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refined, with a corresponding increase in amplitude for w and especially for ω,
in an apparently singular fashion (i.e. without any limit as ∆ ! 0; see figure
21). Obviously this is not a physically sensible limit both because the rigid-lid
approximation is inappropriate very close to the surface and because we have neglected
the enhanced turbulent mixing and dissipation due to breaking surface gravity waves
near the surface (Melville 1996), that would act to limit the scale decrease. Notice
that the downwelling pattern (figure 22) manifests its smaller scales by increased
branching from the primary Langmuir cell zones; this appears as a hierarchy of
Y-junctions.

9. Conclusions
We have examined the roles of Langmuir cells in the turbulent planetary boundary

layer (PBL) in large-eddy simulation (LES) solutions with and without the phase-
averaged gravity-wave effects in the generalized Craik–Leibovich (Craik–Leibovich)
equations. We find that, under typical wind and wave conditions, Langmuir turbulence
with Langmuir cells can have significantly altered mean velocity and momentum flux
profiles, greater anisotropy, and enhanced turbulent velocity variance and skewness,
dissipation, and entrainment buoyancy flux, compared to shear turbulence without
Langmuir cells. The characteristic flow structures in Langmuir turbulence do resem-
ble somewhat the classical Langmuir cell solutions of the laminar Craik–Leibovich
equations. However, they also exhibit considerable irregularity in space and time, and
they have a rich structure with increasing depth, including scale expansion, rotation
of Langmuir cell orientation, and transition from dipolar, horizontally converging
u, v patterns to monopolar, momentum-fluxing patterns. There is no sharp separa-
tion of scales in Langmuir turbulence between the visually distinguisable Langmuir
cell patterns and the even more irrregular motions on generally smaller scales. The
horizontal structure has intermittent Y-junctions near the surface that occur on both
the dominant Langmuir cell scale and finer ones. The Langmuir cells are also the
primary flux transporting agents in Langmuir turbulence. Because of this, it is likely
that PBL parameterization models need further development to adequately repre-
sent Langmuir turbulence effects, which act to increase the PBL transport efficiency
when present, particularly the entrainment flux. Thus, the nature of the wind-driven
oceanic PBL is determined by the relative strengths of the surface stress and the
surface gravity-wave drift current, as measured by the turbulent Langmuir number
Latur .

The present solutions are only analysed during their equilibrium phase for the
situation of steady, aligned wind and waves and negligible surface buoyancy flux.
Obviously, typical oceanic conditions exhibit a much greater degree of transience
than this and a wider range of buoyancy forcing. Also, our present formulation
of the LES problem with a rigid lid for PBL motions and conservative Craik–
Leibovich wave dynamics is inaccurate for small-scale motions near the surface.
Thus, the subject of Langmuir turbulence provides a wide frontier for further explo-
ration.
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