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GOALS AND OBJECTIVES

The main objective of the planned workshop is to bring together leading scientists from US and Europe to discuss, in an informal atmosphere, fundamental aspects of environmental wave dynamics and mean flow interaction. New developments in observational techniques in the field of remote sensing (e.g. HF radars and altimeters) are providing an unprecedented view of ocean dynamics, across length scales spanning gravity waves to long wavelength baroclinic Rossby waves. To properly utilise this data in advancing our understanding of ocean dynamics we must confront theories with observations. By doing so, we anticipate glaring deficiencies will be revealed in our theoretical picture of surface, internal and vorticity wave dynamics. The emphasis of the workshop is on “breaking down” the artificial compartments separating scientists working on different aspects of environmental flows.  Cross-pollination between researchers in these fields is expected to facilitate our understanding of oceanic wave-wave and wave-mean flow interaction, and the workshop is designed as a forum where this takes place.

Key topics are:

To date wind waves were predominantly measured in one, or several points, and the extracted information was confined to either temporal point records, or at best, crudely estimated spatial spectra. New optical methods, at present only applicable to small-scales, enable researchers for the first time to record the spatio-temporal evolution of a 3-d wave field. New developments in stereometry and SAR will allow resolution of individual wind waves of large scale. Across all scales the wave field reveals the presence of dynamical patterns (breakings, different coherent patterns, groups, freak waves, Langmuir cells). The corresponding theoretical development lags behind. A new conceptual framework is needed: first to describe adequately the physical mechanisms producing these features on see surface; second, on how to develop their statistical description which would reflect both the inherent dynamical links and randomness. Even modest progress in resolving these fundamental problems would have major practical implications; such as, for forecasting  freak waves, wave and weather forecasting.

In a quite different context internal wave theories have recently faced a somewhat similar challenge. Internal waves, which represent the prime cause of acoustic scattering in coastal waters, often appear as essentially nonlinear coherent patterns (solitons, internal bores) linked to the phase of tides, rather than a superposition of completely random linear waves uniformly distributed in space and time. Major progress has been achieved within the framework of weakly nonlinear theory, although a number of important issues concerned with the soliton generation and disintegration remain open. However, there is necessity to advance into the domain of strongly nonlinear phenomena such as large-amplitude solitons and internal wave breaking, where progress has been extremely slow.  New approaches are needed. A particular challenge, specifically in the field of internal waves, lies in the existence of huge amounts of data on their surface manifestations on the one hand and our inability to extract anything more than the information on the wave kinematics on the other. Solving the inverse problem for internal waves is certainly not likely in the near future, but it is possible to identify the key elements required to achieve this goal. We view the workshop as a vehicle that could help in identifying such a strategy.
While for internal waves the observations of surface manifestations were accumulating over several decades, for Rossby waves and other oceanic mesoscale features the new capabilities brought by the progress in satellite altimetry and infra-red scatterometry represents a real observational breakthrough.   However, it is much less clear what can be said about mesoscale dynamics on the basis of these observations. There are difficulties in interpreting even the kinematic properties of the wave motions, which requires a dedicated theoretical effort to be resolved.  For example, it appears that long baroclinic Rossby waves propagate with speeds exceeding linear long-wave maximum. It is not clear yet whether taking into account baroclinic currents, strong nonlinear effects or other mechanisms are responsible for the discrepancy. We hope that the workshop will shed light on this problem.

EXECUTIVE SUMMARY OF SCIENTIFIC RESULTS

Wind Waves, Patterns & Morphodynamics

The discussion of morphodynamic patterns of various origin confirmed that they can get rational explanation within the framework of general theoretical approaches to pattern formation. The recently developed theoretical models by H. de Swart and A. Falques enable one to identify the physical mechanisms leading to various bedforms, predict the onset of the patterns and roughly estimate some of their basic characteristics (scales, spacing, etc.). On the other hand, it became very clear that there is a long way yet to truly quantitative prediction of evolution of the bedforms, since the further progress requires a considerable advance in understanding of the fundamental aspects of rheology of the sediments, the complex interplay between waves, currents, turbulence and sediments. Thus, inevitably the further progress will be slow, but there is no shortcut.

It proved helpful to view wind wave breaking as an example of a spatio-temporal coherent pattern. G. Caulliez experimentally showed that the breaking of gravity waves is self-similar for a wide range of wave scales and wind velocities. D.H. Peregrine outlined a broader range of breaking events.  

The focus of the presentation was  the wide gap between the variety of scenarios and  phenomena  observed in laboratory and field experiments and today’s frontier of theoretical analysis. Although the frontier has been indeed advanced recently due to progress in understanding the interaction of strong turbulence and the free surface, primarily due to efforts by D.H. Peregrine and M. Brocchini, the conclusion was that the remaining gap is massive and radically new theoretical approaches are required.

A different type of “hidden patterns” employed by A. Osborne in his theoretical study of wave field evolution proved to be remarkably productive. The idea is based upon creative use of the Inverse Scattering Transform (IST) to real life problems concerned with nonlinear water waves. Although it has been long known that the water wave equations are not an integrable system, it was shown that there is a wide class of situations where expansion in terms of nonlinear eigenfunctins of the corresponding integrable system by virtue of the IST does bring substantial benefits. For example, the evolution of shoaling water waves described by non-uniform two dimensional Bousssinesq equations was shown to be in excellent agreement with the predictions based upon expansion on the basis provided by constant coefficient one-dimensional KdV equation. However, the main thrust of the study is in investigating the phenomenon of freak waves by IST. The freak waves are attributed to self-modulation of the narrow band wave field and a few available records of such situations are shown to be described reasonably well by the appropriate theta-functions prescribed by the Nonlinear Schrodinger equation.

A very different route towards the problem of freak waves was taken by P. Janssen, who made a major first step in addressing the challenge of predicting freak waves. He considered the long-term evolution of a narrow band wave field subject to quartet wave interactions. Usually the description of wave field long-term evolution is confined to that given by the kinetic equation for the wave spectra. A major step forward is the derivation of similar evolution equation for the fourth cumulant of the wave field, which characterises dispersion of wave spectra. A comparison between the predictions of such an approach and direct numerical simulations of the wave field evolution, although within the framework of model equations, has confirmed its validity. The acquired understanding enables ECWMF to produce the first operational forecasts of the areas of the world ocean with a high risk of freak waves. The approach looks very promising. 

For more classical type of wave prediction, that of the wave spectra, the relevant new developments in the nonlinear wind wave theory were presented by V. Zakharov. The essentially new element brought by the lecture within the so called wave or weak turbulence paradigm was the use of self-similar solutions to the “spatial” kinetic equation, which consists of just the advective and collision terms. It was shown that the completely overlooked self-similar solutions of the “conservative” spatial kinetic equation, i.e. with the sources and sinks omitted, can explain the results of the major fetch limited field studies of ocean wind waves.  Wind and dissipation enter the problem implicitly by specifying the parameters of the self-similar solutions. However, it seems, the potential of this new tool, “conservative” self-similar solutions, is very far from being exhausted and has to be further explored. 

The theme of fundamental issues concerned with a proper mathematical description of random fields was further developed by S. Nazarenko. He addressed the problem of describing fluctuations in the random wave field spectra.  The links between various concepts used for random wave fields (the Random Phase Approximation, smoothness of cumulants, etc) have been re-examined. The key role of singular cumulants was revealed. The main result is the proposed new way to describe transient strongly non-Gaussian wave fields excited by non-Gaussian forcing. 

The overview of the achievements and problems of remote sensing of wind waves by the high-frequency (HF) radars by L. Wyatt highlighted the challenge to the nonlinear wave community presented by the problems of this method of remote sensing. This already mature technique has overcome the teething technical and software problems. What, however, has become apparent in recent years is a quite noticeable discrepancy between remote sensing HF radar measurements of wind waves and the corresponding buoy data. Although the discrepancy is negligible for relatively low sea states, it becomes noticeable for moderate seas and could be completely wrong for high seas. Remarkably, however, the agreement remains good for the directions of the radar beam perpendicular to the wind direction. This observation provides a strong clue that the main cause of the discrepancy is the poorly accounted for orbital motions of the longer waves.  Thus, a new theoretical model with better parametrisation of short-wave long-wave interactions is a priority topic.
The problem of how to describe spatially-temporal evolution of a wave field in a spatially nonuniform environment where the Fourier transform with respect to horizontal coordinates is no longer applicable was addressed by Y. Agnon. He proposed an elegant way of deriving the spatio-temporal evolution by pseudo-differential equations making use of a small parameter and operator expansions. This approach, enabled him to advance in solving a problem of considerable theoretical and practical importance, that of scattering of shoaling waves by a random rough bottom. 

The role wind of waves in the ocean/atmosphere momentum exchange was re-examined by S. Belcher. He showed that by taking into account the presence of the Stokes drift in the mean momentum equation, the effect of waves on the mixed layer is much stronger than it was believed so far. The talk also highlighted intricate relations between wind waves, subsurface turbulence, Langmuir circulations and ocean/atmosphere momentum exchange and the immense challenge the sorting them out represents. The theme was further developed by M. Teixeira whose study was focused on applying the rapid distortion approach to the evolution of turbulence just beneath the wind waves. The model, in particular, was able to explain the observations of enhancement of the turbulent kinetic energy just beneath the waves in the absence of wave breaking, and specific asymmetry between velocity components of the turbulence pulsations. 

Internal Wave Solitons

The internal solitary waves play a major role in mixing and transport in coastal waters, as well as in the upper ocean, their understanding is also vital for the applied underwater acoustics. The workshop progress can be summarized as follows:

The overview by R. Grimshaw of the mainstream theoretical studies of weakly nonlinear internal wave solitons within the classical KdV paradigm reported progress in the following issues: the “extended” KdVs with cubic and inhomogeneous terms taken into account, relation with hierarchies of integrable systems, soliton evolution in inhomogeneus environment. Particular attention was paid to the situations where a solitary wave has to pass through a boundary separating different soliton regimes, where disintegration of solitons and generation of a new sequence of solitary waves by the soliton’s tail occurs. The main conclusion can be roughly formulated as follows: the inhomogeneus “extended” KdV covers probably the majority of situations encountered in studies of internal wave solitons on sea shelf. The system is extremely rich, and there is still room for further theoretical studies within its framework.

V. Shrira’s showed that there might exist “strange” weakly nonlinear internal wave solitons beyond the classical paradigm.  The physical situation where these totally new objects new objects appear is realistic although non generic: one of internal modes should be in “direct resonance” with another mode, which occurs, for example, when the internal wave celerity matches the surface current velocity. The resulting model equations differ qualitatively from the classical KdV or Benjamin-Ono models. The most interesting feature of the new model is the existence of “strange” very weakly radiating solitons whose celerities overlap with the linear wave spectrum. The most intriguing fact is that although the system supports two types of usual solitary waves, these strange creatures emerge as a result of a typical disintegration of an initial pulse as solitons with by far the largest amplitudes. This observation obtained by direct numerical simulation of the model has not got a rational explanation, so far.

K. Lamb presented the latest results on numerical simulation of shoaling of strongly nonlinear internal wave solitons. First, the steady solitary wave solutions of the fully nonlinear equations were thoroughly analysed for several typical models of density stratification and mean flow profiles. The steady solitary waves become unstable when their amplitude exceeds a certain threshold, however, both the threshold and the type of instability depend on the mean flow model and the respective parameter domains were outlined.  From the perspective of mixing and transport, the most interesting are the soliton solutions with a closed circulation core. Fully nonlinear evolution of solitary waves originated in the deep ocean and passing through a typical shelf was also investigated in detail, with the special emphasis on the situations where a trapped core developed (see Fig.1). On the basis of the acquired “empirical” numeric evidence, the conditions required for the existence of such solutions with a trapped core, have been formulated.

The theme of strongly nonlinear internal wave solitons was further developed from a different perspective by L. Ostrovsky. First, field observations of strongly nonlinear solitons were presented with the main conclusions that (i) they are not uncommon, (ii) they are different (compared to weakly nonlinear solitons). Then, in an overview of attempts to develop a strongly nonlinear analytic theory it was shown that for weakly dispersive waves and two-layer density stratification one arrives at a generalization of the Green-Naghdi type equations which describe waves propagating in two directions. Any rational attempt to make a next step and obtain an unidirectional evolution equation ends up with a cumbersome equation which preserves neither energy nor momentum.  As a remedy to this intractable situation it is proposed to use simple “phenomenological” models of evolution equations where the dispersion is changed to fully nonlinear while the other terms remain the same as in the weakly nonlinear models. A comparison of solutions with the fully nonlinear numerical solutions shows an excellent agreement. However, the intriguing questions on why these “phenomenological” models are so good and whether it is possible to develop a rational foundation justifying their “legitimacy” remains open.  

A considerable analytical breakthrough for steady solitary waves was presented by A. Voronovich. He considered a three-layer density stratification with a very thin middle layer, and with constant  velocity shear in the bottom and uppermost layers. Employing only assumed smallness of steepness and no other additional assumptions, he, in a very elegant way, obtained relatively simple explicit solutions which describe strongly nonlinear solitons with and without trapped circulation core that agree well with the field observations. The most intriguing question on how these findings could facilitate progress in describing wave evolution remains an open challenge.
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Fig. 1: Shoaling of internal solitary wave resulting in formation of a trapped core. (K.Lamb)

A. New presented unique field observations showing generation of internal solitary waves by the surfacing of beams of internal tidal energy. The presented careful tracing of the internal tide beams removes the mystery from the long debated phenomenon of a “sudden” appearance of internal solitons far from the shelf and makes general contours of the underlying physical mechanism quite clear. 

A fundamental question concerned with the role played by internal waves in the dynamics of atmosphere was raised by M. McIntyre.  He considered an example of refraction of internal wave packet in a large scale basic flow inhomogeneity caused by a vortex. Refraction of a wave packet results in an effective force acting upon the vortex.  The force is easy to calculate for the case of the particular example chosen for consideration. However, the general question on how these forces can be taken into account in parametrizations of the internal gravity waves for large-scale atmospheric models presents a serious challenge.

Rossby Waves

Large-scale motions, or, more precisely, dynamics of motions of synoptic or planetary scales, primarily of Rossby waves, our understanding of their interaction with the bottom topography and comparison of the satellite observations with theoretical models represent the last major theme of the workshop.  The theory of  Rossby waves is well developed and has reached a high degree of sophistication.  At the same time, because of the very large temporal and spatial scales involved, a direct experimental verification of the theory was close to impossible before development of techniques of satellite observations.

The present state of art in satellite observations based upon altimetry, sea surface colour and temperature (both IR and microwave) was outlined by P. Challenor.  The current techniques used to evaluate the phase velocity of baroclinic Rossby waves and the directions in which they evolve were reviewed.  The achieved accuracy of the altimeter measurements enables one to conclude with confidence that the standard Rossby wave theory compared to the satellite observations underpredicts the values of the zonal wave phase velocity roughly by a factor of two, although the extended theory by Killworth & Blundell decreases the discrepancy quite noticeably (see Fig 2). The most recent advances are the ability to register the meridional components of the phase velocity and to gauge amplitude of the individual waves, although the existing theory should be further developed to interpret properly the wealth of new data.

P. Killworth gave an overview on the progress in the outstanding problem of the last decade, that of bridging the gap between the theory of baroclinic Rossby waves and the satellite observations of their kinematics. Taking into account the presence of mean baroclinic circulation decreases the discrepancy significantly, and the remaining gap was the focus of the presentation. The essence of the reported new development is simultaneous taking into account the effects of mean circulation and the real topography within the framework of the standard linear boundary-value problem. The effect of the real topography alone taken into consideration within the WKB framework does not result in a noticeable difference, while the combined action of currents and topography does. The reasons are not completely clear yet. It was found that new modes do appear in the presence of a bottom slope and, in general, they propagate faster. However, the new modes tend to be localised near the bottom and the question whether the “acceleration” registered by satellite observations is due to these new modes requires further study.
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Fig. 2: Phase velocities of baroclinic Rossby waves measured on the basis of the satellite altimeter data vs predictions of the enhanced  theoretical models by P.Killworth.

A general review of the theory of Rossby wave interaction with uneven bottom was given in the plenary lecture by G. Reznik.  He provided exhaustive classification of possible regimes of flow above bottom topography depending on the relative scale of the bottom irregularities and stratification of the ocean. Particular attention was paid to the consideration of topography of spatial scales much smaller than those of wave motion.  The most interesting of the considered effects in view of the Rossby wave theory vs observations problem seem to be the following: (i) Concentration of small-scale quasi-geostrophic motions near the bottom; (ii) “Displacement effect”, i.e. localisation of large scale motion in the upper layer in the situations of relatively strong bottom roughness; (iii) Acceleration of the baroclinic modes. Interesting new results were presented concerned with an old problem, whether unattenuated propagation of long Rossby waves is possible at all in case of strong two-dimensional bottom roughness.  It was shown, that at least in the particular case of “dense” almost-periodic relief long waves can propagate without any attenuation.

J. Vanneste continued investigation of the topic “Rossby waves and small-scale bottom roughness”.  He developed a closed linear theory for “sparse” two-dimensional bottom relief and an elegant weakly-nonlinear theory for one-dimensional topography which yields explicit solitary wave solutions for sinusoidal relief. The same topics were approached from a different perspective by E. Benilov, who considered the situations where both small-scale bottom topography (one-dimensional) and mean zonal flow are present. The effect of bottom roughness on the flow stability was the prime target. The conclusion proved to be quite unexpected: the small-scale bottom topography, on the one hand, inhibits longwave instability, which has the strongest growth rates, and, thus, effectively stabilises the flow; on the other hand, the domain of instability expands into the range of much smaller wavelengths, although with relatively small growth rates.  A limiting case of small-scale localised bottom topography, a ridge, was considered by G. Owen.  He solved the problem of Rossby wave scattering and transmission by ridges of finite height and arbitrary thickness in the N-layer and continuously stratified models. It was found that even small barriers result in strong scattering of the barotropic mode into baroclinic modes.

The role of bottom topography was examined from the climatology perspective by means of laboratory experiments by P. Read. He was inspired by the phenomenon of intraseasonal variability of atmospheric circulation, more specifically by alternating regimes of “blocked” and  zonal flows. The prime interest was in the understanding the mechanisms and factors controlling these alternating flow regimes and the specific role played by the bottom topography. The study, which covered almost the entire parameter space of interest, arrived at the following conclusions: topography reduces the occurrence of travelling waves compared to the flat bottom case, while its role in promoting multi-stability remains unclear. An interesting observation is that time dependent regimes involve various triad resonances with the stationary waves.

E. Johnson considered interaction of barotropic vortex structures with a barrier with a gap and with two islands, which might be viewed as an extreme case of interaction with topography.  Employing a version of the contour dynamics approach, he was able to describe dynamics of constant vorticity patches near these nontrivial topographic features  in a very elegant manner and revealed the link with the analytically tractable dynamics of point vortices. Provided the patch remains close to circular, its centroid trajectory follows trajectory of the corresponding point vortex.  The main physical conclusion is quite counterintuitive: considerable portions of large eddies can be drawn through very small gaps.

R. McDonald presented a very different approach to the problem of interaction of vortices and topography. He focussed his attention on the so called vortex crystals or V-states which represent exact solutions of barotropic quasigeostrophic equations which in the process of evolution either rotate or translate  preserving the shape. A new nonlinear solution of this class for the bottom topography in the form of an infinitely long escarpment or step was found numerically. It is suggested that such solutions might be an important transport mechanism in geophysical fluids.

V. Zeitlin addressed the issue fundamental for the description of large-scale motions in the ocean, the geostrophic adjustment in the equatorial zone.  It was shown that an arbitrary, not necessary linear, perturbation splits into parts corresponding to slow- and fast motions. The slow consist of eastward propagating Kelvin waves and westward propagating Rossby waves, while the fast motion is represented by inertia-gravity waves. It is found that the fast part exerts no drag on the slow motions, while the latter are described by the Riemann and  KdV equations for Kelvin and Rossby waves respectively.

Active discussions continued throughout the entire workshop. Because of their diversity it is difficult to describe them in detail and impossible to draw a brief single conclusion. However, it is safe to conclude that the themes the workshop has focused upon are indeed very dynamic, rich, and offer huge potential for further development.  We can expect major accomplishments in these areas over the next decade. 
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