern:

( i ) the quantification of their associated mixing: numerical

simulations in a basin size which is comparable to the

Atlantic Ocean will be pursued with a zoom on the deep

equatorial circulation inside an equatorial track at 1/24˚

and 300 levels for decadal duration for the study of trac-

er fields distributions. Figure 2 shows instantaneous

depth-latitude sections of the deep equatorial jets and the

corresponding Ertel Potential vorticity distribution

(active tracer field), revealing a strong impact of the

deep equatorial jets on the vertical and meridional mix-

ing of Ertel PV.

(ii) the influence of a realistic stratification such as the

Atlantic equatorial stratification on the depths of the

equatorial bifurcation of tracer fields from the western

boundary layer. 

References
[1] Klein, P., Hua B.L., G. Lapeyre, X. Capet, S. LeGentil

and H. Sasaki., 2007. Upper Ocean Dynamics from High

3-D Resolution Simulations. Submitted to J. Phys.

Oceanogr.

[2] Klein, P., Hua B.L., G. Lapeyre, S. LeGentil and H.

Sasaki., 2006. Impact of submesoscale structures on

upper ocean dynamics. AGU meeting San Francisco,

dec.2006. 

[3] d'Orgeville M, B.L. Hua and H. Sasaki, 2007. Equatorial

Deep Jets triggered by a large vertical scale variability

within the western boundary layer. J. Mar. Res., 65 (1),

1-25. 

[4] Hua B.L., M. d'Orgeville, C. Menesguen, M. Fruman, R.

Schopp, P. Klein and H. Sasaki. 2007. Destabilization of

Mixed Rossby Gravity waves and equatorial zonal jets

formation. Submitted to J. Fluid Mech.

[5] Hua B.L, 2006. Nonlinear dynamics of zonal jets in plan-

etary atmospheres and oceans, Lorenz Lecture, AGU

meeting San Francisco, dec.2006.



350

Annual Report of the Earth Simulator Center  April 2006 - March 2007

Impact of Small-scale Structures on Two Energetic Dynamical
Oceanic Regimes

Patrice Klein Laboratoire de Physique des Océans, IFREMER, France

Patrice Klein 1 Bach Lien Hua 1 Sylvie Le Gentil 1 Mark Fruman 1

Claire Menesguen 1 2

1 Laboratoire de Physique des Océans, IFREMER, France

2

ROMS Regional Ocean Modelling System Deep Jets

OFES

3 1 10–30km

2

3000–4000m 3 Vertical Pump

1˚C Vertical Pump 1

Deep Jets

Deep Jets

Deep Jets Deep Jets

Deep Jets

Deep Jets

mesoscale oceanic eddies equatorial dynamics


