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ABSTRACT

The physical processes responsible for maintaining the mixed layer are examined by considering the velocity
structure. The low-frequency Ekman response in the interior of unstratified mixed layers is much less sheared
than is predicted using eddy viscosity models that reproduce the temperature structure. However, the response
is more sheared than predicted by models that parameterize the mixed layer as a slab. An explanation is sought
by considering the effect of an infinite wain of surface gravity waves on the mean Ekman spiral. For some
realistic conditions, the Ekman spiral predicted by assuming small-scale diffusion alone is strongly unstable to
Langmuir cells driven by wave—current interaction. In the Northern Hemisphere, these cells are oriented to the
right of the wind, the result of a balance between maximizing the wave~-current forcing, maximizing the effi-
ciency of this forcing in producing cells, and minimizing the crosscell shear. The cells are capable of replacing
small-scale turbulent diffusion as the principal transport mechanism within the mixed layer. Finite-difference
code runs that include infinite-length trains of surface gravity waves qualitatively explain the reduction in shear
within the mixed layer relative to that predicted by small-scale mixing. However, the theory also predicts an

Eulerian return flow balancing the Stokes drift that has not been observed.

1. Introduction

There exists at present a lack of understanding of
how the oceanic mixed layer is maintained. This un-
certainty is reflected in attempts to model the velocity
structure. Although the upper layer of oceans and lakes
is often very well mixed with respect to scalar quanti-
ties such as temperature, salinity, and density, signifi-
cant velocity gradients may be found within it. A num-
ber of investigators (Richman et al. 1987, Weller and
Price 1988; Gnanadesikan 1994; Weller and Pluedde-
mann 1994 ) report the existence of strong shears within
the isothermal mixed layer, varying on superinertial
frequencies (1-30 cph) as well as on longer timescales
coherent with the surface stress. Despite this fact, many
models of the mixed layer treat it as a slab within which
velocity as well as all scalar quantities are instantane-
ously and completely mixed (Denman 1973; Davis et
al. 1981; Price et al. 1986, henceforth PWP). The re-
sponse of the near-surface velocity to wind forcing in
these slab models is thus sheared only below the min-
imum mixed layer depth. This paper uses a PWP mixed
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layer model [ described in section a( 1) of the appendix }
as a baseline slab model.

Classically, attempts to model the shear within the
mixed layer have followed the approach of Ekman
(1905) in which the local momentum transport is pa-
rameterized by an eddy viscosity v, multiplied by the
local shear 9v/9z. The divergence of this momentum
transport then balances the time rate of change of the
velocity and the Coriolis force 22, X v:

av d v
ar "XV = v (1)

where §2, is the planetary vorticity and the bold letters
denote vectors. The problem of how to parameterize
the eddy viscosity has, however, proven to be ex-
tremely difficult. Huang (1979) presented over 80 dif-
ferent published values and parameterizations, which
showed no systematic agreement. The most self-con-
sistent of these parameterizations are probably the tur-
bulence closure schemes of Mellor and Yamada (1974)
in which turbulence is produced by local shear and
buoyancy instability. This paper uses a Mellor-Ya-
mada level 2 (MY2) turbulence closure model in which
gradients of velocity and density at a given point pro-
duce turbulence that is balanced by dissipation ( see ap-
pendix section a(2) for a more complete description).

Tests of different mixed layer models have tradition-
ally focused on how well the models predict the density
or temperature structure of the mixed layer. In this re-
spect, both models do quite well. Figure 1 shows data
from the Mixed Layer Dynamics Experiment (hence-






