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A B S T R A C T   

Langmuir supercells (LS) are full-depth Langmuir circulations in unstratified shallow shelves. A Reynolds- 
averaged Eulerian formulation is developed resolving LS as a secondary component to the wind-driven mean 
shear current. This formulation is combined with Lagrangian particle tracking to investigate oil droplet 
entrainment induced by LS as a function of wind stress. Two cases are simulated, one in which 500-μm oil 
droplets are released into a steady field of LS generated by a wind stress of 0.1 N m−2 and waves of intermediate 
wavelength λ = 6H where H = 15 m is the water column depth, significant amplitude of 0.6 m and period of 8 s. 
In the second case, the 500-μm oil droplets are released into a steady field of LS generated by the same wave 
forcing but with a weaker wind stress of 0.025 N m−2. It is found that the greater wind stress leads to LS able to 
spread the droplets throughout upwelling and downwelling limbs of the cells within the first 80 minutes after 
release. The weaker wind leads to weaker LS that, within the same time after release, limit the dispersion of the 
droplets to the downwelling limbs of the cells forming Stommel retention zones for a prolonged time.   

1. Introduction 

Turbulence in the upper ocean is generated by a combination of 
surface winds, surface wave breaking, wave-current interaction and 
surface buoyancy. Wave-current interaction gives rise to Langmuir tur
bulence, characterized by a wide range of Langmuir circulation (LC) 
scales, parallel counter-rotating vortices roughly aligned in the direction 
of the wind. An LC vortex pair is sketched in Fig. 1. Wind speeds greater 
than approximately 3 m s−1 and winds roughly parallel to waves provide 
favorable conditions for the generation of Langmuir turbulence. The 
turbulence consists of small Langmuir scales emanating from the water 
surface which over time on the order of tens of minutes grow in depth 
and width typically reaching the base of the mixed layer in the upper 
ocean or the bottom of the water column in homogenous shallow water. 
This has been shown to be the case by Skyllingstad and Denbo (1995) for 
the upper ocean mixed layer. 

It is well known that LC plays a major role towards the maintenance 
of the upper ocean mixed layer (Thorpe, 2004). In the case of the 

shallow coastal ocean 10–20 meters in depth, the field measurements of 
Gargett et al. (2004) and Gargett and Wells (2007) have shown that 
during the passage of storms when the water column becomes homog
enous, LC can span the entire depth of the water column. Full-depth LC 
has been denoted as Langmuir supercells or LS due to their strong impact 
on the turbulence dynamics throughout the entire water column. 
Furthermore, the structure of coastal LS differs from the structure of 
ordinary LC in the upper ocean mixed layer, with LS being more 
coherent and intense (Shrestha et al., 2018). Gargett et al. (2004) and 
Gargett and Wells (2007) have shown that LS promote sediment 
re-suspension by sweeping sediments towards the bottom convergences 
of the vortices where the upwelling limbs of the cells can transport the 
particles upwards into the water column. 

Surface oil slicks are commonly treated with dispersants to disinte
grate the oil into droplets. Droplets may also form due to the persistent 
buffeting of surface breaking waves. The droplets can then be entrained 
and dispersed throughout the water column via the action of LC. As 
shown by Farmer and Li (1994), the downwelling limbs of the 
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counter-rotating vortices can exert vertical speeds greater than the 
buoyant rise speed of the droplets giving rise to submerged zones where 
the oil droplets can be retained for extended periods in what is referred 
to as Stommel retention zones (SRZs). Such retention zones were orig
inally postulated by Stommel (1949). Thus, vertical dispersion of oil 
may be greatly enhanced during episodes of LC. Furthermore, in the case 
of an oil spill in coastal regions, given the observations of Gargett et al. 
(2004) and Gargett and Wells (2007), LS should serve as a mechanism 
for simultaneous entrainment of oil droplets and resuspension of sedi
ments. Such instances could potentially lead to increased mixing be
tween the sediments and oil and ultimately to the formation of 
oil-particle aggregates (OPAs) at offshore locations. OPAs are often 
thought to be formed near shore where sediments and oil come in direct 
contact. 

Farmer and Li (1994) developed a model for oil droplet dispersion by 
LC. The model was based on an analytical representation of the largest 
LC scale with Lagrangian tracking of oil droplets via a random walk 
method. They found that over time the oil droplets can be homogenized 
about the SRZ due to the turbulence. The homogenization time depends 
on the inputted eddy viscosity associated with the Langmuir turbulence 
and physical characteristics of the oil droplets. 

In this manuscript, an Eulerian Reynolds-averaged based method
ology is introduced enabling a more accurate representation of LC than 
the analytical representation of Farmer and Li (1994), without the need 
to resort to more computationally intensive approaches such as 
large-eddy simulation (LES). The methodology is used to track oil 
droplets released at the water column surface in the presence of LS. The 
methodology relies on the coherency and persistence of LS. Here these 
cells are treated as a secondary component to the wind and/or pressure 
gradient-driven primary flow. As such, the Reynolds-averaged flow 
equations and the mesh are designed to resolve both the primary flow 
and the LS with the turbulence model accounting for the unresolved, 
smaller Langmuir scales. 

In the new methodology, the flow equations consist of the Reynolds- 
averaged incompressible Navier-Stokes equations augmented with the 
Craik-Leibovich (C-L) vortex force parameterizing the wave-current 
interaction generating LC (Craik and Leibovich, 1976). The C-L vortex 
force allows for simulations to be performed with a flat surface, i.e. 
without resolution of the surface gravity waves that generate LC. 
Mathematically, the C-L vortex force consists of the cross product be
tween the Stokes drift velocity induced by surface gravity waves and the 
resolved flow vorticity. The C-L vortex force is representative of the 
Stokes drift tilting of vertical vorticity associated with lateral shear to
wards the along-wind direction, resulting in LC. 

Turbulence closure in the Reynolds-averaged formulation developed 
consists of the standard k-epsilon model updated to account for pro
duction of turbulent kinetic energy by Stokes drift shear and non-local 

transport induced by LS. The Reynolds-averaged methodology for 
computing the flow described above differs from previous methodolo
gies dealing with Langmuir turbulence. Oftentimes Langmuir turbulence 
is computed via LES in which a majority of the Langmuir scales are 
resolved. A second approach more suitable to either general ocean cir
culation modeling or single water column modeling is based on 
Reynolds-averaging in which none of the Langmuir scales (including the 
largest LC scales) are resolved, and the turbulence model is left to ac
count for the impact of the Langmuir turbulence on the resolved mean 
flow. The present methodology is based on Reynolds-averaging just as 
the previously described approach, however, the largest Langmuir 
scales, in this case the full-depth LS, are resolved. 

In this manuscript, the new methodology will be used to investigate 
the vertical dispersion of oil droplets caused by LS. The new method
ology computes the flow comprised of the mean flow plus the secondary 
LS structure, and the eddy viscosity and turbulent kinetic energy pre
dicted by the k-epsilon model are used to perform Lagrangian tracking of 
oil droplets through a discrete random walk (DRW) method. The DRW 
approach of Gosman and Ioannides (1983) is adopted, in which the 
unresolved random fluctuations of the droplet trajectories are calculated 
by modeling the interaction between the droplets with 
randomly-generated eddies “that fit the statistics of the turbulence, ve
locity component root mean square and eddy lifetimes, as predicted by 
the turbulence model” (Javaherchi and Aliseda, 2016). 

2. Reynolds-averaged flow equations and turbulence model 

The Eulerian equations of fluid motion consist of the incompressible 
Reynolds-averaged continuity equation and the Reynolds-averaged 
Navier-Stokes (RANS) equation in (1) and (2), respectively, with the 
RANS equation augmented with the C-L vortex force parameterizing the 
generation of LC by the wave-current interaction: 

∂ui

∂xi
= 0 (1)  

∂ui

∂t
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∂ui
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In this non-hydrostatic formulation, brackets denote Reynolds 
averaging; ui is the i-th component of the Reynolds-averaged or mean 
velocity; ρ is the constant water density; Π is a modified mean pressure 
defined further below; ν is molecular kinematic viscosity; xi is the co
ordinate in the i-th direction; t is time. The x1, x2 and x3 directions are 
the downwind, crosswind and vertical directions, respectively. The last 
term on the right side of equation (2) is the C-L vortex force consisting of 
the cross product between the Stokes drift velocity vector US

i and the 
mean vorticity ωi. The term εijk in the C-L vortex force is the totally 
antisymmetric third rank tensor. Associated with the C-L vortex force is 
a modified pressure (McWilliams et al., 1997) defined in terms of the 
mean pressure p and Stokes drift as 

Π =
p
ρ +

1
2

[
US

i US
i + 2uiUS

i

]
(3) 

In the present simulations, the Stokes drift velocity appearing in (2) 
and (3) will be taken to be purely aligned in the downwind direction and 
thus its components along the crosswind and vertical directions are zero. 
The downwind component follows the definition given by Phillips 
(1966): 

US
2 = US

3 = 0  

US
1 = σka2 cosh(2kx3)

2sinh2(kH)
(4)  

where H is the water column depth and σ, k and a are the dominant 
frequency, wavenumber and amplitude, respectively, of the waves 

Fig. 1. Sketch of Langmuir cells.  
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generating LC. Note that k = 2π/λ where λ is the dominant wavelength 
and k and σ may be related through the wave dispersion relation. 

The Reynolds stress in (2) is modeled as 

−u
′
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(5)  

where the second term on the right side of (5) accounts for non-local 
transport induced by LC (Smyth et al., 2002; McWilliams et al., 2012; 
Harcourt, 2013; Sinha et al., 2014). In (5) the eddy viscosity is modeled 
based on the k-epsilon closure 

νt = Cμ
k2

ε (6)  

where k and ε are the turbulent kinetic energy (TKE) and TKE dissipation 
rate, respectively. Note that this eddy viscosity is used for the mo
mentum equation in all three directions. Following the standard k- 
epsilon model, the TKE and TKE dissipation rate are obtained by solving 
the following transport equations: 
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where the TKE production, Gk, in (7) is taken as the traditional pro
duction by mean shear (first term on the right side of (9)) augmented by 
production by Stokes drift shear (second term on the right hand side of 
(9)) following Harcourt (2013). Note that the Reynolds stress in (9) is 
closed using the expression in (5). The values of the coefficients 
appearing in (6), (7) and (8) are Cμ = 0.09, σk = 1, σε = 1.3, C1ε = 1.44 
and C1ε = 1.92 (Wilcox, 1994). 

In the simulations to be presented below, the mean flow fields such 
as ui contain the resolved mean wind-driven flow and the largest of the 
Langmuir cells while the fluctuating components such as u′

i contain the 
smaller unresolved scales. 

3. Lagrangian particle tracking equations 

The Lagrangian discrete phase model used to track oil droplets fol
lows the Euler-Lagrange approach. The fluid phase is treated as a con
tinuum by solving the Navier-Stokes equations as described earlier, 
while the dispersed phase is solved by tracking individual particles 
through the calculated flow field. In the Lagrangian discrete phase 
model, the trajectory of a discrete phase particle is predicted by inte
grating the force balance on each particle, which is written in a 
Lagrangian reference frame. This force balance equates the particle 
inertia with the forces (i.e., drag and buoyancy) acting on the particle, 
given as (Boufadel et al., 2018; Cui et al. 2018, 2020): 

dup

dt
=

3
4

ρ
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CD
(
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) ⃒
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(
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)
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(10)  

where u is the fluid velocity, up is the oil droplet (particle) velocity, ρp is 
the particle density, ρ is the fluid density, dp is the particle diameter, g is 
the gravity acceleration, and ̂k is the unit vector in the vertical direction. 
The drag coefficient CD in Eq. (10) is taken following Morsi and Alex
ander (1972) as 

CD = 0.4 +
24
Rep

+
6

1 +
̅̅̅̅̅̅̅
Rep

√ (11)  

where Rep is the relative Reynolds number defined as 

Rep =
ρpdp

⃒
⃒u − up

⃒
⃒

μ (12)  

with μ the molecular dynamic viscosity of the fluid. Recall that the fluid 
phase velocity can be decomposed into mean velocity u and fluctuation 
velocity u′ as 

u = u + u′ (13) 

The mean velocity u can be obtained from solution of the RANS 
equations described earlier. The Cartesian components of the velocity 
fluctuation u′

= (u′

1, u′

2, u′

2) are defined through a DRW model (Gosman 
and Ioannides, 1983; Javaherchi and Aliseda, 2017) given as 

u′
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̅̅̅̅̅̅̅̅̅̅
2k/3

√
(14)  

where k is local turbulent kinetic energy and ξi is a random number 
following a zero-mean, unit-variance, normal distribution. The particle 
is assumed to interact with the fluid phase eddy over the smaller of the 
eddy lifetime and eddy crossing time. When this time is reached, a new 
value of the instantaneous velocity is obtained by applying a new value 
of ξi in Eq. (14). The eddy lifetime is defined as 

TL = 2CL
k
ε (15)  

where CL ∼ 0.15 is an empirical constant, and ε is the turbulent kinetic 
energy dissipation rate. The eddy cross time is defined as: 

Tc = − τp ln
[

1 −

(
Le

τp
⃒
⃒u − up

⃒
⃒

)]

(16)  

where Le is the eddy length scale, and can be estimated as 

Le = C3/4
μ

k3/2

ε (17)  

where the empirical constant Cμ ∼ 0.9 as before. The particle relaxation 
time τp is given by 

τp =
ρpd2

p

18μw
(18)  

where dp is the particle diameter. If Le > τp
⃒
⃒u − up

⃒
⃒, Eq. (16) does not 

have a solution, which indicates the droplet is captured by an eddy. 
Under this condition, the interaction time between turbulent eddy and 
droplet will be the eddy lifetime. 

4. Computational setup 

Simulations of LS tracking the motion of oil droplets induced by the 

Fig. 2. Sketch of computational domain including the pattern of counter- 
rotating Langmuir cells to be resolved in the simulations. 
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cells will be performed for the problem configuration sketched in Fig. 2. 
The surface or top of the domain is a wind-sheared rigid lid leading to 
the primary flow with velocity arrows sketched in Fig. 2. The inclusion 
of the C-L vortex force in the momentum equation in (2) leads to the 
generation of LS with orientation sketched in Fig. 2. The bottom of the 
domain is taken as a flat, no-slip surface. Furthermore periodicity is 
taken along the downwind (x1) and crosswind (x2) directions. 

Wind and wave forcing conditions are taken from the field mea
surements of Gargett et al. (2004) and Gargett and Wells (2007) during 
the presence of LS. In these measurements, the water column depth was 
H = 15 m. Furthermore, the wind stress was τwind = 0.1 N m−2, and the 
dominant amplitude, wavelength and period of the waves generating 
Langmuir cells were 0.6 m, λ = 6H = 90 m and 8 s, respectively. These 
conditions were also used to guide the large-eddy simulation (LES) of 
Tejada-Martínez and Grosch (2007). 

Dimensionless parameters characterizing Langmuir cells are the 
wavelength-to-depth ratio λ/H and the turbulent Langmuir number. The 
latter is defined as Lat =

̅̅̅̅̅̅̅̅̅̅̅̅
uτ/uS

√
(McWilliams et al., 1997) where uτ is 

the wind stress friction velocity given as uτ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
τwind/ρ

√
and uS = σka2 

where, as before, a is the dominant amplitude of the waves, k is the 
dominant wavenumber and σ is the dominant frequency. The turbulent 
Langmuir number is inversely proportional to wave forcing relative 
wind forcing. For the wind and wave forcing conditions described 
above, λ/H = 6 and Lat = 0.7. 

Gargett and Grosch (2014) considered a turbulent Langmuir number 
based on bottom stress friction velocity in order to characterize the role 
of bottom stress on LS. Analyzing the data of Gargett et al. (2004) and 
Gargett and Wells (2007), they concluded that clear signatures of LS in 
their records were obtained when bottom friction velocity was approx
imately equal to surface (wind stress) friction velocity. Other instances 
of unstratified water columns were characterized by convection (driven 
by unstable surface buoyancy) or when the bottom friction velocity 
exceeded the wind stress friction velocity leading to shear-dominated 
turbulence near the bottom (caused by pressure gradient-driven flow, 
such as tidal flow) rather than Langmuir-dominated turbulence during 
LS events. Thus, the RANS simulations performed here as well as the LES 
of Tejada-Martínez and Grosch (2007) are characterized by the equi
librium condition of bottom stress matching the wind stress. 

The domain is Lx = 94.2 m long in the downwind and Ly = 62.8 m 
wide in the crosswind following the LES of Tejada-Martínez and Grosch 
(2007). In particular, the value Ly = 62.8 m was chosen to resolve a pair 
of full-depth LS as expected from the field measurements of Gargett et al. 
(2004) (and as sketched in Fig. 2). 

The Reynolds-averaged formulation will be tested with the domain 
discretized by a hexahedral mesh uniform in the downwind, crosswind 
and vertical directions. A mesh refinement study will be performed to 
demonstrate convergence of the solution. The resolution in the cross
wind and vertical directions will be varied for three cases: coarse, fine, 
and refined uniform resolutions. The coarse mesh consists of 32 ele
ments in the crosswind and 32 elements in the vertical, the fine mesh has 
64 elements in the crosswind and vertical and the refined mesh has 128 
elements in the crosswind and vertical. Based on the LES of Tejada-
Martínez and Grosch (2007), in the mean when bottom stress matches 
the wind stress, full-depth Langmuir cells are steady and do not possess 
variation in the downwind direction (x1), thus the Reynolds-averaged 
simulation will be taken as steady and two-dimensional and only 4 el
ements will be taken in the downwind direction for each mesh described 
above. 

Given that the steady mean flow is 2-D and recalling the Stokes drift 
velocity in (4), the Reynolds-averaged continuity and momentum 
equations reduce to the following: 
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The Reynolds-averaged continuity and momentum equations and the 
turbulence model described earlier are solved via a finite volume 
method ensuring pressure-velocity coupling through a staggered grid in 
which the pressure is computed at the cell faces (Patankar, 1980). A 
second order upwind scheme is used for the momentum, turbulent ki
netic energy, and turbulent dissipation rate equations. 

The solution will be compared with the LES of Tejada-Martínez and 
Grosch (2007) which was performed on a three-dimensional 32 x 64 x 96 
mesh (i.e. 32 elements in the downwind, 64 elements in the crosswind 
and 96 elements in the vertical). The LES mesh was uniform over 
downwind and crosswind directions and stretched in the vertical to 
better resolve sharp vertical gradients near the surface and near the 
bottom. The interested reader is directed to Tejada-Martínez and Grosch 
(2007) for further details about the mesh and numerical discretization. 
Note that the LES is significantly more expensive than the 
Reynolds-averaged simulation. The LES takes about 1 week running on 
16 parallel processors while the Reynolds-averaged solution takes about 
20 minutes running on a single core desktop. 

The previously described flow setup excludes the effect of Coriolis 
forcing from the momentum equations following the LES of Tejada-
Martínez and Grosch (2007). The latter was guided by the field mea
surements of Langmuir supercells of Gargett and Wells (2007) 
characterized by the presence of tides and a geostrophic current in 
which the pressure gradient force was balanced by the Coriolis effect. 
Despite simplifications in the LES such as the exclusion of the 
geostrophic mean flow (Grosch and Gargett, 2016) and tidal flow that 
were measured in the field, the LES-resolved Langmuir supercells were 
coherent throughout the entire depth of the water column in agreement 
with the field measurements (Tejada-Martínez and Grosch, 2007; Gar
gett and Wells, 2007; Tejada-Martínez et al., 2009). The full-depth co
herency of the cells in both the field measurements and the LES was 
attributed to the active Stokes drift shear near the bottom induced by the 
intermediate waves generating the cells and to the weak crosswind 
components of the tidal and geostrophic flows relative to the downwind 
current in the field and the complete absence of the tidal and geostrophic 
flows in the LES. 

Following Tejada-Martínez and Grosch (2009), subsequent 
shallow-water LES of Langmuir supercells (Kukulka et al., 2011; Mar
tinat et al., 2011; Akan et al., 2013; Shrestha et al., 2018, 2019; Shrestha 
and Anderson, 2020) have excluded the Coriolis effect. In contrast, LES 
of Langmuir cells in the upper ocean mixed layer over deep water nor
mally include rotational terms which produce an oscillating inertial 
current that rotates off the wind/wave direction with time (i.e. the 
Ekman spiral), breaking up originally coherent Langmuir cells into much 
less organized structures (McWilliams et al., 1997). In this case, the 
turbulence may be considered ‘‘steady’’ (i.e. under statistical equilib
rium) only when averaged over periods of the inertial current as dis
cussed by Tejada-Martínez et al. (2009). Grosch and Gargett (2016) 
demonstrated analytically how the results of the shallow water LES of 
Langmuir supercells without the Coriolis effect are nonetheless valid in 
comparison to the field measurements of Langmuir supercells made 
under the effect of rotation in the presence of a coastal boundary. Spe
cifically, Grosch and Gargett (2016) showed the first-order equivalency 
between two steady mean flows (case A and case B) resulting from the 
action of a constant wind stress on a shallow unstratified water column. 
Case A is obtained with rotation and a lateral boundary to the right of 
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the direction of the wind stress (similar to the Gargett et al. field mea
surements of LS) and case B is obtained without rotation and without a 
lateral boundary. The various shallow water LES of Langmuir supercells 
referenced above and the analogous RANS simulations presented here 
follow case B. 

5. Reynolds-averaged vs. LES resolved flow comparison 

The Reynolds-averaged solution is first compared with LES in terms 
of steady state velocity fluctuations characterizing the resolved full- 
depth Langmuir cells or LS. In LES, the velocity fluctuations associated 
with LS are obtained as described by Tejada-Martínez and Grosch 
(2007). First, the LES-resolved velocity is decomposed following the 
classical Reynolds decomposition: 

uLES
i = uLES

i x, y, t + uLES
i

′

(23)  

where uLES
i x, y, t is the mean component obtained by averaging the sta

tistically steady uLES
i velocity field over the downwind and crosswind 

directions and over time. The LES-resolved velocity fluctuations, uLES
i

′

, 
are decomposed into a component induced by LS, vLES

i , and a component 
induced by scales smaller than LS, uLES

i
′′: 

uLES
i

′

= vLES
i + uLES

i
′′ (24)  

where 

vLES
i = uLES

i

′

x,t (25) 

Note that uLES
i

′

denotes the LES-resolved fluctuations which include 
the LS-induced fluctuations plus fluctuations induced by scales smaller 
than LS. LS is persistent over time and coherent in the downwind di
rection, thus fluctuations associated with LS can be extracted by aver
aging uLES

i
′

over time and over the downwind direction as expressed in 
(25). 

The steady LS-induced fluctuation in the Reynolds-averaged formu
lation in (19)-(22) can be obtained as follows. First, re-express the 
Reynolds-averaged solution from (19)-(22) as 

uRANS
i = ui (26) 

The Reynolds-averaged solution (i.e. the RANS solution) can then be 
decomposed as 

uRANS
i = uix,y + vRANS

i (27)  

where the primary component uix,y is the steady state RANS solution 
averaged over the streamwise and spanwise directions and the second
ary vRANS

i is the LS-induced fluctuation. Thus, in post-processing, the 
latter may be obtained from (27) as simply 

vRANS
i = uRANS

i − uix,y (28) 

Fig. 3 shows the structure of the resolved LS through LES and RANS 
solutions in terms of vLES

i and vRANS
i , respectively, over the crosswind/ 

vertical extent of the computational domain. Panels (a)-(c) correspond 
to LES and (d)-(f) correspond to the RANS solution. The RANS solution 
shown was obtained with the fine mesh 4 x 64 x 64 resolution described 
earlier. Panels (a) and (c) show the full-depth downwelling and up
welling limbs of the LS resolved by the LES and RANS solutions, 
respectively, in terms of vertical velocity fluctuations. The downwelling 
limb is revealed by a full-depth region of negative vertical velocity 
fluctuation and the upwelling limb is revealed by a full-depth region of 
positive velocity fluctuation. 

Notice that the top of the downwelling limb corresponds to the 
surface convergence of the LS seen on panels (b) and (d) in terms of the 
crosswind velocity fluctuation. Also notice that both LES and RANS 
downwind velocity fluctuations in panels (c) and (f), respectively, are 
characterized by a full-depth region of positive values coinciding with 
the downwelling limbs of the cells (panels (a) and (d)). Furthermore, 
these full-depth regions of positive downwind velocity fluctuations are 
intensified near the bottom. This near-bottom intensification of down
wind velocity fluctuations is a key signature of LS that distinguishes it 
from LC in the upper ocean mixed layer (Gargett et al., 2004; Gargett 
and Wells, 2007). 

The cell pattern and velocity fluctuation magnitudes obtained with 
the LES in panels (a)–(c) of Fig. 3 is in good agreement with the full- 
depth LC measurements of Gargett and collaborators. This good agree
ment has been highlighted by Tejada-Martínez et al. (2009). Further
more, it is seen in Figure (3) that the Reynold-averaged formulation is 
able to capture the overall structure of LS (panels (d)-(f)) consistent with 
the LES. 

The behavior of the turbulence model can be seen in Fig. 4 in terms of 
predicted eddy lifetimes and eddy length scales. Note that eddy length 
scales and lifetimes are important for the prediction of turbulent 
dispersion of the oil droplets through equations (10)-(18). As expected, 
the smallest length scales occur near the surface and near the bottom and 
in the bulk of the water column the eddy length scale reaches approxi
mately 12 m, comparable to the water column depth of 15 m. Addi
tionally, the shorter eddy lifetimes correspond to the smallest eddies 
near the surface and bottom and the longer eddy lifetimes correspond to 
the larger eddies spanning the depth of the water column. 

Fig. 3. Velocity fluctuations induced by 
LS, vi, resolved in LES (a)–(c) and in the 
new RANS formulation (d)–(f), shown 
over the crosswind-vertical (x2−x3) 
plane. The downward and upward ar
rows in panel (a) denote the full-depth 
dowelling and upwelling limbs of the 
cell resolved in the LES in terms of 
vertical velocity fluctuations. Similar 
upwelling and downwelling limbs are 
resolved by the RANS solution (panel 
(d)). The right and left arrows denote in 
panel (b) denotes the surface conver
gence of the cell resolved in LES. A 
similar surface convergence zone is 
resolved by the RANS solution.   
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Figs. 5 and 6 present depth-profiles of the velocity variances and 
mean downwind velocity characterizing LS, respectively, obtained with 
the Reynolds-averaged formulation with the three levels of mesh reso
lution described earlier (coarse, fine and refined meshes). These figures 
show that the mesh refinement leads to convergence of the solution as 
no significant differences are observed between the fine and refined 
mesh solutions. The mesh refinement study also suggests that the 
Reynolds-averaged formulation could be improved (for example 
through calibration of the turbulence model coefficients in equations 
(6)–(9)) in order to obtain better agreement with the LES. Nevertheless, 
the Reynolds-averaged solution is consistent with the LES solution in 
terms of the LS structure, as seen in Fig. 3 described earlier. Further
more, it can be seen that the downwind velocity variance (panel (a) in 
Fig. 5) is characterized by near-bottom intensification in both the 

Reynolds-averaged and LES solutions. This is associated with the near- 
bottom intensification of downwind velocity fluctuations, a key signa
ture of LS as described earlier. Furthermore, the crosswind velocity 
fluctuations are intensified near the surface relative to the middle of the 
water column (panel (b) in Fig. 5). This intensification is induced by the 
surface convergences of the LS, described earlier. Finally, Fig. 6 shows 
that the level of vertical homogenization of mean downwind velocity 
induced by LS is nearly the same for all Reynolds-averaged solutions in 
good agreement with the LES. This is reflected through the near flat 
velocity profiles throughout the bulk of the water column. 

Given that no significant differences are observed between the fine 
and refined mesh Reynolds-averaged solutions, results from the fine 
mesh solution will be presented for the remainder of this manuscript. 

Fig. 4. Eddy lifetime (TL) and eddy length scale (Le) in a statistically steady state LS field generated by wind and wave forcing characterized by Lat = 0.7 and λ/ H =

6. 

Fig. 5. Velocity variance induced by LS resolved in LES and in the new RANS formulation.  
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6. Oil dispersion via Lagrangian particle tracking 

To explore the impact of LS on dispersion of oil droplets, two simu
lations were conducted tracking the oil droplets under different wind 
stress. In the first simulation, the wind and wave forcing conditions are 
the same as in the LS simulation presented in the previous section. Recall 
that in this simulation the water column depth was H = 15 m. 
Furthermore, the wind stress was τwind = 0.1 N m−2, and the dominant 
amplitude, wavelength and period of the waves generating Langmuir 
cells were a = 0.6 m, λ = 90 m and T = 8 s, respectively. For these pa
rameters, the dimensionless wind and wave forcing parameters are 
Lat = 0.7 and λ/H = 6 (i.e. λ = 90 m). The second LS simulation is 
characterized by a lower wind stress τwind = 0.025 N m−2 and with the 

same wave characteristics as the first simulation. Thus Lat = 0.5 and λ/

H = 6. Such a change in parameters from simulation 1 to simulation 2 
corresponds to a scenario in which the winds calm down while the 
waves (amplitude and wavelength) remain constant. This was observed 
in the field by Gargett et al. (2004) during their measurements of LS 
(Ann Gargett, personal communication) as the waves did not respond 
immediately to a change in wind. Other researchers have adopted a 
similar approach, for example, in their LES, Li and Song (2012) kept the 
wave field fixed while changing wind speed to investigate the effect of 
wind speed on the spacing between Langmuir cells. This type of scenario 
can come about if the waves are non-locally generated such as swell 
waves. 

Fig. 7 shows the vertical and crosswind velocity fluctuations and 
turbulent kinetic energy (TKE) induced by LS generated with wind stress 
τwind = 0.1 N m−2 and τwind = 0.025 N m−2, respectively. Stronger wind 
leads to more intense cells in terms of downwelling and upwelling 
vertical velocity fluctuations and in terms of surface cell convergence 
and bottom cell convergence (represented through crosswind velocity 
fluctuations). In both cases, elevated values of TKE are caused by the 
convergence of the cells at the surface and by the downwelling limbs of 
the cells impinging at the bottom, with the τwind = 0.1 N m−2 case 
providing the greatest TKE values. 

As seen in Fig. 8 in the case with τwind = 0.025 N m−2, throughout the 
duration of the simulation (4800 seconds or 80 minutes), the majority of 
the 500-μm oil droplets released at the surface remain within the 
downwelling limb of the cell forming the so-called Stommel retention 
zone (SRZ). The upwelling limb of the cell is not active in driving vertical 
transport, but some of the droplets do rise back to the surface primarily 
due to buoyancy. In the case with τwind = 0.1 N m−2 in Fig. 9, the 
droplets initially accumulate within the downwelling limb of the cell 
and are forced to the bottom of the water column much more rapidly 

Fig. 6. Mean velocity, u1x,y,t resolved in the new RANS formulation.  

Fig. 7. Resolved LS velocity fluctuations and turbulent kinetic energy (TKE) obtained from the k-epsilon closure for wind and wave forced flows. One pair of LS 
is resolved. 
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than the case with τwind = 0.05 N m−2. In the stronger wind case (Fig. 9), 
droplets begin reaching the bottom of the water column by about 800 
seconds (13.3 minutes) of the simulation, whereas in the weaker wind 
case (Fig. 8), at this time the droplets are still approximately 5 meters 

above the bottom. In the case of τwind = 0.1 N m−2, by 4800 seconds or 
80 minutes, the majority of the droplets have been swept underneath the 
upwelling limb of the cell to be advected back to the surface by the 
positive vertical velocity in this region of the cell (Fig. 9). In both 

Fig. 8. Snapshots of 500-μm oil droplets after oil droplets released from the surface above a steady state LS field generated by wind and wave forcing characterized 
by, τwind = 0.025 N ​ m−2, Lat = 0.5 and λ/H = 6. Oil density is 887 kg m−3. Water density is taken as 1000 kg m−3. Color contours show downwelling and upwelling 
limbs of LS. Note that the formation of the Stommel retention zone at the downwelling. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 

Fig. 9. Snapshots of 500-μm oil droplets after oil droplets released from the surface in a statistically steady state LS field generated by wind and wave forcing 
characterized by, τwind = 0.1 N ​ m−2, Lat = 0.5 and λ/H = 6. Oil density is 887 kg m−3. Water density is taken as 1000 kg m−3. Color contours show downwelling 
and upwelling limbs of LS. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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simulations the droplet distribution becomes more homogenous over 
time and the results with τwind = 0.1 N m−2 indicate a homogenization 
about both the upwelling and downwelling limbs of LS. In the case of 
Langmuir circulation in the upper ocean mixed layer, where the 
downwelling limbs of the cells are narrower and more intense than the 
upwelling limbs, homogenization of droplets typically occurs only about 
the downwelling limbs (i.e. the SRZs) (Farmer and Li, 1994). 

To ensure accuracy, the time step of the Lagrangian particle tracking 
(Δt = 2.2 ×10−5 s) is taken smaller than the particle relaxation time (τp 

given in Eqn. (18)) and the eddy lifetime (TL = 2CL k/ε) given earlier in 
Eqn. (15)). Furthermore, recall that the particle is assumed to interact 
with the fluid phase eddy over the smaller of the eddy lifetime (Eqn. 
(15)) and eddy crossing time (Eqn. (18)). When this time is reached, a 
new value of the instantaneous/fluctuating velocity is obtained by 
applying a new value of the random number ξi in Eqn. (14). For example, 
in the simulation with τwind = 0.1 N m−2 within the downwelling limb of 
the cell, the eddy length scale is Le > τp

⃒
⃒u −up

⃒
⃒ since Le ∼ 5 m (see 

Fig. 4), 
⃒
⃒up

⃒
⃒ ∼ |u| and τp = 6.5 × 10−5 s. As such, the expression for eddy 

cross time (Eqn. (16)) is not defined. Under this condition, the interac
tion time between turbulent eddy and droplet will be the eddy lifetime 
TL ~160 s (see Fig. 4) and thus a new value of ξi is applied at every 160 s. 
Thus, excessive droplet dispersion would occur within the downwelling 
limb of the cell if instead a new value of ξi were to be applied, say, at 
every time step (Δt = 2.2 × 10−5 s). 

7. Conclusions 

A Reynolds-averaged methodology capturing full-depth Langmuir 
supercells or LS in shallow water was presented showing consistent 
agreement with LES. In the presence of oil broken up into droplets at the 
surface of the sea, LS serve to entrain the droplets along the downwelling 
limbs of the cells. Lagrangian particle tracking simulations demon
strated the entrainment and overall distributions of 500-μm oil droplets 
induced by LS as function of time and LS intensity in a water column 15 
m in depth. A 0.1 N m−2 wind stress and intermediate waves with sig
nificant wavelength, amplitude and period of 90 m, 0.6 m and 8 s 
respectively, led to LS capable of transporting the oil droplets 
throughout both downwelling and upwelling limbs of the cells within 80 
minutes of droplet release. Over time, the droplet distribution homog
enized about both limbs of the cells. Meanwhile, a lower wind stress of 
0.025 N m−2 with the same wave field previously described led to 
weaker LS structure accumulating the droplets within its downwelling 
limb, and thus forming SRZs, over a prolonged time extending 
throughout at least the first 80 minutes after droplet release. 

In addition to providing a less computationally expensive alternative 
to LES, the Reynolds-averaged methodology for capturing the largest 
scales of Langmuir circulation introduced and its coupling with either 
Lagrangian particle tracking or population balance equations would be 
suitable to predict processes such as oil weathering, sediment floccula
tion and the formation of oil-particle aggregates. The latter two pro
cesses should be promoted at the surface convergence zones of the cells 
and underneath the downwelling limbs of the cells, where the greatest 
values of TKE were observed. These areas of research will be explored in 
the future. Furthermore, this methodology should permit future in
vestigations of the interaction between Langmuir cells and other pro
cesses such as river plumes and rip currents in the coastal ocean 
nearshore regions for which LES may prove cost prohibitive. Coupling 
with either Lagrangian particle tracking or scalar transport should allow 
for the investigation of the resulting vertical and lateral transport 
induced by Langmuir cells in these complex and realistic settings. 

In order to realize its potential, the newly introduced methodology 
needs to be improved through calibration of turbulence model co
efficients. The values of the turbulence model coefficients appearing in 
Eqns. (6), (7) and (8) were taken simply as default values and in the 
future should be re-calibrated to represent Langmuir turbulence. 

Furthermore, the DRW model coefficient in Eqn. (15) was taken as a 
default value of CL = 0.15. However, as noted by Javaherchi and Ali
seda (2016), calibration of this coefficient through experimental data 
from various applications has led to a range between 0.0675 and 0.205. 
Furthermore, as they point out, inaccurate values of this timescale 
constant can lead to gross under- or overestimation of the particle 
dispersion process. 

CRediT authorship contribution statement 

A.J. Perez: Software, Validation, Visualization. F. Cui: Software, 
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