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The wave-driven ocean circulation: basic formalism and applications to surface drift F. Ardhuin, B. Chapron and T. Elfouhaily



Abstract The effects of surface gravity waves on the mean flow is given using Hasselmann’s interaction stresses on a rotating earth, including (eddy) viscosity. These effects are eventually parameterized empirically using a state of the art wave model, giving a practical way of combining wave and circulation models, as previously proposed by Jenkins. This formalism is then applied to surface drift, in homogenous conditions, combining a 1-D mixed layer model, with output from a third generation wave model.



1 1.1



MODIFIED SHALLOW-WATER EQUATIONS



A short review



Separating wave and mean flow momentum and mass transport, Hasselmann derived modified shallow-water equations to investigate wave-driven inertial oscillations [1] and the effect of short waves riding on longer waves [2]. This formalism is a generalization of Longuet-Higgins and Stewart’s radiation stresses [3], and can be used for applications in the nearshore (wave-induced longshore current, set-up, and infragravity waves), as well as in the open ocean. Other approaches have led to full three-dimesional Reynolds-averaged equation with wave forcing, using Lagrangian coordinates in order to represent motions averaged over vertical scales smaller than the wave heights (  ). This approach allows to resolve the very strong vertical shear in the drift current at the surface, and, among other applications it is relevant to the problem of surface drift or the interpretation of remote sensing based on a doppler shift analysis (HF-radars, interferometric SAR, analysis of RAR doppler centroid anomaly). This Lagrangian formalism was pioneered by Peirson [4] and perfected by Weber [5] and Jenkins [6], [7]. It generally breaks down for large times as the Lagrangian coordinates are stretched further and further away from their initial position. This problem is avoided by ‘reconnecting’ the LaF. Ardhuin is at SHOM, Centre Militaire d’Ocanographie, 13 rue du Chatellier, 29609 BREST Cedex. E-mail: [email protected] B. Chapron are with the Laboratoire d’Oc´eanographie Spatiale, Institut Franc¸ais de Recherche et d’Exploitation de la Mer, 29200, Plouzan´e, France. E-mail: [email protected] T. Elfouhaily is at CNRS/IRPHE, Laboratoire Interactions OceanAtmosphere (IOA), 163 avenue de Luminy, 13288 Marseille Cedex 9. E-mail: [email protected]



grangian coordinated to the Eulerian coordinates at regular intervals [7] or by using a properly defined Generalized Lagrangian Mean [8], [9]. This type of formalism gives a coherent and practical description of the drift current as a mean Lagrangian displacement field attached to a fixed Eulerian coordinate frame. For small wave slopes and nondivergent Stokes drift it reduces to some form of CraikLeibovich equations [10], that is often used to investigate the enhanced vertical mixing occuring close to the surface as a consequence of waves and vertical current shear, associated to Langmuir circulations.



1.2



Following Phillips, Hasselmann and Garrett



Here we first consider depth-integrated equations derived using Hasselmann’s formalism [11]. Following his notations we use dummy Greek indices  and  for the horizontal components  and  , denoted with indices 1 and 2. Latin indices  and  refer to Eulerian coordinates ,  , and  , denoted with indices 1, 2, and 3. Hasselmann’s tour de force was to define a simple decomposition of the  total    , averhorizontal mean momentum vector aged over flow realizations, into a surface layer mean and water column mean, 
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where    is the position of the free surface,     is the horizontal velocity vector. On a rotating earth the Coriolis force enters the wave momentum balance. Keeping only the vertical component



of the Coriolis parameter, and averaging over several wave periods, this force is simply the vector product of    , oriented vertically, and the mass flux in the ‘surface layer’, between and . This surface layer mass  flux is sometimes called the Stokes mass transport,  and is equal, by definition, to . Therefore this Coriolis force is:       (4)















Now, the Coriolis force also comes into the instantaneous wave momentum balance, imposing a (rotational) transversal component    , i. e. perpendicular to the wave propagation direction, on top of the usual (ir rotational) wave velocity      . This transversal component  with a magnitude that is  times that of  [12], where  is the wave radian frequency, so that         . Other negligible effects of the Coriolis force were derived by Backus [13]. However small,  is in phase with the vertical velocity   , so that on a rotating earth, the mean product ¼ ¼  ¼ ¼  of horizontal and vertical velocity fluctuations (including wave motion) has the extra term      , that is equal to   at   . For the sake of simplicity we chose to remove this particular correlation term, that we shall call ‘Hasselmann stress’  , from the stress  defined by Hasselmann. Thus his interaction stress in a non-rotating frame is mathematically equal to our interaction stress in a rotating frame that we define as







 







 



                  



    



                  



with
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The vertical divergence of the Hasselmann stress  



(5)



(6)



is identical to the part of Craik and Leibovich’s 1976 vortex force that is due to planetary vorticity. Hereinafter velocity fluctuations are treated as wave velocity only. Turbulence can be included in the present derivation by further separating these fluctuation into waves and turbulence, or representing it by an eddy viscosity in the mean flow equations. The wave momentum evolution equation in a nonrotating frame is given by is not modified in a rotating frame because the depth-integrated Coriolis force acting on  and thus cancels the surface layer (4) is equal to the divergence of the Hasselmann stress that we have removed from our definition of   . The water column mean momentum equation and mass conservation take the form of averaged shallow-water equations including explixit parameterization of the wave effects on the mean flow. Although Hasselmann (1970) makes clean separation of wave momentum and mean flow momentum, giving interaction terms that correspond to genuine momentum exchange between the two (see also Kudryavtsev 1994), we now prefer to go back to the total momentum equation of Phillips (1977)to obtain the water by substracting the surface layer column momentum (wave) momentum, including the Coriolis force (as done by Garrett 1976)and viscosity [11], and neglecting wave bottom pressure terms,
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where  is a horizontal tensor that contains mean momentum advection terms,b mean-flow pressure gradients (including hydrostatic pressure) and viscous stresses,
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 is the usual wind stress vector, equal to the total atmosphere to ocean momentum flux, and  is the bottom



stress vector, equal to the total ocean to bottom momentum flux. These two stresses are already included in ocean circulation models, but they may be strongly affected by waves [17], [18], [19], [20]. The last three terms in (7) represent direct wave effects on the mean flow that are not represented in current oceancirculation models. In steady quasi-geostrophic conditions,  the divergence of the Hasselmann stress    















1.3



Practical parameterization



The practical power of this derivation is unleashed when one realizes that wave momentum is closely related to wave energy or action. These are the quantities used in operational wave models, based on a phase-averaged spectral energy balance (these models will be referred to as ‘WAMtype models’). For weak currents, with velocities  much smaller than the phase speed, the energy balance equation [22], [23], used in WAM-type models, can be used instead of the action balance equation. Using a quasi-linear description of the wave field we have
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where  and  denote the horizontal gradients in the physical and spectral space respectively,  and  are the wave energy advection vector velocities in physical space (the group speed) and wavenumber space, and  is the wave energy spectral density so that the wave energy  (in joules per meter squared) is,
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with and the horizontal position and wavenumber vectors. The source terms   ,   and  parameterize the transfer of energy from the atmosphere to the wave field, the dissipation of wave energy due to surface processes (water and air viscosity, whitecapping), and the redistribution of energy between wave components due to the wave non-linearity, respectively. Other processes specific to shallow water can be represented by additional source terms. With this definition the mean wave momentum is
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where  is the wave phase speed, a function of water depth and wave number magnitude  . By definition is the total wind stress (including the momentum flux from swell to the atmosphere) and thus the momentum lost by the waves 



       is entirely given to the mean ocean flow and not the atmosphere. This type of parameterization was also introduced by Jenkins [7]. If the integration is performed over the entire wave number range, from zero to infinity,  . However in practice wave models have a finite frequency range so that   must be kept. The Stokes drift can also be computed from a wave spectrum [24],
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Ardhuin, Chapron and Elfouhaily [11] discussed the magnitude of the different terms for fetch limited conditions, for which the wave models perform well and the parameterization is reliable. Although the momemtum storage in the wave field was already known to be weak (0–4% [18]). The effect of gradients in the wave field can be as



large as these 4% (largest for young seas), even in deep water and without depth-induced wave breaking. Surface drift were also investigated by others and shown to be significant, possibly as large as the Ekman velocity [25], [6] [26]. The investigation of this effect requires a vertical discretization of the equations of motion. Indeed, in depth-integrated equations the total mass transport due to waves in stationary and homogeneous conditions is zero in deep water, because the wave-driven Eulerian flow cancels the Stokes drift. However, these two may have quite different profiles leading to net drifts at various levels. We will extend our shallow water equations into three dimensional equations by prescribing vertical profiles to our various wave forcing terms. This procedure is fairly ad hoc, but can be loosely justified by the necessity to have our theory be consistent with Jenkins’ results [7]. It was already used by Jenkins [7] to define the vertical profile of the wave to mean flow momentum flux induced by wave breaking, and Walstra et al. [27] to implement Generalized Lagrangian Mean results, including radiation stresses, into a three-dimensional circulation model for the nearshore.



2 APPLICATION TO SURFACE DRIFT Considering deep water waves, we therefore assume that



 and    decay exponenthe interaction stresses   tially from the surface, just like the Stokes drift, 



  



     Æ     (16)  We will here assume that    yields a vertical profile   , however, thy may be modified by wave  



 



 



 



 







breaking, as discussed by Jenkins [7]. From measurements of turbulence under waves, it seems that the vertical decay scale of this profile is a fraction of the wind sea wave height, and is related to the hydraulic roughness   under waves [28], [29]. A better alternative that will not be pursued here might be to separate this term into three different terms   ,  ,   (figure 1), plus a refraction term, each with its own profile. In shallow water, bottom friction and wave reflection should also be accounted for. In is a bit more complex than indicated on figure 1 since viscosity effect induce a wave to mean flow momentum flux, called streaming, that is then transfered to the solid earth as a drag acting on the mean current. We shall now illustrate the importance of wave-induced drift effects on the drift of ‘tar balls’ produced by the breakup of the Prestige tanker oil spill, that was released essentially in the month of November 2002 off the northwestern coast of Spain. We thus consider that these tar balls are weakly buoyant drifters that follow the horizontal drift current near the surface (how ‘near’ is ‘near’ is still an open question but should be resolved by a proper modeling
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Figure 1: The momentum diamond. Exchanges of momentum between the atmosphere, ocean (waves + mean flow) and solid earth, in the case of a uniform wave field. Each arrow points in the direction for which the flux is positive. However, any of the indicated fluxes can be negative



of near-surface vertical mixing). We further consider homogenous conditions and neglect wave momentum buffer effects, so that the only wave forcing terms are the Hasselmann stress and the wave mass transport. This situation has already been considered by other authors [1], [5] [6]. These two terms were included in the 1-D vertical mixing model Florence-1D, used at SHOM for mixed layer forecasts, after it was realized that the model predicted drift was much weaker than the observed pollution drift, with a discrepancy of about 4% of the 10-meter wind speed. This model represents turbulent mixing with a variable eddy viscosity based on a turbulent kinetic energy velocity scale and a mixing length parameterization that tends to a linear       close to the surface[30]. The model was integrated from 16 November 2002 to 16 January 2003, using realistic surface fluxes from M´et´eo-France global model Arp`ege, and wave forcing from NOAA/NCEP’s operational wave model Wavewatch III [31], both at the location of buoy ”Brittany” (number 62163) maintained by M´et´eo-France and the UK Met Office, in the north of the Bay of Biscay. Figure 2 shows that the net wave-induced drift is significant near the surface (more than half of the Ekman drift, even for this swell-influenced area) and varies strongly on the vertical, with a 25% reduction over the top 2.5 m. This shows that it is very important to determine the depths at which the pollution is drifting. It is also noteworthy that the wave-induced drift direction is about 10 degrees to the right of the Ekman drift at the same depth, which is partly due to the fact that swell, in that area, propagates into a direction generally to the right of the wind direction, and also because the total wave-induced drift is to the right of the Stokes drift. It is clear that the wave-induced drift explains 25 to 50% of the drift that was not accounted for in the original 1D model, the rest being likely caused by



Figure 2: Near-surface drift: wind and wave contributions. Displacements of a water parcel induced by: waves at    m (red), the Stokes drift alone at    m (blue dashes), the Ekman current (green) at     m, a speed equal to    (magenta), the surface Stokes drift (solid blue). Calculations and figure were prepared by Philippe Craneguy. geostrophic currents.



3 PERSPECTIVES We have proposed a consistent parameterization of direct wave effects for shallow water and primitive equation models of the ocean circulation. We have also showed, after others [5], [6], [7], [32], [33], [11], that these effects are significant, with, for example, a wave-induced surface drift as large as 50% of the Ekman drift. However, much remains to be perfected, in particular in the parameterization of the vertical momentum diffusion that should represent correctly the effect of wave breaking and mixing by Langmuir circulations (figure 3). Efforts in that direction have been already undertaken [34], [35], and should benefit from the combination or coupling of wave and circulation models. The parameterization bottom boundary layer should also benefit from this consistent view. Surface current observation that rely on remote sensing technique such as HF-radar[36] , interferometric synthetic aperture radar [37], and doppler centroid analysis from real aperture radars will also be better understood when the detailed vertical profile of drift velocity is better modelled from wind, waves, tidal and geostrophic currents. The use of wave effect parameterization from wellcalibrated wave forecasting models, the sum of the source terms being tuned to observed wave growth, is probably the most important part of the present approach since it may well be robust to theoretical limitations (small wave slope and other hypotheses), because it brings empirical results into the parameterization. In turn, the consistent treatment
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Figure 3: Momentum flux and mixing below waves of the wave-to-mean-flow momentum flux   , with a particular vertical profile, may help verify the parameterizations of individual source terms. This will also require new and detailed observations, such as measurements of longrange swell dissipation.
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