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Wind and surface wave frequently induce Langmuir circulations (LC) in the upper ocean, and the LC
contribute to mixing materials down from the surface. In this paper we analyze large-eddy simulation
(LES) cases based on surface-wave-averaged, dynamical equations and show that the effect of the LC is a
great increase in the vertical mixing efficiency for both material properties and momentum. We provide new
confirmation that the previously proposed K-profile parameterization (KPP) model accurately character-
izes the turbulent transport in a weakly convective, wind-driven boundary layer with stable interior
stratification. We also propose a modest generalization of KPP for the regime of weakly convective
Langmuir turbulence. This makes the KPP turbulent flux profiles match those in the LES case with LC
present fairly well, especially so for material properties being transported downwards from the ocean
surface. However, some open issues remain about how well the present LES and KPP formulations rep-
resent Langmuir turbulence, in part because wave-breaking effects are not yet included. © 2001 Elsevier

Science Ltd. All rights reserved.

Introduction

If polluting material spilled into the ocean does not
rapidly evaporate or sink, it is moved and mixed over
many days mainly under the influences of surface-
gravity waves and near-surface currents. The influen-
tial types of currents in coastal regions are tides, ge-
ostrophic flows (with the Coriolis force balancing the
pressure force from sea level slopes unrelated to sur-
face waves) and both mean and turbulent motions in
the surface planetary boundary layer. The boundary
layer occurs because surface wind stress and heat and
water fluxes induce nearby shear and stratification
instabilities that lead to vigorous, turbulent fluctua-
tions. The boundary layer has a thickness typically on
the order of tens of meters, though occasionally it is
much thinner or thicker when surface heating or
cooling is extreme. Its depth of penetration into the
oceanic interior usually is limited by a stable density
stratification underneath (the pycnocline).

*Corresponding author.

Mariners frequently see wind rows, which are streaks
of surfactants usually aligned with the wind and/or
waves. The spacing between streaks is highly variable,
of course, but it typically is some meters or tens of
meters and thus comparable to both the wavelength of
surface-gravity waves and the boundary-layer depth.
The oceanographic interpretation of wind rows is that
they result from lines of convergence in the surface
currents associated with Langmuir circulations (LC)
(Leibovich, 1983). The LC are believed to occur quite
commonly, even more so than is evident under fa-
vorable surfactant viewing conditions. The dynamical
origin of the LC is understood as a wind-driven shear
instability in combination with surface wave influences
related to their mean Lagrangian motion, called
Stokes drift (Craik & Leibovich, 1976).

How do the LC contribute to the movement and
dispersal of spilled materials? Because the LC are local
recirculations over tens of meters, they contribute little
to the systematic displacement (i.e., advection) of
materials compared to the contributions of tides, ge-
ostrophic flows, and mean boundary-layer currents
(though they do partly control the shape of latter; see
Section 2). They do, however, contribute to the
spreading, hence dilution, of the material.
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The spreading rate by turbulent currents is com-
monly expressed in terms of an eddy diffusivity, «,
where the expected size of a spill is D ~ /xT after
some time 7' that encompasses many cycles of the
turbulent eddies. It is also common to make a rough
estimate for a diffusivity by x ~ VL, where V' is a
characteristic eddy velocity and L an eddy correlation
length for fluctuating currents that cause the spread-
ing. For horizontal spreading by the LC, therefore, we
can use V= 0.1 m/s and L~ 10 m to estimate
kn ~ 1 m?/s (with subscript h for horizontal), hence
Dy ~ 300 m after 7 ~ 1 day. ' This is not a large
distance. In contrast, mesoscale geostrophic eddies
typically have horizontal V values at least as large as
the LC and horizontal L values much larger ¢ ~ 10 s
km. Thus, we expect their x;, values to be much larger
than those for the LC and accordingly their influences
to be more important for horizontal dispersal of ma-
terial.

The situation is quite different for spreading mate-
rial in the vertical. Tides, geostrophic flows, and mean
boundary-layer currents are primarily horizontal in
their motions, hence inefficient in vertical dispersal.
Surface waves do have strong vertical motions, and
breaking waves in particular contribute significantly to
moving materials from the surface into the oceanic
interior, though usually over a depth of only a few
meters. The primary mechanism for vertical dispersal
is by boundary-layer turbulence, and, as shown below,
the LC are an especially efficient type of boundary-
layer motion in causing vertical mixing. The same V,
L, and x estimates as above are relevant to vertical
motions in LC, hence we estimate x, ~ k; ~ 1 m?/s,
which is not small compared to contributions from
other types of currents and which can fill the whole of
the surface boundary layer with mixed material in a
fraction of a day.

In this paper, we present a model that may be useful
for estimating the vertical spreading of material in the
upper ocean under conditions in which LC occur. Its
basis is computational simulations of turbulent
boundary layer currents with LC (Section 2). In the
framework of a widely used turbulent mixing model
(Section 3), we propose generalizations that include
LC effects (Section 4). Finally, we suggest how this
mixing model could be further developed and imple-
mented for practical applications to tracking and
predicting the movement of materials spilled into the
ocean (Section 5).

! This estimate is most relevant to transverse dispersal, i.e., in the
direction perpendicular to the wind rows. Since longitudinal
correlation lengths are greater for LC, longitudinal dispersal will
be somewhat more efficient.
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Langmuir Turbulence

Measurements in the oceanic boundary layer are
notoriously difficult to make, for many reasons, and
our approach here is to rely mainly on computational
simulations of boundary layer turbulence to provide
information about vertical transport and mixing by
the LC. Computational simulations are widely used in
oceanography now, with considerable confidence in
the qualitative behavior evinced when the calculation
is physically well conceived and the influences of un-
resolved (i.e., sub-grid scale, [SGS]) motions are not
delicate. The greatest limitation with this approach is
the difficulty achieving an overview of parametric and
computational sensitivities. At present we have only a
few relevant simulation cases available, and conse-
quently our proposed mixing model in Section 4 is less
comprehensive than ultimately needed for general us-
age.

The simulation is done by computational time in-
tegration of the following equations discretized on a
3D spatial grid:

D 1
20 xut—vP+222 1 SGS = x (204 V xu),
Dt Po Po

D

§+SGS:qu~Vc,

Vou=0, (1)

where u is the velocity; P is the pressure; p is the
density; and p,, is an average value; ¢ is any materially
conserved scalar quantity (e.g., temperature 7, salinity
S, or a chemical concentration); 2 is the Earth’s ro-
tation vector; g is the gravitational acceleration; Z is a
unit vertical vector, aligned anti-parallel to gravity;
and the operator

D ©

D vV

is the advective time derivative. SGS denotes non-
conservative terms due to any internal sources and
sinks (including chemical reactions) and the effects of
unresolved scales of motion and molecular diffusion;
in the simulation approach we use, called large-eddy
simulation (LES), the SGS prescriptions are based on
single-point, second-moment turbulence closure
models (McWilliams et al., 1999, for a summary). The
terms on the right-hand sides in (1) represent averaged
dynamical effects of surface gravity waves on the more
slowly evolving currents calculated with (1) (Craik &
Leibovich, 1976; McWilliams & Restrepo, 1999); these
terms involve the waves’ Stokes drift,

w(z) = </tuw(x,s)ds . v>uw,
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where u" is the wave orbital velocity and the overbar
denotes an average over the waves. The system (1) is
closed by the oceanic equation of state, p[P, T, S|, and
appropriate boundary conditions, including surface
fluxes of momentum and scalar quantities.

It is widely believed that the wave-averaged vortex
force, represented in (1) by the final term in the mo-
mentum equation, is an essential element of the dy-
namics of LC. To date only a few boundary-layer LES
cases have been calculated with the vortex force in-
cluded (Skyllingstad & Denbo, 1995; McWilliams
et al., 1997; Skyllingstad et al., 1999, 2000; Skyllings-
tad, 2000); these we call Langmuir turbulence, since
the flows are manifestly turbulent and the LC are ev-
ident in flow visualizations. Figure 1 is a sketch of the
posing of such a calculation for a stratified Ekman
layer with waves. Specifically, we calculate a LES
case > for a mid-latitude, deep-water region with a
uniform wind stress, = pyu? = 0.037 N/m’ (u, =
0.0061 m/s) in the +x direction at the ocean surface,
z=0, as well as a monochromatic surface gravity
wave field propagating in the same direction with
an elevation amplitude of 0.8 m and wavelength of
A =60 m, hence u'(z) = Ufexp[dnz/]] with U* =
0.068 m/s. The initial p and T fields are fairly well
mixed near the surface over a depth of 4~ = 35 m, with
a stable stratification underneath with stability fre-
quency N = 0.0044 [/s. In addition there is a weak,
uniform cooling of the surface at 5 W/m?. After an
adjustment period of several hours, the flow reaches a
quasi-equilibrium, turbulent state, with a weak evo-
lutionary deepening of the layer due to entrainment
fluxes near z = —h. An eddy turn-over time 7, = h/u,,
is about 6100 s here, the statistical averaging time
during the quasi-equilibrium phase is more than 107,
and the average boundary-layer thickness during this
phase is & =~ 37.5 m.

In this case the relative influences of winds and
waves are characteristic of equilibrium wind waves
(except for the simplifications of no wind fluctuations
and a wave spectrum with only a singly dominant
component); quantitatively, this is expressed by the
non-dimensional Langmuir number,

Uy
La=,/— 2
a Us’ ( )

having a typical value, here 0.3.

The presence of LC in this LES case is demon-
strated by their effects on organizing a field of sur-
factant (Fig. 2), which 1is released randomly
throughout the model domain at a time during the

2 This LES case is more extensively but differently analyzed in
McWilliams et al. (1997).
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Fig. 1 Sketch of the oceanic surface boundary layer with LC pre-
sent.

quasi-equilibrium period. Each surfactant parcel
moves horizontally on the surface according to the
equation,

dxy = up(Xn, 0,7) +u;, (0),

d¢

where the subscript h denotes the horizontal compo-
nent of a vector. The Eulerian surface velocity u is
taken from the LES, and w* is added so that the parcel
moves with the wave-averaged Lagrangian velocity.
Within minutes almost all the surfactant moves into
somewhat irregular, but wind/wave-aligned conver-
gence lines associated with the LC, as well as being
displaced en masse by the mean Lagrangian flow (here
towards the south-east). In many places the conver-
gence lines intersect in Y-junctions with the stem line
pointed down-wind/wave, as observed. On a time scale
longer than it takes for the parcels to collect in the
convergence lines, the point of intersection often
moves like a zipper to merge two adjacent LC cells;
this opens up space for a new convergence line to
develop nearby, thus maintaining an equilibrium cycle
of LC generation and disappearance. In an otherwise
identical LES case without the wave-averaged terms in
(1) (i.e., with La = 00), there is very much less trapping
of the surfactant into lines, > indicating that the LC
are especially efficient material collectors. In different
LES cases with different values of La < O(1) and h/4,
we see differing degrees of regularity in the surface
convergence-line patterns.

3 See McWilliams er al. (1997) for several visualizations of the
pattern differences between La = 0 and oc.
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Fig. 2 Surface particles at several times after being released randomly at ¢t =0 for the LES case with La = 0.3. Panels (a)-(d) are for

t = 0,440,672, and 1480 s, respectively.

The turbulent flow statistics are markedly different
in Langmuir turbulence than in an Ekman layer
without wave influences. This is illustrated by com-
paring the turbulent kinetic energy and dissipation-
rate profiles between LES cases with La = 0.3 and oo
(Fig. 3): Langmuir turbulence is much more energetic
and has a stronger energy cycle (i.e., eddy generation
by instability and dissipation by cascade to small
scales). The LC comprise part of the enhanced vari-
ability in Langmuir turbulence but so also do other
less obviously coherent patterns of fluctuating cur-
rents. In addition, the mean current profiles, (uy)(z),
are substantially different in Langmuir turbulence,
both by exhibiting less vertical shear within the
boundary layer and by turning further from the wind
in an anticyclonic direction than do classical Ekman
currents. The turbulent mixing rates are also faster in
Langmuir turbulence, as might be expected from the
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greater turbulent energy. These will be analyzed in
Section 4, after a diagnostic framework is established
in Section 3.

K-Profile Parameterization

Computational simulation is a powerful methodol-
ogy, but it is inherently incapable of spanning the full
range of oceanic currents (hence, e.g., the need for
SGS schemes in boundary-layer LES). It also is too
cumbersome for frequent scientific uses and practical
applications that require a rapid response (such as
pollution spills). Therefore, a less fundamental but
much simpler model of the boundary layer, in which
the effects of the turbulence are parameterized rather
than calculated from fluid dynamics, is desirable. It is
thus reasonable to have somewhat limited expecta-

Spill Science & Technology Bulletin 6(3/4)
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Fig. 3 Turbulent kinetic energy, e(z) =1 (u?), and dissipation rate, ¢(z), for LES cases with and without LC effects (i.e., La = 0.3 [solid] and co
[dashed]). Normalizations are by u? and u? /h, respectively, and the depth is normalized by A.

tions for a useful parameterization: it must represent
the hypothesized essential effects with qualitative va-
lidity; it must be fit and assessed quantitatively in at
least some situations; and it must not lead to silly
answers in general applications, even though it might
not always be particularly accurate.

The K-profile parameterization (KPP) is a model of
vertical transport and mixing within the planetary
boundary layer that has been found to meet the cri-
teria above fairly well. In KPP the evolution of a fluid
quantity Q (i.e., horizontal velocity or a material
tracer) is influenced by transport and mixing accord-
ing to an equation of the following form:

o(0) _ 0Fp
RIS ®)

where the angle brackets denote an average in time
and horizontal position over the scales of surface
waves and boundary-layer turbulence, Fy is the mean
vertical flux of Q by the waves, turbulence, and mo-
lecular diffusion,

Fofe) = ~{0W) + ko @
VA

(K 1s the molecular diffusivity), and the dots in (3)
denote other evolutionary influences unrelated to the
waves and turbulence, including any non-conserva-
tive, material processes or even buoyancy forces (such
as air bubbles and oil droplets). In the KPP model the
flux within the boundary layer, 0 >z > — A, has the
following form:

Spill Science & Technology Bulletin 6(3/4)

0Q) “/Q], (5)

o) = 0le)| °

where K, is a positive eddy diffusivity profile; y ap-
pears here as an augmentation of the mean Q gradient;
and —xy is a flux profile independent of the mean
gradient (often called the counter-gradient flux).
O’Brien (1970) noted that x, usually has a convex
structure in the boundary layer. With this assumption
as its basis, KPP was formulated and tested empiri-
cally as an atmospheric model in Troen and Mahrt
(1986) and as an oceanic model in Large et al. (1995).
It was evaluated by comparison with computational
boundary-layer simulations in Ayotte et al (1996),
and its performance is assessed in oceanic general-
circulation models in Large et al (1997), Large and
Gent (1999), and Li et al. (2000). The experience with
it has been generally judged satisfactory in the various
contexts where it has been used, which spans a wide
range of conditions in surface stress and buoyancy
flux, as well as interior stratification and currents. As
yet it has not been assessed by observations or LES
cases where LC are active, nor do its present rules
include any dependence on La (remedied in Section 4).
KPP is a non-local, mean-field closure model, since
x and y are functionals of the surface boundary fluxes
and mean quantities throughout the whole boundary
layer. Thus, it is quite different from other commonly
used boundary-layer models, such as a mixed-layer
model (where the mean profiles are specified rather
than the fluxes), a single-point, second or third mo-
ment closure model (which is wholly local), or a
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surface-layer (i.e., Monin—Obukhov, M-O) similarity
model (based entirely on the surface fluxes). Each of
these qualitative differences allows KPP to have po-
tentially greater oceanic realism than any of the al-
ternatives.

Now we describe the current rules for the KPP
scheme, in a simpler way by ignoring the niceties of
absorbed solar radiation and the boundary-layer
structure very near the top surface, * and the special
case of no interior pycnocline; a complete description
is in Large et al. (1995).

The boundary-layer depth, 4, is determined in KPP
as the smallest /# for which a boundary-layer Rich-
ardson number,

gh | A[p)] |

R = T Al P +77)

(6)

rises above a specified critical value, as it always will
when a significant pycnocline is present. Here the
operator A denotes the difference in values between
z=0and —A, and Wis a turbulent velocity magnitude
(defined in (9) or (11) below).

The eddy diffusivity, x(z), is assumed to have a self-
similar, convex shape across the boundary layer and
an amplitude related to the fluxes at the edges of the
layer. Its formula is

Ky = VVhG(O_)v (7)

where ¢ = —(z/h) is the normalized depth within the
layer. G(o) is the shape function. In the canonical
situation with M—O similarity structure near z = 0 and
negligible mixing below z = —A, then

G=o(l-0), (8)

which vanishes at the top and bottom of the boundary
layer (i.e., 0 = 0 and 1, respectively) and has a maxi-
mum value of 0.15 at ¢ = 0.33. W is a turbulent ve-
locity scale,

i
¢ b
where £ = 0.4 is Von Karman’s constant and ¢ is the
well-known stability function in M-O theory. In the

KPP model, ¢ is a function of #/Z outside of the near-
surface layer (i.e., 0 > —z >0.14), and its values

W= ©)

4 In its present formulation, the KPP rules yield both fluxes and
mean profiles consistent with similarity theory near the boundary.
We do not focus on the surface region in this paper. In part this is to
make our preliminary proposal for including LC effects in KPP
simpler. More importantly, though, it is because wave breaking is
known to cause significant deviations from M-O similarity structure
near the surface (Terray et al., 1996), so that a further revison of
KPP is needed for this behavior anyway, which we are not yet
prepared to make.
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differ between scalar quantities and momentum when
Z < 0. Here

g P
gkF,(0)
is the M-O length.
The non-gradient flux, y(z), is assumed in KPP to
have a uniform profile throughout the interior part of
the boundary layer,

= —%;W(O), (10)

where (gi‘ is a positive constant. This formula implies
that — after the multiplication by the positive, convex
k(z) in (5) — there is a transport of Q from the upper
part of the boundary layer (i.e., above the maximum
in G) to the lower part (below the maximum) in the
sense set by the sign of the surface flux, F(0). > This is
an intrinsically non-local flux process, since it is not
linked to the local mean gradient at any particular
depth. The utility of y was recognized by Deardorff
(1972) for convective boundary layers in which grav-
itationally unstable plumes carry heat and material
across the boundary layer, even though the interior
mean gradients are small; of course, an analogous
statement can be made for the LC, some of which also
span the whole boundary layer. For temperature in
thermal convection, the mean gradient even reverses
sign within the layer due to entrainment of interior
fluid that provides a heat flux near the edge of the
layer with a sign opposite to the surface flux, but
the sign reversals of Fy, and 0(Q)/0z rarely occur at the
same z value. Thus, y can prevent singularities and
negative values in x(z) when (5) is fit to actual profiles
of Fp(z) and (Q)(z), and y is commonly fit simulta-
neously to make x(z) > 0 and smooth in z. ¢ In the
present KPP scheme, y is taken to be non-zero, from
(10), only for scalar Q quantities (i.e., not for u,) and
only in the convective regime where F,(0) > 0. The
rationale for this restriction is a minimalist one, not to
invoke a process except where it has been shown to be
needed. However, it is probably useful for any quan-
tity with opposing surface and entrainment fluxes on
small mean gradients, by the argument above, and it
probably does little or no harm otherwise since mean

* For example, surface cooling implies Fr(0) < 0, hence y > 0,
hence —xy < 0 and its divergence acts in (3) to increase 7 in the
upper part of the boundary layer and cool the lower part and thus
contributes to the movement of heat from below up towards the
surface.

¢ Without y, an eddy-diffusion model like (3)~(5), with a smooth,
positive x, will make (Q)(z,) evolve such that zeros in Fp and the
mean gradient occur in the same location, unlike what is observed in
convective boundary layers, for example.

Spill Science & Technology Bulletin 6(3/4)
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gradients tend not to be so small when these edge
fluxes are not in opposition; this issue is further dis-
cussed in the next section.

Mixing Effects by Langmuir Circula-
tions

We now analyze the LES solutions with and with-
out LC (Section 2) and fit their calculated mixing rates
with a generalization of the KPP model (Section 3).
The basis for the generalization is experimental evi-
dence that, when LC are evident, the near-surface,
transverse velocity amplitude (i.e., the horizontal
component perpendicular to wind and wave direc-
tions) varies in direct proportion to U*; this has been
found both in observations (Smith, 1998, 1999) 7 and
in Langmuir turbulence LES (Skyllingstad, 2000), al-
though the empirical data base is still modest and
there is still uncertainty about what the value of the
proportionality coefficient is (or may otherwise de-
pend on). Nevertheless, this empirical proportionality
suggests a simple modification of KPP so that the
turbulent velocity scale relevant to the mixing rates, W
in (7)., (9), and (10), also has this behavior. ®

An alternative definition with this property is

Gy 1/o
Laz“} ’

ku,
W=—6  &=|1+
5o o=

where & > 1 is an enhancement factor due to the
presence of LC (i.e., & increases as La decreases), with
%w and o positive constants. The choice of o is not
well constrained by present evidence, so we somewhat
arbitrarily choose o = 2, essentially for reasons of
mathematical esthetics (this is analogous to the com-
mon use of a least-squares error norm for data anal-
ysis). In any event « only governs the shape of W(La)
in the narrow transition regime between shear and
Langmuir regimes. Given the choice in (11), we de-
termine %, and %y by fitting x and y to our LES cases.
The relation (11) recovers the previous KPP relation
(9) when wave effects are weak (i.e., La is large). It also
implies that W o U® when La is small, as intended.
The LES cases in Section 2 have a Z value of —240
m, indicating that these are simulations of weakly

(11)

7 In Plueddemann ef al. (1996) a different empirical dependence
on U* was proposed, based in part on prior theoretical arguments,
but these data also shown by Smith (1998) to be consistent with
linear proportionality.

8 It is, of course, implausible that this linear relationship for W
would continue all the way to La — 0, which would imply an
efficient turbulent mixing of mean gradients even when the surface
stress vanishes. However, the empirical evidence supporting this
relationship and the present LES cases are nowhere near this limit,
so for now we will not attempt to regularize it.

Spill Science & Technology Bulletin 6(3/4)

convective, wind-driven, shear boundary layer. Ac-
cordingly, h/Z = —0.14 is small, and the value of the
stability function, ¢ = 0.95 for momentum and 0.90
for scalar quantities, as calculated from eqn (B1) of
Large et al. (1995). Thus, these cases do not allow us
to test whether there are important stability depen-
dences in (11), e.g., in the coefficient €. For now
there remains an unsettled physical issue about how
the LC behave and affect the turbulent mixing rates in
the boundary layer when the surface density flux is
either strongly stabilizing (¢ > 1) or convective
(¢ < 1). Similarly, from our own exploratory LES
cases and form Skyllingstad (2000), we know that
there are sensitivities to the value of %/, especially
when this ratio becomes very small (smaller than in the
present cases with /4 = 0.6). For all these reasons, we
must view the present proposal for generalizing KPP
as provisional, pending a much broader survey of re-
gimes in surface buoyancy flux and stratification.

We start the assessment of this proposal with the
density field, which has been the primary basis for
choosing the KPP form (5). In Fig. 4 are shown the
mean density profile, the turbulent density flux, and
the associated vertical diffusivity «,,. Note that the
density profile shows a larger change from its initial
shape with LC present, due to the substantially in-
creased entrainment flux and enhanced diffusivity
throughout the boundary layer. The diffusivity is cal-
culated from (5), after fitting the value of y to maxi-
mize the smoothness in x(z) in the vicinity of
0(p)/0z = 0. We represent the non-gradient flux by

Fo(0)

'}):7(67} VWZ )

(12)
which is identical to (10) but here with a distinct co-
efficient, %,. The fitted value %, ~ 1.04 yields smooth
k profiles for both LES cases, with and without LC, o
and the sensititvity of the 4, fit is illustrated in Fig. 5.
The corresponding ratio of peak values for x has a
ratio of approximately 3.25 as shown in Fig. 4(c); from
(7) and (11), this ratio is equal to the ratio of the
turbulent velocity scales, W, with an enhancement
factor due to the LC of & ~ 3.25, whence € = 0.080.
Furthermore, the shape of «(z) is close to the
convex KPP form of G(o) in (8), and the peak
magnitude of x/u.h is very close to the value of

? This value is smaller than that proposed in Large et al. (1995),
following earlier precedents; there, for (10), the value of %* ~ 6 was
chosen to match the regime of free convection, #/Z — —oco (e.g.,
Holtslag & Moeng, 1991), rather than the much smaller value of our
LES cases here, h/Z = —0.14. Taken together with the present
results, we conclude that € and %, should have a monotonically
increasing dependence on 7}’1/2 > 0 (as does ¢ in M-O theory), and
possibly on La as well, but we do not yet have a sufficient data base
to determine this dependence in a formulaic way.
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Fig. 4 Vertical profiles related to density for LES cases with and without LC effects (i.e., La = 0.3 [solid] and oo [dashed]): (a) mean,
(p)(2) — (p)(—60 m) (normalized by p,); (b) turbulent flux, (p'w’)(z) (normalized by —F,(0)); and (c) eddy diffusivity, «, ,(z) (normalized by u.h).

The value %, = 1.04 is used here.
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Fig. 5 Fitting the eddy diffusivity for density, x,,(z) from (4) and

(5), with different choices of %, for the LES case with La = 0.3:
%, = 0.93 [dashed], 1.04 [solid], and 1.14 [dotted].

0.5

k& /¢ - max[G] ~ 0.067& in (7). '° The peak values of
in Fig. 4(c) also match well what is diagnosed in free
convection, given the appropriate change in the tur-
bulent velocity scale with ¢[h/Z] (see Holtslag &

19 Notice that the magnitude of «, is smaller than estimated in
Section 1 because the correlation coefficient between the quantities
that comprise the turbulent flux is much less than one. However, the
enhancement of x by LC is greater on average than the enhance-
ments of e and € in Fig. 3, indicating that the LC are atypically
efficient turbulent motions in producing a mean flux.
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Moeng, 1991, Fig. 5). Thus, the generalized KPP form
represents the density mixing profile rather well, sim-
ply by an enhancement of W with an increasing de-
pendence on La and appropriate choices of the
constants %, and 6.

We can assess material mixing more generally by
including passive tracers in the LES calculation. Fol-
lowing Wyngaard and Brost (1984), Wyngaard (1987),
and Wyngaard and Weil (1991), a useful distinction
has been made in convection between tracers being
mixed from the interior by an entrainment flux into the
boundary layer (i.e., ‘to-boundary’ scalars, which we
denote by the subscript — 0) and tracers being mixed
away from the surface and out of the boundary layer
due to injection by a surface flux (i.e., ‘from-boundary’
scalars which we denote by the subscript 0 —). !
Density is a particular combination of to- and from-
boundary scalars, with the former dominating in the
present, weakly convective LC cases (Fig. 4(b)) and the
latter dominating in free convection. The reason for
this distinction is that x, o > ko in free convection,
by about a factor of 2; this is interpreted as an effect of
coherent plumes and the associated from-boundary
skewness of the vertical velocity field, w. Since the LC
also provide a coherent transport across the whole
boundary layer and also exhibit a significant from-

" Our nomenclature differs from the ‘top-down’ and ‘bottom-
up’ names in usage for the atmospheric boundary layer in order to
able to be discuss both the atmospheric and oceanic cases in a
common way.
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Fig. 6 Vertical profiles related to the from-boundary scalar concentration, ¢, for LES cases with and without LC effects (i.e., La = 0.3 [solid]
and oo [dashed]): (a) mean, (c)_)(z) (normalized by c. = Fy_.(0)/u,); (b) turbulent flux, (c; w')(z) (normalized by —F,_(0)); and (c) eddy

diffusivity, xyo_(z) (normalized by u.h). The value %, = 1.04 is used here.

boundary (i.e., downwelling) skewness in w, we believe
the distinction may also be relevant for the regime of
Langmuir turbulence. The present KPP rules (Section
3) do not make a distinction between different scalars,
hence they do not yield different x(z) profiles for to-
and from-boundary scalars.

A from-boundary scalar field, ¢,_,, has a surface flux
into the ocean with initially zero values everywhere.
With time its interior concentration increases, more so
in the boundary layer and less so in the interior due to
small mixing across the edge of the entraining bound-
ary layer. Fig. 6 shows the mean, turbulent-flux, and
eddy-diffusivity profiles for ¢y during the slowly
evolving, quasi-equilibrium phase. The diffusivity is fit
exactly as for density, using the same value for %, as
required by the present KPP rules (Section 3). The flux
profiles are essentially linear in ¢ = —z/A, from the
specified surface flux to the necessarily zero entrain-
ment flux (since ¢y, = 0 in the interior). However, the
concentration in the boundary layer is smaller in the
case with LC present, since the boundary layer deepens
more rapidly due to more efficient entrainment (but
also partly because the integration time for the LC case
is of somewhat shorter duration). '? The «,_.(z) pro-
files in Fig. 6(c) again show the convex shape of G(o).
Their values are slightly larger than for density, by

12 We are not concerned about this modest inconsistency in the
averaging times because the mean gradient and turbulent flux, and
thus the k,, are all rather insensitive to the mean concentration
except near the interior edge of the boundary layer.
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about 30%. Again the case with LC shows enhanced
mixing, here by a factor & = 3.33. Thus, to within
appropriately modest expectations for the accuracy of
a parameterization scheme, the form-boundary mixing
is also well fit by the proposed KPP generalization.

A to-boundary scalar field, ¢_, has no surface flux
and an initial distribution that is a constant in the
interior (i.e., where the density field is initially stably
stratified) and zero in the boundary layer region. With
time its boundary layer concentration increases, due to
the entrainment flux as the boundary layer deepens.
Figure 7 shows the mean, turbulent-flux, and eddy-
diffusivity profiles for ¢_ during the slowly evolving,
quasi-equilibrium phase. In this case, the non-gradient
flux is zero since F_, = 0, hence the calculation of x(z)
from (5) is by the traditional flux/gradient relation. In
Fig. 7(a) there is a greater mean concentration of ¢_
in the boundary layer in Langmuir turbulence than in
shear turbulence due to the enhanced entrainment flux
by LC (Fig. 7(b)). The resulting diffusivity, x_, is
again convex in shape and larger in magnitude for
Langmuir turbulence. The diffusivity is larger for a to-
boundary scalar than for a from-boundary scalar,
only slightly so in shear turbulence but more so in
Langmuir turbulence (i.e., xk_/ko_ = 1.2 for the peak
magnitudes), but to a lesser degree than has been di-
agnosed for free convection. > The enhancement

'3 But there is also LES evidence that this diffusivity ratio in free
convection has a dependence on the interior stratification (Sorbjan,
1996).
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Fig. 7 Vertical profiles related to the to-boundary scalar concentration, ¢_,, for LES cases with and without LC effects (i.e., La = 0.3 [solid] and
oo [dashed]): (a) mean, (c_o)(z) (normalized by c. = (c_,)(—60 m)); (b) turbulent flux, (¢’ ) (z) (normalized by c.u.); and (c) eddy diffusivity,

Ky —o(z) (normalized by u.h).
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Fig. 8 Vertical profiles related to the horizontal velocity, u,, for LES cases with and without LC effects (i.e., La = 0.3 [solid] and oo [dashed]):
(a) mean, |(u,)(z)| (normalized by u.); (b) turbulent flux, |{(u;w')|(z) (normalized by u?); and (c) eddy diffusivity, &, (z) (normalized by w.h),

assuming %, = 0 in (13).

factor for the peak values of k_q is § ~ 4.1, somewhat
larger than for p and ¢,_.. Thus, the incompleteness of
the present KPP rules (by not distinguishing diffusiv-
ities for to- and from-boundary scalars) is still de-
monstrable for Langmuir turbulence, albeit to a much
lesser degree than for free convection. In any event,
modeling errors in to-boundary mixing are less oner-
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ous than in from-boundary mixing for spilled, buoy-
ant pollutants that are being carried downward from
the surface.

Finally, we examine the momentum mixing effects
of LC. Although u, is a vector quantity, we contract
our analysis in Fig. 8 to scalar profiles of the magni-
tude of the mean current and turbulent momentum
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flux, and we evaluate a scalar eddy diffusivity by
multiplying the KPP vector momentum flux relation

(cf., eqn (5)),

o) \ o } (13)

Fuld) = ko 0)| T 4 6, ik

by the vector mean shear, d(u,)/0z, to obtain a mean
dissipation rate profile. Here «,,, again is assumed to
have the KPP form (7), and the obvious vector inter-
pretation has been made for (10) and (12). The mean
current has a weaker shear and the turbulent fluxes are
larger when LC are present (Figs. 8(a,b)), '* and the
corresponding eddy diffusivity (Fig. 8(c)) is larger with
LC, as it is for the material concentrations (Figs. 4, 6,
&7). "

Present KPP rules say that 47 =%, =0 for mo-
mentum (Section 3), and this choice is used in Fig.
8(c). For the case without LC (i.e., La = o0), the shape
of (z) has the convex shape of G(¢) in KPP, and the
peak magnitude again closely matches the KPP for-
mula, viz., x/u.h=k/¢ max[G] = 0.063 in (7).
However, k(z) for the case with LC (i.e., La = 0.3)
departs from the convex shape by having an extra,
shallow maximum at z/h ~ —0.05 where the mean
shear is very weak (Fig. 8(a)) while the momentum
flux is not weak (Fig. 8(b)), and the degree of en-
hancement (i.e., the factor & in (11)) is smaller in the
lower part of the boundary layer than we have seen for
the material concentrations. Thus, the simple gener-
alization of KPP proposed above, while qualitatively
apt (hence better than it would be without the LC
modifications), is not highly accurate for momentum
flux: perhaps on average in z there is an enhancement
of the magnitude of x by a factor & = 3 (close to what
occurs for the material concentrations), but the shape
of x, hence also the shape of a (u,)(z) that would be
calculated with this generalized KPP model, are not
correct by the standard of the LES solution.

We believe that the present LES and KPP formu-
lations (Sections 2-3) are deficient in their represen-
tation of surface gravity wave effects by the absence of
enhanced dissipation near the surface — and probably
also the turbulent flux of at least momentum — caused
by surface wave breaking (e.g., see Terray et al., 1996).
One could therefore argue that the seemingly anom-
alous «(z) structure in Fig. 8(c) should not be taken

14 See McWilliams ez al. (1997) for a more extensive interpreta-
tion of how LC modify the Ekman currents.

15 In preparing this manuscript we discovered that we previously
made an error in calculating x(z) for the case with LC shown in Fig.
3(c) of McWilliams et al. (1997). The present Fig. 8(c) corrects this
error. We intend to publish an erratum after further research on the
momentum mixing issues that are broached here somewhat specu-
latively.
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too seriously until this deficiency is remedied. Never-
theless, we now offer, in a highly speculative way, a
couple of possible further modifications of the KPP
rules that can recover, to some degree, the expected
convex shape and magnitude enhancement of x in the
presence of LC.

The first alternative modification is to allow 4, # 0
in (13) when La is finite. We choose the value of €, to
bring the shape of k(z) as close as possible to the
convex function G(o) in (8); for %, = 6.9, the result is
shown in Fig. 9(a), which indeed is rather close to the
Kk(z) profiles for the material concentrations in Figs. 4,
6, & 7. The disadvantage of this modification of the
KPP rules is that it implies an added parametric
complexity for the model: [1] this value of 4, for
momentum is rather different from that for the ma-
terial properties, p and ¢y, (i.e., 4, ~ 1.04) and [2] we
cannot apply the same value of %, to the shear case
without excessively distorting its k(z) profile from the
expected convex shape (although using the smaller
material-concentration value for %, would make little
difference in the dashed line in Fig. 9(a)).

The second alternative modification is to change the
KPP momentum-flux from (13) to the following form
involving the shear in the Stokes drift:

Fy, (2) = Ky, (2) {ag + aalﬂ '

(14)

This form has the advantage that no modification of
the present KPP rules is implied except in the regime
of Langmuir turbulence where u* # 0. The primary
rationale for this form is that it makes the term in-
volving turbulent momentum flux into a sign-definite
production of turbulent kinetic energy; i.c.,

%4_ —_<’ ’> %+auf
ot B M (N SR e
oluy) o\’

:KV,uh(z)< <621>+ az) >0 (15)

for any Ky, = 0 (see eqn (5.1) in McWilliams et al.,
1997), whereas other forms are ambiguous in their
energetic implications a priori. The result of fitting this
form — by vector multiplication of (14) with the sum of
the mean velocity and Stokes shears — is shown in Fig.
9(b). The «k(z) profile again has a convex shape, al-
though its peak amplitude occurs somewhat deeper
(near z/h = —0.5) than with G(o), and its enhance-
ment factor is closer to & = 2 than the values & ~ 3-4
found for the material concentrations.

Conclusions

In this paper we analyze LES cases with surface-
wave-averaged dynamical equations and show that the

235



J. C. McWILLIAMS & P. P. SULLIVAN

z/h

-15 F

PR YR W (ST WO SO SN [T S SO S S Y

0 0.1
(a)

0.2
¥/u.h

0.3

0 0.1 0.2 0.3
(b) K/u.h

Fig. 9 Modified eddy diffusivities for horizontal velocity, «,,, (z) (normalized by u.h), for LES cases with and without LC effects (i.e., La = 0.3
[solid] and oo [dashed]): (a) with a non-gradient flux in (13) but only for the case with La = 0.3 (with %, = 6.9); (b) with the alternative flux

relation (14).

effect of LC is to make the vertical mixing substan-
tially more efficient for both material properties and
momentum. We provide a new confirmation that the
previously proposed KPP model accurately charac-
terizes the turbulent transport in a weakly convective,
wind-driven boundary layer with stable interior
stratification. We also propose a modest generaliza-
tion of KPP for the regime of weakly convective
Langmuir turbulence with two changes to its rules: [1]
an increasing value for the turbulent velocity scale, 17,
in (11) for decreasing Langmuir number
La(= +/u./U*) such that W ~ U® for La < 1 (as ob-
served and as calculated in LES cases) and [2] a de-
creasing value of the non-gradient flux coefficient, €,
as h/Z < 0 increases from its large negative value in
strong convection. These modifications make the KPP
turbulent flux profiles match reasonably well those in
the LES case with LC present, especially so for ma-
terial properties, and even more especially so for
density and from-boundary scalars. However, there
remain open issues about how well the present LES
and KPP formulations represent the momentum flux
in Langmuir turbulence, in part because wave-break-
ing effects are not yet included, and we speculate on
several alternative KPP formulations for the momen-
tum flux.

Because of its mathematical simplicity (hence com-
putational efficiency) and its modest initialization and
forcing requirements (i.e., a locally measured vertical
profile of T, S, and w;, plus a meteorological estimate
of the surface stress and buoyancy flux), the KPP
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model is potentially a useful tool for assessing and
predicting the movement of spilled material in the
ocean and guiding actions undertaken for its amelio-
ration. We believe this paper demonstrates the po-
tential accuracy of KPP for vertical mixing, although
many additional steps are needed before it could be
applied in practice. The latter include further testing of
the KPP predictions; exploring further the depen-
dences on La,h/Z, and h/Z; including the particular
rheological and buoyancy properties of oil or other
spilled materials; and creating an operationally prac-
tical implementation of the observational and model-
ing system.
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