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Figure 19. (y, t) phase diagram for instantaneous w(0, y, z̃, t) in Langmuir turbulence (E/0.3) at (a)
z̃ = −5 and (b) z̃ = −20 m. Downwelling contours (in m s−1) are (−0.016, −0.0080, −0.0020),
shading indicates values below −0.002.

Latur larger than about 0.5, these differences become rather small, which suggests
that Langmuir cell may not be very important in equilibrium, wind-driven boundary
layers with weak surface waves. Also, the degree of irregularity of the Langmuir
cells strongly increases with Latur . Variation of the gravity wavelength 2π/k alters
the characteristic horizontal and near-surface vertical scales of the Langmuir cells
roughly proportionally.

In an extreme case of Latur = 0, achieved by setting the wind stress to zero,
we find that v ≈ −us is an equilibrium LES solution with only weak turbulence.
This flow has nearly zero total Coriolis force in (2.1), hence all other terms in the
momentum balance can also be small; however, this state cannot be realized exactly
because it is inconsistent with the surface-stress boundary condition. Evidently this
flow configuration is a stable one, at least in our present LES implementation. This
LES solution is unlike the laminar Stokes solution (3.11), because the effective (eddy)
viscosity ν also becomes very small with weak turbulence.
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Figure 20. Temporal and spatial variation of surface particles and near-surface streamwise vorticity
contours in Langmuir turbulence solution E/0.3 in the (x, y)-plane. Streamwise vorticity contours at
level z = −1.8 m of magnitude (0.0055, −0.0055) s−1 are indicated by (dark, light) shading. Surface
particles are denoted by small solid dots. The position of a single particle that is near the early-time
Y-junction of two particle lines is indicated by large solid dot; note the Langmuir cell merger that
occurs to the left of this particle. (a–h) Correspond to times [288, 448, 576, 704, 832, 992, 1120,
1248] s after the particles were randomly released.

Prompted by Li & Garrett (1995), we also have examined the influence of Langmuir
cells in a much more convective PBL regime, with Q∗ = −370 W m−2, Latur = 0.3,
zi/L = −10.2, and all other parameters the same as in §4. This implies, in their
nomenclature, a Hoenikker number, Ho ≡ −2αgQ∗/kUsU

2
∗ , of about 1.5, which is still

within the regime they declare to be Langmuir cell dominated. Our solutions partially
support this conclusion: the Langmuir turbulence velocity statistics are still clearly
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Figure 21. Vertical profiles in Langmuir turbulence solutions E/0.3 (solid line) and N/0.3
(dot-dash line) of 〈w′2〉(z), normalized by U2

∗ , and 〈(ω · x̂)2〉(z), normalized by (U∗/zi)
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Figure 22. Instantaneous w(x, y) at z = −3 m in Langmuir turbulence solutions E/0.3 and N/0.3.
Values less than −0.005 m s−1 are shaded.

distinguishable from those of shear turbulence, but the mean buoyancy flux profile,
including its entrainment-layer extremum, is nearly the same in both, which indicates
that convective plumes have overcome Langmuir cells as the dominant flux-carrying
mode. SD95 also found persistent Langmuir cell influences in strongly convective
PBLs.

We have also calculated a Langmuir turbulence solution N/0.3 with increased
spatial resolution using a nesting technique (Sullivan et al. 1996), with the grid
spacings listed in section 4. Comparisons of this solution with the solution E/0.3
with standard resolution (figures 21 and 22) show that the spatial scale of the
solution becomes increasingly smaller approaching the top surface as the grid is
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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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