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LONG-TERM GOALS 

Development of studies on the response of the upper oceanic layers to a time-varying wind stress when a mesoscale eddy field is present. The main physics examined is the dynamics of the near-inertial oscillations (NIOs) forced by a wind stress varying at time scale of some hours and dispersed by the eddy vorticity. Wind-forced NIOs are prominent features of the upper ocean and represent an important contributing factor for mixing. Consequently the NIO spatial variability resulting from the dispersion by the eddy field may affect the mixed layer dynamics and the eddy field itself. 

OBJECTIVES 

The purpose of the visit was to advance a study undertaken with Dr. William Large (NCAR), to finish the writing of a paper with Pr. S. Llewellyn-Smith (UCSD), and to discuss the results with scientists at Scripps (San Diego) and the UW (Seattle). 

APPROACH 

An extended visit (2 months) at NCAR was scheduled to work with Drs. William Large and Ralph Milliff on the effects of a time-varying wind stress (T<10 days) on the upper ocean dynamics. A visit at UCSD was scheduled to discuss and finish the writing of a second paper with Pr. Stefan Llewellyn-Smith. The visits at UCSD and UW were scheduled to discuss our results with scientists involved in similar studies (Pr. William Young, UCSD; Pr. Peter Rhines, UW; Dr. Pascale Lelong, NWRA) and those who have a well-known expertise in in-situ experiments (Pr. Daniel Rudnick, UCSD).

TRAVEL COMPLETED 

Table 1. Summary of visits conducted under this VSP.

	Person Visited
	Position
	Institution / Conference
	Location
	Scientific / Technical Purpose
	Dates (mm/dd/yy)

	Dr. William Large
	Scientist 
	NCAR
	Boulder, Co
	PE solutions of NIO dispersion
	07/01/02-09/09/02

	Dr. Ralph Milliff
	Scientist
	CoRA (NWRA)
	Boulder, Co
	Wind stress high-resolution data
	07/01/02-

09/09/02

	Pr. Stefan Lewellyn-Smith
	Professor
	UCSD
	San Diego
	Redaction of a paper
	07/31/02-08/04/02

	Pr. William Young
	Professor
	UCSD (Scripps)
	San Diego
	Theoretical approach 
	07/31/02-08/04/02

	Pr. Daniel Rudnick
	Professor
	UCSD (Scripps)
	San Diego
	Discussions on in-situ data
	07/31/02-08/04/02

	Pr. Peter Rhines
	Professor
	UW
	Seattle
	Wind spatial variability
	09/01/02-09/08/02

	Dr. Pascale Lelong
	Scientist
	NWRA
	Seattle
	modelisation
	09/01/02-09/08/02


RESULTS 

The purpose of my visit at NCAR was to advance a study undertaken with Dr. William Large. The question adressed is: how the wind time variability (with fluctuations smaller than 10 days) affects the upper ocean dynamics in presence of mesoscale eddies. It is well known that the wind affects the open ocean dynamics through the forcing of near-inertial motions. The dynamics of these motions is characterized by two frequencies: the Coriolis frequency (corresponding to a period of ~18 h at mid latitudes) and the eddy vorticity (corresponding to a time scale of some days) that drives their horizontal and vertical dispersion. During my visit at NCAR, I have used real wind stress time series from weatherships (recorded every 3 hours) located at mid-latitude in the North Atlantic to force a reduced Primitive Equations model (with high spatial resolution) that includes an evolving  background mesoscale eddy field. This model hence provides a decomposition of the dynamics into a background quasigeostrophic flow and an evolving mixed-layer dynamics, with no backreaction from the latter on the former. The numerical results have shown that the wind time variability at scales of some hours (when compared with simulations involving the same wind stress averaged over 24 hours) can increase the kinetic energy of the inertial motions by a factor 10! This is due to a resonance mechanism that has been well described by previous studies (Klein and Coste, JMR 1984; Large et al., JPO 1994). Thus these high frequency wind fluctuations (at time scales of some hours), that can excite this mechanism, are present in a real wind time series. The other result is that the wind time variability at scales of some days makes the near-inertial motions to be trapped in  small scale anticyclonic structures (close to the strong vorticity fronts) whose length scale is a function of the wind synoptic time scale (this characteristic has been rationalized in Klein and Llewellyn-Smith (2002) for a single wind stress pulse). The outcome is an increase of the mixed layer deepening in these specific vorticity structures with a resulting stronger tracer injection from deeper layers into the upper layers at these locations. From the results obtained, the mean value (spatially averaged) of the mixed layer deepening (and of the tracer injection) is mostly set up by the high frequency wind fluctuations (at time scales of some hours), but the spatial variability of this deepening (relatively to the mesoscale eddy field) is set up by the wind synoptic scales (3 to 4 days). The strong impact on the tracer injection from the deeper layers into the mixed layer should have important consequences, for example on the spatial organisation and amplitude of the oceanic primary production. A paper on these results should be submitted in the next few weeks. 

Another aspect of my visit at NCAR concerns the discussions that Dr. W. Large and I had with Drs. Ralph Milliff and Robert Stockwell (at CoRA, a division of NWRA at Boulder) about the possibility to recover the high frequency wind fluctuations (at time scales of some hours) from the QSCAT data. One of Ralph's interests is the use of scatterometer data in conjunction with NCEP data to get surface wind stress with high resolution, extensive coverage and frequent sampling. In that context, Ralph is very interested by our results (on the interaction between high frequency wind-events and the mesoscale eddy field and its impact on the eddy field itself) since they emphasize  the importance of the small time-scales of the wind stress on the oceanic eddy field. So far the QSCAT data blended with the NCEP data provide a good spatial coverage of the wind stress, but they do not include fluctuations with time scale smaller than 12 hours. A comparison between the wind data from a North Atlantic weathership and the equivalent QSCAT data has revealed that these small-scale fluctuations (smaller than 12 hours) can increase the kinetic energy of the near-inertial motions by a factor between 3 and 4! We have concluded that the importance of these high frequency fluctuations could be more precisely estimated through a systematic comparison of the available weatherships data with the corresponding data from QSCAT, NCEP and ECMWF. Furthermore a more refined space/temporal blending of the QSCAT data with the NCEP (and/or ECMWF) data should provide a better representation of these high frequency wind fluctuations. 

One purpose of my visit at UCSD was to finish a second paper with Stefan Llewellyn-Smith (UCSD) that complements our first paper (Klein and Llewellyn-Smith, 2001).  A series of discussions during my visit in october 2001 (sponsored by ONRINFO) had led to write a first draft. Since then, we (Pr. S. Llewellyn-Smith, Dr. G. Lapeyre and I) have developped a simple analytical expression that characterizes the dispersion of the near-inertial motions (forced by a single wind stress pulse) in a fully turbulent mesoscale eddy field.This analytical expression shows that the inertial kinetic energy is strongly correlated to the Laplacian vorticity field when this field is truncated to retain only Fourier modes smaller than a critical wavenumber that evolves with time (already identified in Klein and Llewellyn-Smith, 2001). Furthermore we have performed new numerical simulations using different numerical models, including a nonlinear shallow water model. They have confirmed the robustness of the analytical solution during the first 4 days after the wind stress pulse. 

During my  visit at UCSD, I also discussed with Prs. Daniel Rudnick and William Young. Dan Rudnick, who has a strong experimental expertise in the dynamics of the upper oceanic layers, was interested by our paper  (by Drs. Bach Lien Hua, Xavier Carton and myself, in revision for QJRMS) on the emergence of cyclonic structures due to the interaction between the near-inertial motions and the mesoscale eddies. The corresponding results show that the feedback effects significantly alter a turbulent mesoscale eddy field on short time scales, which leads to break the cyclone-anticyclone symmetry and favor the emergence of cyclonic structures. This numerical paper provides a possible explanation of Dan Rudnick’s experimental results (Rudnick, GRL, 2001). Dan thinks that this explanation warrants observational investigation. Bill Young is the author of a novel theoretical approach to study the dispersion of near-inertial motions in a mesoscale eddy field (Young and Ben Jelloul, 1997) that we (Stefan Llewellyn-Smith and I) have used in our recent studies. Bill was interested by our results that use its parametrizations. We discussed the assumptions of his theoretical approach. It appears that the results with the reduced primitive equations model confirm the robustness of these assumptions. I also discussed with Pr. Sarah Gille at Scripps (UCSD). Sarah has done a thorough study on the QSCAT data in the Southern Hemisphere. From her study the blended data from Ralph Milliff appear to be the best dataset although it does not include fluctuations with time scale smaller than 12 hours.  

The purpose of my visit at Seattle was to discuss my results (obtained at NCAR) with Pr. Peter Rhines and Dr. Pascale Lelong (UW) who are involved in similar studies. Peter Rhines examines the forcing of mesoscale structures (with Rossby number of order one) by the wind stress spatial variability.  Peter and his student (Leif Thomas) showed me their new and recent results on how the wind stress spatial variability can trigger frontogenesis and symmetric instability. Such results are quite novel and complement ours on the effects of wind time variability on the near-inertial motions in small scale structures close to the vorticity fronts. Pascale Lelong and Dr. Timothy Dunkerton (NWRA) study the dispersion and breaking of inertia-gravity waves resulting from the geostrophic adjustement of unstable oceanic mesoscale currents. One aspect of their work is the injection of density anomalies (resulting from the wave breaking) that leads to quasi-bidimensional vortices with a Rossby number of order one. Although their regime is non-hydrostatic, this aspect should complement our results in the regions where the near-inertial motions are trapped. At last Pascale and I discussed the development of a numerical method that extracts balanced and unbalanced (near-inertial motions) from the P. E. numerical solutions. 

IMPACT/APPLICATIONS 

The most significant result obtained during this visit is the quantification and rationalisation of the importance of the high frequency wind fluctuations (corresponding to time scales between some hours and some days) on the dynamics of the upper oceanic layers when a mesoscale eddy field is present. The discussions with the scientists I met have allowed to determine some potentially interesting directions to investigate in order to improve the results obtained and to get better wind stress time series from the available datasets . One direction, already initiated at NCAR with a fully nonlinear Primitive Equations model, is to understand how the mechanisms described above may accelerate the vertical pump associated with the mesoscale eddies using some diagnosis to extract the balanced and unbalanced motions. Another outcome should be a better representation of the high-frequency wind fluctuations by improving the “blending” of the QSCAT data with the NCEP or ECMWF data. These directions will be explored in the future through the continuation of a strong cooperation with the scientists I have visited. 
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