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ABSTRACT
This study shows that the presence of Stokes drift us in the turbulent upper ocean induces a near-surface
Eulerian current that opposes the Stokes drift. This current is distinct from previously studied anti-Stokes
currents because it does not rely on the presence of planetary rotation or mean lateral gradients. Instead, the
anti-Stokes flow arises from an interaction between the Stokes drift and turbulence. The new anti-Stokes flow
is antiparallel to us near the ocean surface, is parallel to us at depth, and integrates to zero over the depth of the
boundary layer. The presence of Stokes drift in large-eddy simulations (LES) is shown to induce artificial
energy production caused by a combination of the new anti-Stokes flow and LES numerics. As a result, care
must be taken when designing and interpreting simulations of realistic wave forcing, particularly as rotation
becomes weak and/or us becomes perpendicular to the surface wind stress. The mechanism of the artificial
energy production is demonstrated for a generalized LES subgrid scheme.

1. Introduction
Surface gravity waves are ubiquitous within the global
ocean. These waves induce a Lagrangian flow called the
Stokes drift (Stokes 1847) that can affect the large-scale
ocean currents as well as the small-scale mixing within
the ocean surface boundary layer (OSBL). These two
effects have largely been investigated separately, with
the exception of some large numerical simulations
(Hamlington et al. 2014; Suzuki et al. 2016).
The ocean currents are affected by surface waves in
part because the Stokes drift imparts a Coriolis–Stokes
force on the Eulerian flow, which must be balanced at
large scales by an ‘‘anti-Stokes’’ Eulerian current or lateral pressure gradients. This type of anti-Stokes flow has
been discussed in analytical (McWilliams and Restrepo
1999; Broström et al. 2008; McWilliams and Fox-Kemper
2013; Broström et al. 2014; Haney et al. 2015) and numerical modeling studies (Polton et al. 2005; Hamlington
et al. 2014; McWilliams et al. 2014). Several studies have
also discussed Eulerian flows induced by surface waves
without planetary rotation. Monismith et al. (2007) found
that a range of wave tank experiments exhibited Lagrangian (Stokes plus Eulerian) transport that was zero at
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all depths, possibly because of the experimental setup
(Monismith et al. 2007; Weber 2011; Stuhlmeier 2015).
Wave-induced Eulerian flows that balance the depthintegrated Stokes transport, leading to zero depthintegrated Lagrangian transport, have also been
demonstrated in laminar fluids using nondispersive wave
theory (Longuet-Higgins and Stewart 1962; McIntyre
1981; Groeneweg and Klopman 1998; van den Bremer
and Taylor 2016). In contrast to the above work, we shall
demonstrate an anti-Stokes current that has no depthintegrated Eulerian transport. In the tropical ocean,
Smith (2006) observed a wave-induced Eulerian surface
current, which balanced the surface Stokes drift of passing wave groups. The rapid distortion calculations of
Teixeira (2011, 2012) suggest a partitioning of the turbulent shear stress that is consistent with the presence of
Stokes drift and an opposingly sheared Eulerian current
near the surface when the stress is zero.
Mixing in the OSBL is also affected by surface waves
because Stokes drift can interact with OSBL turbulence
to produce Langmuir turbulence, which is distinct from
shear-driven turbulence and convection. In the past two
decades large-eddy simulations (LES) of Langmuir turbulence have become possible (Skyllingstad and Denbo 1995;
McWilliams et al. 1997). As a result of these LES, parameterizations for the properties of Langmuir turbulence
have been developed (e.g., Harcourt and D’Asaro 2008;
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Grant and Belcher 2009), and the important role of
Langmuir turbulence in the boundary layer and wider climate system has been diagnosed (Belcher et al. 2012; Li
et al. 2016). With advancing time, studies have simulated
Langmuir turbulence in ever more realistic and complex
situations (McWilliams et al. 2012; Van Roekel et al. 2012;
Kukulka et al. 2013; Pearson et al. 2015). Of particular
relevance to the current paper is the trend toward simulations with nonparallel wind stress and Stokes drift vectors
(e.g., Van Roekel et al. 2012; McWilliams et al. 2014; Rabe
et al. 2015; Reichl et al. 2016).
In section 2, we demonstrate that the Stokes drift
induces an anti-Stokes flow by interacting with OSBL
turbulence. This anti-Stokes flow is antiparallel and comparable to the Stokes drift near the surface, is parallel to
the Stokes drift at depth, integrates to zero over the depth
of the OSBL, and does not require planetary rotation
or alignment of wind and waves. In section 3, we demonstrate that the new anti-Stokes flow interacts with LES
numerics to produce an artificial source of energy in LES of
Langmuir turbulence, which could affect the properties of
simulated turbulence. We summarize results in section 4.

2. Turbulence-induced anti-Stokes flow
The inviscid wave-averaged governing equations in
the OSBL are given by (Craik and Leibovich 1976;
McWilliams et al. 1997; Suzuki and Fox-Kemper 2016)

›u
1
1 u  =u 1 f ^z 3 (u 1 us ) 5 us 3 v 2 = p 1 us  us
›t
2

1 us  u 1 b^z ,
(1)
where u 5 (u, y, w) is the Eulerian velocity, v 5 = 3 u is
the vorticity, f is the Coriolis parameter, us 5 (us, y s, 0)
is the Stokes drift, p is the (density scaled) pressure, b is
the buoyancy, and ^z is the unit vertical vector. Equation
(1) is often called the Craik–Leibovich equation. By
taking a horizontal or temporal average of Eq. (1), we can
separate the mean (overbar) and turbulent (prime) components of the velocity. For simplicity we shall consider
horizontally homogeneous flows, in which all horizontal
mean gradients are zero, then the y component of mean
velocity evolves as
›y
›y 0 w0
5 2f (u 1 us ) 2
.
›t
›z

(2)

If we now consider a scenario where f 5 0 and the wind
stress (which sets the surface boundary condition on u0 w0 )
is aligned with the x direction, then Eq. (2) becomes a

VOLUME 48

balance between the turbulent (Reynolds) stress gradient
and the acceleration of the mean velocity:
›y
›y 0 w0
52
.
›t
›z

(3)

Equation (3) has two important implications in this
scenario. First, if the depth profile of y reaches a steady
state, the surface boundary condition (zero y stress)
requires y 0 w0 5 0 at all depths. Second, integrating Eq.
(3) over the boundary layer and using the zero-flux
boundary conditions shows that the depth-averaged y
velocity does not vary in time, as there is no injection of y
momentum into the OSBL.
The above arguments are consistent with the no wave
case (us 5 0, f 5 0, wind stress in x direction), where y is
constantly zero at all depths, but they also apply when
there is a crosswind Stokes drift (y s 6¼ 0, us 5 0), where y
becomes steady and depth varying (Fig. 1; this numerical
simulation will be discussed in section 3). While the
transition to the latter steady state must have y 0 w0 6¼ 0 to
redistribute y momentum vertically (›y/›t 6¼ 0), here we
shall focus on the final steady state of Eq. (3), where
y 0 w0 5 0. We can understand why introducing a Stokes
drift results in a nonzero y profile by looking at the
budgets of the Reynolds stresses, found by multiplying
the turbulent component of Eq. (1) by turbulent velocities and using the product rule


›uj
›u0i u0j
›u
5 2 u0i u0k
1 u0j u0k i
›t
›xk
›xk
2

u0i u0k

!
›usk
›usk
0 0
1 Dij ,
1 uj uk
›xj
›xi

(4)

where i, j, k can be 1, 2, or 3, indicating x, y and z
components, respectively, and repeated indices are
summed (subscript sk is the kth Stokes drift component). The left and right parenthetical quantities are the
shear and Stokes terms, respectively. The term Dij
contains the buoyancy, Coriolis, advection, dissipation,
and high-order (pressure and transport) terms (e.g.,
Harcourt 2013). In our scenario, we are particularly interested in the y0 w0 budget:
›y
›y 0 w0
›y
›p0
›p0
5 2w0 w0 2 y0 y 0 s 2 w0
1 y0
›z
›t
›z
›y
›z
2

›y 0 w0 w0
2 y 0 b0 2 f u0 w0 ,
›z

!

(5)

where we have explicitly included the D23 terms. In the
above steady state with Stokes drift, y0 w0 must constantly
be zero, which means both sides of Eq. (5) must be zero.
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FIG. 1. Profiles of Eulerian and Lagrangian velocity components:
y (solid), u (dashed), and ys (dotted). The Eulerian currents are
plotted for four consecutive averaging intervals; u accelerates,
while y is steady with time.

In the OSBL velocity variances are positive and the
Stokes drift distorts the turbulence (Teixeira and
Belcher 2002) producing a Reynolds stress (in this case
with ›ys/›z . 0 it produces negative y0 w0 ), which must
be balanced by another term in Eq. (5). However, the
transport term integrates to zero over the OSBL depth,
the pressure terms cancel only a fraction of the production terms (Mironov 2009; Harcourt 2015), and in the
current scenario the Coriolis term is zero and the
buoyancy term is small. This means that the shear term
in Eq. (5) must balance part of the Stokes term, which
requires an Eulerian current with ›y/›z , 0 to develop
near the surface that distorts the turbulence, producing
positive y 0 w0 . An LES of the above scenario (described
in section 3) does indeed have a leading-order balance in
Eq. (5) between the Stokes and shear terms in the upper
20 m (not shown), with the pressure term being the next
largest contributor.
The mean velocity required to balance the Stokes term
near the surface has a vertical shear that opposes ›ys/›z.
The velocity is also constrained to have zero mean when
integrated over the boundary layer depth [Eq. (3)]. The
LES results in Fig. 1 are consistent with this picture; there
is a strong anti-Stokes (negative) current in the upper
ocean, which changes rapidly with depth. This current
becomes positive and weaker below the layer of significant Stokes shear, and the current shear is weak in the
lower half of the mixed layer. There is current shear at the
base of the mixed layer, which is not investigated here but
could affect entrainment as the boundary layer grows into
the thermocline.

The near-surface, anti-Stokes current is comparable,
but not exactly equal, in magnitude to the Stokes drift
but it arises from the Reynolds stress budgets, which
makes prediction of this anti-Stokes current profile
challenging. Analytic solutions for the current profile
would require knowledge of the turbulence kinetic energy (TKE; u0  u0 /2) and its anisotropy (e.g., w0 w0 /y 0 y0 ) as
well as a deeper understanding of the high-order terms
within Eq. (4). Developing a parameterization for the
anti-Stokes flow profile from LES is also challenging for
the reasons described in the next section.
In this section, we have demonstrated that an Eulerian anti-Stokes current arises from the wave-averaged
(Craik–Leibovich) equations in the presence of turbulence. We considered a scenario where wind and waves
are perpendicular and there is no planetary rotation,
which isolated the anti-Stokes current, but the physical
mechanism that drives the anti-Stokes current is present in any turbulent flow regardless of Coriolis parameter and the geometry of wind (or more generally
surface stress) and wave forcing. For example, if the
Stokes drift is not perpendicular to the surface stress
(us 6¼ 0) then y s (us) still induces a cross-wind (along wind)
anti-Stokes current [Eq. (4) with i, j 5 2, 3 (1, 3)], but the
interaction between aligned wind and waves (Langmuir
turbulence) would also affect the mean current, TKE
anisotropy, and high-order terms in Eq. (4). Mechanisms for Reynolds stress production that are consistent
with the possibility of an anti-Stokes Eulerian flow near
the surface when wind and waves are aligned, and the
surface stress is small, were discussed in Teixeira (2011).
Alternatively, if we consider a rotating flow (f 6¼ 0),
the total time-averaged, cross-wind, anti-Stokes current
would become y 5 y ti 1 y sc , where y ti is the turbulenceinduced flow discussed in this section. The other velocity component y sc arises because the Stokes–Coriolis
forces in Eq. (2) induceÐ ›y0 w0 /›z 6¼
Ð  0 and a resultant

current that satisfies y sc dz 5 2 y s dz when integrated over the boundary layer (Broström et al. 2008;
McWilliams and Fox-Kemper 2013) with ›ysc/›z 6¼ 0
analogous to the Stokes-modified Ekman spiral
(Polton et al. 2005).Ð The turbulence-induced anti
Stokes current, with yti dz 5 0, would be required to
ensure ›y/›z maintains a steady crosswind momentum
flux in Eq. (5); however, it is not clear at present how y sc
and y ti could be uniquely diagnosed from the total
current.

3. Resultant numerical effects in LES
The anti-Stokes current demonstrated in the previous
section causes unphysical effects within large-eddy
simulations. The equations of motion in LES are
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FIG. 2. Numerical effects of Eulerian anti-Stokes flow in LES. (a) Resolved Reynolds stresses, y0 w0 (solid) and
u0 w0 (dashed), and total (resolved plus subgrid) stresses in the x (dotted) and y (dashed–dotted) directions.
(b) Production of TKE by Stokes production (2y 0 w0 ›ys /›z; solid) and shear production in the y direction
(2y0 w0 ›y/›z; dashed) and x direction (2u0 w0 ›u/›z; dotted). Note the different y-axis ranges.

similar to the above equations with the addition of a
subgrid stress. In LES, Eq. (3) becomes
›y
›y 0 w0 ›ty
5 2f (u 1 us ) 2
2
,
›t
›z
›z

(6)

where t y is the y component of subgrid stress. In this
section, we will demonstrate that the anti-Stokes current
induces a partitioning between the resolved Reynolds
stress (y 0 w0 ) and the subgrid stress ty. This leads to artificial (numerically induced) energy production.
The numerical effects are most easily seen if we consider the case from the previous section. We use the
Met Office Large Eddy Model setup as described in
Grant and Belcher (2009). Forcing consists of a constant
x-aligned wind stress with friction velocity u* and
a constant Stokes drift [ys(z)] aligned with the y axis
and no rotation (f 5 0). The Stokes drift is that of a
monochromatic wave with y s(z)5 ys0exp(z/d), where
y s0 5 5.9 cm s21 and d 5 4.8 m with wind forcing
u* 5 0.09y s0. The resolution is 2(x) m 3 2(y) m 3 0.8(z) m,
with 128 3 128 3 111 grid points. The subgrid stress
is modeled by a simple Smagorinsky scheme (Shutts
and Gray 1994). Simulations are spun up from an at-rest
33-m-deep unstratified layer, with constant stratification
below, for 60 000 s, and results are averaged over the next
40 000 s, except for the results shown in Fig. 1, which average over four separate 10 000-s intervals.
In the simulation there is no source of y momentum,
and Fig. 1 shows that y is independent of time once the
turbulence equilibrates. However, the LES integral
condition on the stresses is now y 0 w0 5 2t y at all depths,

rather than the y 0 w0 5 0 condition of Eq. (3). One solution to this resolved and subgrid stress balance is that
both terms are zero. However, this is not possible with
extant LES because the anti-Stokes current has shear
near the surface, leading to a subgrid stress under
any LES scheme that follows the general form of
t y 5 2nt ›y/›z, where nt is a positive, nonzero, parameterized LES subgrid viscosity (Smagorinsky 1963) that
could depend on us (e.g., Sullivan et al. 2007). The
presence of a subgrid stress requires that y 0 w0 is equal
and opposite in magnitude to t y, as seen in Fig. 2a. This is
in contrast to the along-wind resolved momentum flux
u0 w0 , which has a much larger magnitude than its subgrid
component within the interior of the OSBL.
The artificial momentum flux caused by the antiStokes current has an impact on the TKE production
within the OSBL. Under the above forcing scenario
outside LES, the anti-Stokes current is present, y 0 w0 5 0,
and the budgets for each TKE component [Eq. (4) with
i 5 j] have no production of w0 w0 by Stokes drift
(22y0 w0 ›ys /›z) and no production of y 0 y0 by current
shear (22y 0 w0 ›y/›z). In LES, by contrast, the artificial
momentum flux always increases the Stokes production
of w0 w0 and decreases the production of y 0 y0 by the current shear. This implies partial compensation between
artificial production in the total resolved TKE budget, as
shown in Fig. 2b, in addition to compensation between
these artificial resolved production terms and subgrid
TKE production (2t y ›ys /›z and 2t y ›y/›z). However, it
also shows that LES is not reliable for studying the
properties of Langmuir turbulence when artificial
Reynolds stresses are significant because TKE will be
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unphysically partitioned across scales and directional
velocity components. An example of this scenario, and
the artificial Stokes production of TKE, can also be seen
in Fig. 5e of Van Roekel et al. (2012), although it should
be noted that their analyses use a large suite of rotating
and nonrotating LES.
An artificial contribution to the along-Stokes Reynolds stress will be present in any LES with Stokes drift
but will vary in importance across scenarios. For this
reason we discourage LES in which the angle between
wind and waves approaches 908 and as f / 0, where the
artificial effects become most important because the
along-Stokes Reynolds stress, and the associated TKE
production terms, would be minimal if there were no
subgrid and artificial resolved stresses. Simulations of
these scenarios could potentially be improved by modifying the subgrid scheme to include Stokes drift effects
(e.g., Hamlington et al. 2014), although it is presently
unclear how this should be approached. In other scenarios where the analytic along-Stokes–Reynolds stress
and the associated TKE production terms are much
greater than the artificial resolved stress and production
terms, such as in Langmuir turbulence with aligned wind
and waves, it is unlikely that artificial effects significantly
change turbulent flow properties in LES.

(TKE) through the following mechanism (continuing on
from the above list):
3) Shear in the anti-Stokes current induces a LES
subgrid stress.
4) The LES subgrid stress induces an equal and opposite ‘‘artificial’’ resolved Reynolds stress to satisfy integral constraints on momentum.
5) The artificial Reynolds stress changes the resolved
production of TKE by Stokes drift and current shear.
A nonrotating simulation using perpendicular wind
stress and Stokes drift demonstrated that the above
process can induce Stokes production of vertical TKE
and shear destruction of along-Stokes TKE, when the
analytical solutions should have neither of these TKE
budget terms. These results discourage performing LES
in which the angle between wind and waves approaches
908 and as f / 0 with present subgrid schemes.
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4. Conclusions
We have shown that the Stokes drift interacts with
turbulence in the ocean surface boundary layer to produce an Eulerian anti-Stokes current, which is distinct
from other anti-Stokes currents related to the Stokes–
Coriolis effect. Using the Craik–Leibovich waveaveraged equations we showed that the current is
produced by the following mechanism:
1) In the presence of turbulence the Stokes drift
produces a turbulent vertical flux of horizontal
momentum (Reynolds stress).
2) A mean current with shear develops to produce an
opposing Reynolds stress in order to maintain steady
turbulence statistics.
Under constant forcing this anti-Stokes current
reaches a steady state and has zero net Eulerian mass
transport over the depth of the OSBL. The anti-Stokes
flow partially cancels the Stokes drift mass transport
near the surface and increases mass transport in the direction of Stokes drift deeper in the OSBL. As a result, the anti-Stokes flow could have implications for
the lateral transport of tracers with depth-varying
distributions.
In large-eddy simulations the anti-Stokes current
causes artificial production of turbulence kinetic energy
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