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Abstract Oil spills from deep-water blowouts rise through and interact with the ocean mixed layer and
Langmuir turbulence, leading to considerable diversity of oil slick dilution patterns observed on the ocean
surface. Certain conditions can drive oil droplet plumes to organize into distinct bands called windrows,
inhibiting oil dilution. Observations of blurred or even diffused plumes are also common, but conditions
under which these various dilution regimes emerge are not well understood. Here we use large eddy
simulations to explain and quantify the dilution patterns and their dependence on relevant physical
parameters. Two mechanisms, the downwelling and dilution due to Langmuir cells and the inhibition of
dilution due to buoyancy of oil droplets, compete. This competition can be characterized by the ratio of
Stokes drift to droplet rise velocity—the drift-to-buoyancy parameter, Db. We find that plume appearance
and quantitative measures of relative dilution depend mainly on Db.

1. Introduction

The ocean mixed layer (OML) is governed by many physical processes, among which the Langmuir ocean
circulation [Langmuir, 1938] plays a critical role in enhancing ocean mixing as well as organizing buoyant
particles [Okubo, 1970; Leibovich, 1983; Moum and Smyth, 2001; Thorpe, 2004; Edson et al., 2007; Sullivan and
McWilliams, 2010]. The combined effect of horizontal convergence and buoyancy forces causes oil droplets
and bubbles to accumulate in fingers along the windrows on the ocean surface, as often observed in aerial
photos (Figure 1a) [see e.g., Li, 2000; Rye, 2000; Thorpe, 2004; Leifer et al., 2012]. The oil dilution within such
fingers is clearly inhibited. We remark that without the presence of Langmuir circulation, surface floaters are
usually clustered into patches instead of fingers [Skyllingstad and Denbo, 1995; Noh et al., 2006; Teixeira and
Belcher, 2010].

Langmuir circulations and turbulence in the OML are both driven by the wind. Wind generates waves on
the ocean surface, resulting in an averaged Stokes drift current us(z ≤ 0) = Us exp(2kz) along the wave
propagation direction [Stokes, 1847], where Us is its magnitude and k is the wavenumber, and z is depth.
Meanwhile, the wind stress generates a vertical shear in the ocean mixed layer, for which the friction veloc-
ity is u∗ =

√
𝜏s∕𝜌 where 𝜏s is the surface stress and 𝜌 is the sea water density. The interaction between

Stokes drift and wind-driven shear produces a vortex force that generates the Langmuir circulations [Craik
and Leibovich, 1976]. These flow structures consist of slow, counter-rotating vortex pairs aligned with the
mean wind direction, which induce horizontal convergence of surface fluids into the windrows as well
as downwelling underneath the windrows [Langmuir, 1938; Leibovich, 1983; Thorpe, 2004]. The relative
strength of Langmuir circulation and shear turbulence is measured by the turbulent Langmuir number
Lat =

√
u∗∕Us [McWilliams et al., 1997].

The fingered slick patterns seen in Figure 1a do not always occur [Rye, 2000; Leifer et al., 2012]. Instead, two
additional types of oil slick patterns are also frequently observed, i.e., fingers with blurred gaps (Figure 1b)
and diluted slicks (Figure 1c). The lack of physical understanding and quantitative description of such
diverse patterns of oil slick dilution has prevented the development of parameterizations to include effects
of Langmuir circulation in the oil spill prediction models [Simecek-Beatty and Lehr, 2000]. This in turn ham-
pers accurate predictions of oil dilution in the OML, leading to inaccurate estimates of biodegradation of oil
spills [Camilli et al., 2010; Hazen et al., 2010] and possibly compromising plans for remediation. Moreover,
high-resolution remote sensing images provide valuable information on the surface oil slicks [Leifer et al.,
2012; Garcia-Pineda et al., 2013], but better understanding of the dynamics causing different surface pat-
terns is needed in order to improve the interpretation of remotely sensed surface imagery of oil slicks. To
increase our understanding, in this study, we (i) identify the dominant physical processes that govern the
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Figure 1. Dispersion regimes for surface oil slicks from underwater blowouts. (a–c) Field images of surface oil slicks.
(d) Fingering level 𝜎c as a function of Db and Lat . (e–j) Contours of C̃ on the surface obtained from the LES, where the
white dot indicates the horizontal location of the underwater releasing source. In Figure 1d, the surface oil slicks from the
24 LES cases are categorized into three regimes: black triangle, fingered (Db≲10); green circle, blurred (10≲Db≲25); and
reds quare, diluted (Db ≳ 25). For Figure 1a, photo credited to U.S. Air Force photo/Tech. Sgt. Adrian Cadiz; for Figure 1b,
photo credited to NOAA Hazardous Materials Response Division, now NOAA office of Response and Restoration; for
Figure 1c, photo credited to National Wildlife Federation/NWF.org.

dilution of oil spills in Langmuir turbulence; (ii) formulate a new dimensionless parameter that indicates the
transitions between different slick patterns, and (iii) quantify the oil dilution level as a function of the new
parameter and Lat .

While Langmuir circulation inhibits dilution of surface floaters, it also increases vertical mixing of tracer
particles [McWilliams and Sullivan, 2000]. Therefore, for the oil droplets to stay in the windrows, the hydro-
dynamic forces induced by downwelling need to be overcome by the buoyancy force acting on oil droplets.
The problem can be addressed by comparing two velocity scales, the droplet rise velocity wr and the down-
welling velocity associated with Langmuir circulation. The latter depends in complicated ways upon the
Stokes drift velocity Us which drives the creation of Langmuir cells. Since in our study we will treat the Stokes
drift velocity Us as the relevant independent parameter we propose a new dimensionless quantity, the
drift-to-buoyancy parameter,

Db =
Us

wr
, (1)

to measure the relative strength of the downwelling velocity (dependent on Us) bringing droplets into the
OML, and the rise velocity keeping droplets on the surface. Db will be used to separate regimes in which
Langmuir circulation enhances mixing from those in which it inhibits dilution by forming surface fingers of
oil droplets along the windrows.

2. Large Eddy Simulation

We use large eddy simulation (LES) to model oil dispersion in the OML under varying conditions of
wind shear, surface wave characteristics, and oil droplet sizes. LES is capable of producing high-fidelity
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Figure 2. Overview of LES results modeling oil spill dispersion in the ocean mixed layer with the presence of Langmuir
circulation. Case (Lat,Db)= (0.43,6.3) is shown. (a) Three-dimensional isosurfaces of C̃=0.008 kg/m3 (brown) and
0.016 kg/m3 (black). (b) Contours of w̃ at x=500 m. (c) Contours of C̃ at x=500 m. (d) Contours of w̃ at z=−10 m. (e)
Contours of C̃ at z=0 m. In Figure 2e, reference vectors for friction velocity u∗ , mean surface flow velocity Vs , and mean
depth-averaged (over OML) flow velocity V are plotted.

representations of Langmuir circulations and large-to-moderate scale turbulent eddies [Skyllingstad and
Denbo, 1995; McWilliams et al., 1997]. Only the small eddies must be represented by a subgrid-scale model.

The LES model we use for the ocean mixed layer is based on the filtered Craik–Leibovich (CL) equations
[Leibovich, 1980, 1983; Craik, 1985]. It accounts for the phase-averaged effects of surface gravity waves
on the mean flow and turbulence by including a (uniform and constant) Stokes drift term. We note that
there are several other physical mixing processes that may influence the oil dilution, e.g., breaking waves,
submesoscale eddies and filaments, and precipitation [Edson et al., 2007]. In the present study we opt to
omit these effects to aid in the interpretation of simulation results. In recent years, CL-based LES has been
widely adopted as the prevailing numerical model for simulating Langmuir turbulence [e.g., Skyllingstad
and Denbo, 1995; McWilliams et al., 1997; McWilliams and Sullivan, 2000; Li et al., 2005; Noh et al., 2006;
Harcourt and D’Asaro, 2008; Kukulka et al., 2009]. The concentration field of oil droplets is described by
a Eulerian concentration field C(x, y, z, t), with the oil droplet velocity being modeled by accounting for
the additional contributions from the buoyancy and inertia of the droplets [Chamecki et al., 2008, 2009;
Chamecki and Meneveau, 2011; Pan et al., 2013]. The buoyancy effect of both density fluctuations (rep-
resented by a potential temperature field) and oil droplet concentration is included into the momentum
equation based on the Boussinesq approximation.

In the simulations (Figure 2) we consider a mean wind speed of U10 =10 m/s at 10 m above the mean sea
surface, corresponding to a friction velocity of approximately u∗ =0.0125 m/s in the ocean mixed layer.
Under the forcing of a steady wind, the wind-generated waves can have various wavelengths and ampli-
tudes depending on the fetch along which wind acts on the waves [Hasselmann et al., 1973]. Here we
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consider four wave conditions with the corresponding turbulent Langmuir numbers Lat =0.61, 0.51, 0.43,
and 0.36. Smaller Lat corresponds to stronger wave forcing, so that stronger Langmuir turbulence and larger
downwelling velocities are expected (Figure S1 in the supporting information).

We adopt 𝜌=1031.0 kg/m3, the density of oil 𝜌d =859.9 kg/m3, and the viscosity of sea water 𝜇f =1.08×
10−3 kg/(m s). The oil is released from a localized source (at z =−150m) in the lower portion of the sim-
ulation domain below the thermocline with a releasing rate Qs =1 kg/s. For each Langmuir turbulence
condition, we consider six different oil droplet diameters, d(n=1∼6)=88.4×2(n−1)∕2 μm. The correspond-
ing rise velocity is given by Stokes’ law, i.e., wr =(𝜌d − 𝜌)gd2∕(18𝜇f ). These droplet sizes cover a wide range
the drift-to-buoyancy parameter Db, from 1.6 to 142.2. Figure 1d illustrates the (Db, Lat) parameter space
in which each LES case is denoted by a solid symbol. Several typical snapshots of the surface plume from
the LES are shown as well. Even though a one-to-one comparison between simulations and observations in
Figure 1 is not possible, LES clearly captures the transition from fingered plumes in which most of the sur-
face oil is concentrated in narrow fingers to diluted plumes where no fingers are visible. More details about
the LES model, the wave parameters, the droplet rise velocity, and the setup of the simulations are available
in the supporting information.

3. Results and Discussion

As shown in Figure 2a, the oil droplets initially rise through a narrow and nearly vertical plume. After cross-
ing the thermocline (about 80 m deep), the stirring effect by the Ekman spiral as well as the turbulent mixing
in the OML cause the oil plume to twist and expand horizontally. When the plume reaches the surface layer
where Langmuir circulations dominate, the oil droplets are quickly advected into the windrows, which are
indicated by the narrow streamwise bands with strong negative vertical velocity (Figure 2d). After this, the
horizontal shear and the downwelling flow associated with the counter-rotating Langmuir cells tend to tear
off the oil droplets from the surface slicks and transport them back to deeper water. For the case Db = 6.3
illustrated in Figure 2, the buoyancy force on the oil droplets is able to overcome the downward force due
to Langmuir turbulence, so that most of the oil droplets remain near the surface and concentrate in the
windrows. The correlation between the resolved vertical velocity w̃ and the resolved oil concentration C̃ can
be observed in Figures 2b–2e.

In the Northern Hemisphere and under ideal conditions, the theoretical solution of the Ekman spiral predicts
surface transport 45◦ and a net transport 90◦ clockwise from the mean wind direction (i.e., along the −y
direction in the frame of our simulations) when averaged over the Ekman layer [Ekman, 1905]. When Stokes
drift is included, the Ekman spiral is modified with enhanced downwind surface transport [McWilliams et
al., 1997]. The overall surface oil plume pattern in Figure 2e reflects such mean transport effect. We remark
that the theoretical solutions [Ekman, 1905; McWilliams et al., 1997] and the current LES of the Ekman trans-
port correspond to a steady state response to the wind stress and the Coriolis effect. Under fully realistic
field conditions, other effects such as the unsteadiness of the wind and buoyancy-driven convection fur-
ther complicate the Ekman transport [Lenn and Chereskin, 2009]. These effects are beyond the scope of the
current study.

The presence of Langmuir circulation can have important consequences for oil transport, because the
downwind velocity in the windrows exceeds the average velocity on the surface [Thorpe, 2004]. If the
buoyancy force is small (i.e., the cases with Db ≳ 25), the oil droplets are diluted over the ocean mixed
layer and are transported more crosswind (e.g., Figure 1j). If the buoyancy force is large (i.e., the cases with
Db ≲ 10), the oil droplets can stay in the windrows. There, the dilution is significantly inhibited and the oil is
transported more downwind (e.g., Figure 1f ).

In order to describe quantitatively the level of fingering (or inhibition of dilution), we use the normalized
root-mean-square (RMS) of the temporal fluctuation of surface oil concentration 𝜎c. First, the time-averaged
oil concentration C(x, y, z) is calculated. The corresponding temporal fluctuation is thus given
by C̃′(x, y, z, t) =C̃(x, y, z, t) − C(x, y, z). The locally normalized RMS of the temporal fluctuation is
̂̃C′

RMS(x, y, z) = C̃′
RMS(x, y, z)∕C(x, y, z) if C > 10−4 kg/m3 and zero otherwise, where C̃′

RMS is the stan-
dard RMS of C̃′. Based on the above calculations, the fingering level parameter 𝜎c is defined as

𝜎c =(N(p)
xy )−1 ∑Nx

i=1

∑Ny

j=1
̂̃C′

RMS(x(i), y(j), z = 0), where Nx and Ny are, respectively, the total number of com-

putational grid points in x and y directions, and N(p)
xy is the total number of surface grid points where
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Figure 3. Probability density function of normalized surface oil concentration C̃∕C. (a) PDFs at z = 0 m and (b) PDFs at
z = −6 m. The LES results for Langmuir turbulence of Lat = 0.36 are shown. Results for various droplet diameters are
plotted: dotted lines, Db = 4.4 (d = 500.0 μm); dash-double dotted, Db = 8.9 (d = 353.6 μm); long dashed, Db = 17.8
(d = 250.0 μm); dash-dotted, Db = 35.6 (d = 176.8 μm); short dashed, Db = 71.1 (d = 125.0 μm); and solid line,
Db = 142.2 (d = 88.4 μm).

C(x, y, z) > 10−4 kg/m3. Note that the truncation of calculation at C(x, y, z) = 10−4 kg/m3 for ̂̃C′
RMS(x, y, z) is

necessary in order to prevent division by zero and confine the statistical calculation within the mean surface
oil plume. The threshold 10−4 kg/m3 is found to be sufficiently small to not affect the statistics. Calculations
using 5 × 10−5 kg/m3 and 2 × 10−4 kg/m3 as the threshold show negligible difference compared with the
reported calculation.

As shown in Figure 1d, 𝜎c has insignificant dependence on Lat but varies monotonically as a function of Db:
𝜎c increases when Db decreases. To help categorize the parameter space, we also calculate the probability
density function (PDF) of C̃∕C at z = 0 m and −6 m, where C is the time-averaged value of C̃. As an example,
we plot the PDFs for Lat = 0.36 and various Db values in Figure 3. We also calculate the horizontal-averaged
oil concentration ⟨C̃⟩ for half of the domain (0 ⩽ y ⩽ 500 m) where the rising plume part is excluded. The
distributions of C̃ and ⟨C̃⟩ for Lat = 0.36 are shown in Figure 4.

For small droplets (Db ≳ 25), the surface oil slicks have low fingering level 𝜎c < 1.0 and are well diluted
to form a smooth pattern (Figures 1i and 1j). Consistently, the PDFs of C̃∕C for cases Db = 35.6 ∼ 142.2
in Figure 3 have a single and dominant peak close to C̃∕C = 1.0; the oil droplets are also well diluted verti-
cally, presenting a fairly uniform distribution within the OML (Figures 4b and 4c). Conversely, oil plumes with

z 
(m

)

10-4 10-3 10-2 10-1 100-80

-60

-40

-20

0(c)(a)

(b)

Figure 4. Vertical distribution of oil concentration in ocean mixed layer. (a) Contours of C̃ at x = 500 m for case
(Lat,Db) = (0.36, 4.4) shown in Figure 1f. (b) Contours of C̃ at x = 700 m for case (Lat,Db) = (0.36, 142.2) shown in
Figure 1j. (c) Vertical profiles of ⟨C̃⟩ normalized by its depth-averaged value over OML (calculation is done in 0 ⩽ y ⩽
500 m to exclude the rising oil plume part). The cases with Lat = 0.36 and various droplet diameters are plotted (see
Figure 3 for caption).
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Db ≲ 10 have high fingering level 𝜎c > 1.5, indicating a temporal fluctuation of surface oil concentration
that is apparently larger than its mean as a consequence of the strong downwind fingered pattern being
transported crosswind over the surface (Figures 1e and 1f). The PDFs peak near C̃∕C = 0 corresponding to
the gaps between the fingered oil slicks and display heavy tails corresponding to the high concentrations
in the fingers (cases Db = 4.4 and 8.9 in Figure 3). Due to the strong buoyancy force when Db ≲ 10, the
vertical dilution of oil is inhibited, resulting in high concentrations near the surface that decays quickly with
increasing depth (Figures 4a and 4c). For 10 ≲ Db ≲ 25, the value of 𝜎c is moderate (between 1.0 and 1.5),
corresponding to the blurred patterns shown in Figures 1g and 1h. Compared with other cases, the PDF for
the case Db = 17.8 in Figure 3 is much flatter with a weak maximum near C̃∕C = 0.5 and a second peak near
C̃∕C = 0. The vertical dilution of oil is also moderate as shown in Figure 4c.

The fingering level of the oil slicks in Figures 1a–1c can also be estimated based on image analysis, which
gives 𝜎c = 1.69, 1.15, and 0.46, respectively (see section 4 in supporting information for details). Despite the
lack of information on droplet size and flow conditions, the fingering levels in Figures 1a–1c are consistent
with the fingered, blurred, and diluted categories evaluated based on the LES results (Figure 1d).

4. Conclusions

The combination of 𝜎c and PDFs of C̃∕C provides a quantitative approach to categorize the surface oil slick
patterns into the three characteristic regimes (Figure 1d). The dominant dependence of 𝜎c on Db in our
LES results suggests that it is the competition between buoyancy (rise velocity) and Langmuir circulation
(downwelling velocity, characterized by Us) that determines the surface oil slick characteristics. Therefore,
Db essentially determines (i) the surface pattern of the slick (fingered, blurred, or diluted) and therefore the
ratios between peak and average concentrations at the surface, (ii) the vertical depth of the plume, and (iii)
the main direction of transport due to the combination of vertical mass distribution and the Ekman spiral.

LES results may suggest that the application of dispersants to surface oil slicks (which can significantly
reduce the oil droplet size [National Research Council, 2005], increasing Db) may not only enhance the dilu-
tion of oil but also increase the crosswind transport of the plume. Moreover, the efficacy of dispersants
applied at the surface is affected by how well they are mixed with the oil. If the dispersant and oil droplets
are diluted at different levels and migrate along different paths (see e.g., Figure 1f versus Figure 1j and
Figure 4a versus Figure 4b), dispersant efficiency can be reduced and its effects become more difficult
to predict.
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Erratum
In the originally published version of this article, several instances of the supporting information text were
incorrectly presented. The following have since been corrected and this version may be considered the
authoritative version of record.

In equations 2 and 6 in the supporting information, rho has been changed to theta.
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This document contains a throughout introduction to our large eddy simulation model, as well as additional
results as validations of our simulation and analysis approach.

1 Full Methods for Large Eddy Simulation

In recent years, large eddy simulation (LES) based on the Craik–Leibovich (CL) equations has become a promising
numerical tool for the simulation of Langmuir turbulence in the ocean mixed layer (Thorpe, 2004; Sullivan and
McWilliams, 2010). The LES model we use is based on the filtered CL equations (Leibovich, 1980, 1983; Craik,
1985). It accounts for the phase-averaged effects of surface gravity waves on the mean flow and turbulence by
including a (uniform and constant) Stokes drift term. This approach has been used successfully in LES studies
of Langmuir turbulence before (e.g. Skyllingstad and Denbo, 1995; McWilliams et al., 1997; McWilliams and
Sullivan, 2000; Li et al., 2005; Polton et al., 2005; Noh et al., 2006; Harcourt and D’Asaro, 2008; Noh et al.,
2009; Grant and Belcher , 2009; Kukulka et al., 2009, 2013). The buoyancy effects due to fluctuations in density
(represented by potential temperature) and oil droplet concentrations are included in the momentum equation
based on the Boussinesq approximation. In our LES model, the equations describing the resolved velocity field
are

∇ · ũ = 0 , (1)

∂ũ
∂t

+ (ũ · ∇)ũ = − 1
ρ0

∇ p̃ − f e3 × ũ + us × ( f e3 +∇× ũ)−∇ · τ

−
(

1 − θ̃

⟨θ⟩

)
ge3+

(
1 − ρd

ρ0

)
C̃
ρd

ge3 . (2)

Here, tilde denotes a resolved variable, ⟨·⟩ denotes horizontal averaging, u is the fluid velocity, ρd is the density of

oil, ρ0 is the reference sea water density, θ is the temperature, p is the modified pressure, C̃ is the resolved mass
concentration of oil, g is the acceleration of gravity, f is the Coriolis frequency, e3 is the unit vector in the vertical
direction, us is the Stokes drift velocity, and τ = (ũu − ũũ) is the subgrid-scale (SGS) stress tensor. The first
four terms on the right-hand side of equation (2) are pressure gradient force, Coriolis force, the vortex force due
to Stokes drift representing the phase-averaged effects of surface gravity waves on the mean flow and turbulence,
and the SGS term representing the effect of fluid motions at small, unresolved scales. The last two terms in
equation (2) are the buoyancy force due to temperature fluctuations and due to oil concentration, respectively.

∗Email: meneveau@jhu.edu
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For a sinusoidal wave that propagates in the x-direction, i.e.

η(x, t) = a cos[kx − ωt] , (3)

uw(x, t) = aωekz cos[kx − ωt] , (4)

where η is the wave elevation and uw is the wave orbital velocity, the corresponding Stokes drift velocity is given
by (Stokes, 1847)

us(z) = e1Use2kz . (5)

Here, Us = ωka2 is the magnitude of the wave-induced Stokes-drift, k is the wavenumber, ω is the angular
frequency (ω =

√
gk for deep-water wave), a is the wave amplitude, and e1 is the unit vector in the streamwise

(wave propagation) direction.
The water temperature field is governed by a filtered convection–diffusion equation,

∂θ̃

∂t
+ (ũ + us) · ∇θ̃ = −∇ · πθ , (6)

where πθ = (ũθ − ũθ̃) is the SGS temperature flux. The concentration field of oil droplets of dimension d is
described by a continuous Eulerian function C(x, t; d). The conservation of oil mass yields an evolution equation
for C. Its filtered version is given by

∂C̃
∂t

+ (ṽ + us) · ∇C̃ = −∇ · πc + Qs , (7)

where v is the velocity of the oil droplet phase, Qs is a source term representing the oil plume e.g. being released
from an underwater blowout (see § 3 in this file), and πc = (ũC − ũC̃) is the SGS oil concentration flux. The
resolved oil droplet velocity is given by (Ferry and Balachandar , 2001)

ṽ = ũ − wre3 + (R − 1)τd

(
Dũ
Dt

+∇ · τ

)
, (8)

where wr = (ρd − ρ0)gd2/(18µ f ) is the droplet rising velocity with µ f being the viscosity of water, e3 is

the unit vector in the vertical direction, R = 3ρ0/(2ρd + ρ0) is the acceleration parameter, and τd = (ρd +
ρ0/2)d2/(18µ f ) is the droplet time scale.

The set of equations is closed by adopting subgrid-scale models for the SGS terms τ, πθ and πc. The SGS
stress tensor τ is parameterized using the Lilly–Smagorinsky model (Smagorinsky , 1963; Lilly , 1967). It uses

viscous analogy and the mixing length approach and expresses the SGS stress tensor as τ
smag
ij = −2νT S̃ij =

−2(cs∆)2|S̃|S̃ij, where S̃ij = (∂ũi/∂xj + ∂ũj/∂xi)/2 is the resolved strain rate tensor, νT is the SGS eddy
viscosity, and ∆ is the grid (filter) scale. The only unknown, the Smagorinsky coefficient cs, is flow and situation
dependent. A widely used approach to evaluate cs in LES is the dynamic SGS model (Germano et al., 1991), which
uses the resolved scales (at scale 2∆) to“measure” the model coefficient cs during the simulation. This model
uses the assumption of scale-invariance by applying cs measured from the resolved scales to the subgrid-scale
range. However, the scale-invariance does not hold when the grid-filter scale ∆ tends to the integral scale, as
occurs in the first few simulation grid-points near the surface of the ocean mixed layer. Porté-Agel et al. (2000)
included the scale-dependence of cs into the dynamic SGS model by considering an additional filtering operation
at a scale 4∆, and dynamically measure the scale-dependence of cs at 2∆ and 4∆.

When evaluating cs using the dynamic model, spatial averaging operation is required to reduce numerical
oscillations in the model coefficient. However, the spatial averaging is not proper for the current problem because
of the strong spatial non-uniformity of the ocean mixed layer induced by the Langmuir circulations and the
buoyancy of the oil plume. For such complex flows, Meneveau et al. (1996) introduced the Lagrangian approach
in which time-averaging following fluid trajectories replaces spatial averaging. Both the scale-dependence and
Lagrangian averaging approaches have been combined to yield the Lagrangian scale-dependent dynamic SGS
model (Bou-Zeid et al., 2005), which is used to determine cs in the current LES framework. This model has
been validated in detail with data (Bou-Zeid et al., 2005; Kumar et al., 2010). In the present work, the advection
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velocity in the Lagrangian averaging includes the Stokes drift velocity. The SGS fluxes πθ and πc are modeled
using flux-gradient model, i.e. πθ = (νT/PrT)∇θ̃ and πc = (νT/ScT)∇C̃ with constant turbulent Prandtl
number PrT = 0.4 and Schmidt number ScT = 0.8.

By adopting the aforementioned subgrid-scale models for τ, πθ and πc and specifying the Stokes drift
velocity, the set of equations (1), (2), (6) and (7) are closed. They are then discretized on a Cartesian grid and
solved by computer simulation. In particular, equations (1), (2) and (6) are discretized by a hybrid method, with
Fourier-series based pseudo-spectral method on a collocated grid in the horizontal (homogeneous) directions and
a second order centred finite difference method on a staggered grid in the vertical (inhomogeneous) direction. The
second-order Adams–Bashforth scheme is used for the time integration. A projection method is used to enforce
the incompressibility constraint. This is done by solving the Poisson’s equation for pressure and then projecting
the calculated velocity field to a divergence-free velocity field using the pressure correction. Because the oil plume
distribution is highly inhomogeneous, a pseudo-spectral method for spatial discretization is avoided since it often
causes unphysical solutions such as localized regions of negative (unphysical) oil concentrations. To avoid these
problems, Chamecki et al. (2008) developed a hybrid pseudo-spectral and finite-volume algorithm for the LES
of particle dispersion in geophysical flows. In this method, a specially designed interpolation scheme is used to
interpolate the velocity field from the pseudo-spectral and finite-difference grid to the finite-volume grid for oil.
The oil concentration is then simulated using a finite-volume method with the advection term being calculated
using the bounded third-order upwind interpolation scheme SMART (Gaskell and Lau, 1988). This hybrid scheme
has been used in a number of prior LES studies of particle and scalar dispersion in geophysical flows (Chamecki
et al., 2008, 2009; Chamecki and Meneveau, 2011; Pan et al., 2013).

In the simulation, we use a constant Coriolis frequency f = 7 × 10−5 s−1 (corresponding to a latitude of
28.7◦N), and a potential temperature field to represent density stratification (McWilliams et al., 1997). The
initial potential temperature profile is well-mixed in the OML (0 > z > −100m), and it is stably stratified
below with a temperature gradient dθ/dz = 0.01K m−1. A heat flux of Q = −15W m−2 is imposed at the
surface. We perform LES in a domain 1000m long and wide and 300m deep. The domain is discretized using
100 × 100 × 145 = 1.45 × 106 points and a timestep of 0.1 s.

2 Effect of turbulent Langmuir number on the Langmuir turbulence
and comparison with prior LES

In the simulation, we consider four wave conditions with wavelengths λ = 15, 30, 60 and 120m. With a
fixed wave steepness 2πa/λ = 0.084, these four conditions have wave amplitudes a = 0.2, 0.4, 0.8 and 1.6m,
corresponding to World Meteorological Organization sea state classifications 2, 3, 4 and 5, respectively. For fixed
wave steepness, the Stokes drift velocity Us =

√
gλ/2π (2πa/λ)2 (where g = 9.81m/s2 is the acceleration

of gravity) increases as the wavelength increases. The corresponding turbulent Langmuir numbers for these four
wave cases are Lat = 0.61, 0.51, 0.43 and 0.36.

Figure 1 illustrates the effect of Stokes drift on the Langmuir turbulence. For a fixed wind condition, stronger
Stokes drift (corresponding to smaller Lat) results in stronger Langmuir circulations, indicated by the larger
vertical velocity in Figure 1a–1c. Figure 1d shows the depth-averaged vertical velocity variance σ2

w as a function
of Lat. The value of σ2

w/u2
∗ decreases rapidly as Lat increases for Langmuir turbulence (Lat < 0.7), but remains

nearly constant for shear turbulence (Lat > 0.7). Despite small differences likely caused by differences in flow
configuration (such as magnitude of surface heat fluxes), our LES result shows good agreement with the LES
results presented by Li et al. (2005).

3 The choice of oil mass flow rate and droplet diameter

We study a canonical problem to address the fundamental question of how oil droplets are diluted within the
ocean mixed layer. We release the oil from a localized source (with a 10 × 10 m2 effective cross-section area as
determined by the grid resolution) at 150m depth. This value falls in the range of the predicted value by the
Double-Plume Integral Model (Socolofsky et al., 2008, 2011), which shows that the radius of the width of an oil
plume from a deep-water blowout varies within the range of 1 ∼ 25 m. This configuration mimics a rising oil
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Figure 1: Effect of Lat on the Langmuir turbulence. Contours of instantaneous vertical velocity on the horizontal
plane at z = −10m are plotted for various cases: (a), Lat = 0.61; (b) Lat = 0.51; and (c) Lat = 0.36. (d)
Depth-averaged (from the surface to the thermocline) vertical velocity variance is plotted as a function of Lat:
�, LES results from Li et al. (2005); and N, the current LES results. Note that in (d), the x-axis extends to
infinity to include a pure shear turbulence case with Us = 0 for the current LES.

plume that passes through the region of injection with a cross-section having a diameter of approximately 10 m.
We use an oil mass flow rate of Qs = 1 kg/s, corresponding to a volumetric flow rate of 0.0012 m3/s for oil with
density 859.9 kg/m3.

We remark that the oil flow rate Qs used in our LES is smaller than the total release rates found in many real
oil spill situations. However, the oil release rate varies a lot for different events. For example, in the DeepSpill
Plumes field experiment the oil was released from 844 m depth with a rate of 0.017m3/s; in the Deepwater
Horizon event, the oil was released from 1503 ∼ 1514 m with a rate of 0.06 ∼ 0.11m3/s. During a specific
event, the oil release rate also varies significantly with time. When the plumes rise over various layers of sea water,
phenomena such as intrusion formation and the cross-current induced plume separation can significantly reduce
the remaining oil flow rate before the plumes reach the ocean mixed layer (Socolofsky et al., 2011). Moreover,
it is a challenging and open research topic to accurately determine the droplet size distribution in an oil plume.
Therefore, an accurate estimation of oil release rates for each individual droplet size in the plume is not available.
Therefore, the oil flow rate Qs = 1 kg/s used in this study may be relatively small for some droplet sizes but large
for others. We thus simply choose a single constant Qs for all the different droplet sizes, so that the corresponding
LES results can be compared directly, without being affected by additional parameters.
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The distribution of oil droplet size in deep-water blowout plumes is difficult to measure or estimate (Chen
and Yapa, 2007). The segregation of plumes with various droplet sizes (Socolofsky and Adams, 2002) as well
as the breakup and coalescence of droplets (Davis, 1999) further complicate the situation. For the purposes of
the present study, it is reasonable to consider each fixed and single droplet size separately, in order to develop
understanding of the underlying most relevant mechanisms. For each Langmuir turbulence condition, we consider
six (n = 1 ∼ 6) oil droplet diameters d(n) = 88.4 × 2(n−1)/2 µm. Based on Stokes’ law, the rise velocity of a
small oil droplet with effective diameter d is given by wr = (ρd − ρ)gd2/(18µ f ). This expression for wr assumes
small enough droplets for the Stokes flow drag formula to be valid (Clift et al., 1978; Elliot et al., 1986; Zhang
and Yapa, 2000), typically for d . 1 mm for oil droplets. Therefore, the corresponding rise velocities for the six
different diameters are wr(n) = 0.000675 × 2n−1 m/s. Thus the 24 LES cases in this paper cover a wide range
for the drift-to-buoyancy parameter Db, from 1.6 to 142.2.

4 Estimation of fingering level from field oil spill photos
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Figure 2: Digitized RGB color maps of Figure 1a: top-left panel, red color map; top-right panel, green color
map; and bottom-left panel, blue color map. The bottom-right panel shows the refined red color map with the
removal of the background red color (estimated based on the values in the no-oil regions). The sampling area for
statistical analysis is indicated by the thick red line.

Field or laboratory studies of oil spill dispersion in Langmuir turbulence are very challenging. For laboratory
studies, most of the efforts to date have been devoted to dye dispersion in finite-size wind–wave tanks (e.g. Faller
and Caponi , 1978; Melville et al., 1998), as well as crude oil dispersion in simple stratified flow with/without
a crossflow (e.g. Socolofsky and Adams, 2002, 2005). Field observations can produce valuable information in
realistic ocean conditions based on satellite and aerial remote sensing of surface oil slicks (see reviews by Fingas
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Figure 3: Digitized RGB color maps of Figure 1b. The details of the figure caption are the same as in Figure 2.

and Brown, 2011; Leifer et al., 2012), but details of the flow field information are usually lacking. We note
that in a field experiment reported by Rye (2000), the observed surface oil slick pattern from an underwater
spill (as indicated by the ultraviolet and infrared images in their Figures 4 and 5) showed consistent features as
those obtained from our LES (see Figures 1 and 2 in the main paper), i.e. downwind fingers and crosswind mean
transport.

Moreover, a comparison of the fingering level can be made between the LES results and the oil slicks recorded
in the aerial images in Figure 1a–1c. To do so, the original images are digitized, with the color for each pixel
being described by the RGB code (Hunt, 2004). Using the RGB code, the original image is decomposed into
three basic colors, red (R), green (G) and blue (B), which are described by integer numbers ranging from 0 to
255. As shown in Figures 2–4, the maps of the red color code R provide the best representation of the observed
oil slick patterns in Figures 1a–1c. Therefore, they are used for the statistical estimation of the fingering level.

First, a linear spatial filtering is performed for the red color code, i.e. the filtered value R f for each pixel equals

to the average of the unfiltered values R in a (15 pixel× 15 pixel) area centered at the pixel. By choosing a proper
threshold based on R f , a sampling area for estimating σc is obtained (e.g. the thick red lines in the bottom-right
panel of Figure 2). The red color map is further refined by removing the background value estimated based on
the no-oil areas. This is particularly necessary for the analysis of Figure 1c, in which a significant background
bias exists (see the top-left panel in Figure 4). With the refined red color maps shown in the bottom-right panel
of Figures 2–4, the fingering levels σc of the photographed oil slicks are estimated following a similar process as
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described in Section 3 of the main paper. Note that because only a single snapshot is available, here spatial
instead of temporal averaging is used for the analysis of the LES results and definition of fluctuations. As a result,
the estimated fingering levels are σc = 1.69, 1.15, and 0.46 for Figures 1a–1c, respectively, which are consistent
with the values obtained from our LES as shown in Figure 1d.
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Figure 4: Digitized RGB color maps of Figure 1c. The details of the figure caption are the same as in Figure 2.
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