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Abstract
The ocean boundary layer (OBL) is forced by atmosphere-ocean and sea ice-ocean 
momentum fluxes, wave dynamics, and buoyancy; in coastal zones, OBL dynamics are 
further complicated by additional shear from the seafloor. Among numerous other phe-
nomena, coastal mixing affects dispersion of anthropogenic quantities, erosion and tur-
bidity, and benthic sequestration. In the OBL, interaction of wind-induced shear and sur-
face waves manifests so-called Langmuir turbulence and distinctive Langmuir cells under 
favorable conditions, which have implications for the aforementioned coastal processes. 
Large-eddy simulation was used to dynamically sample the flow during relative extremes 
in bathymetric stress and vertical velocity. Probability density functions of vertical veloc-
ity are bimodal, the signature of persistent upwelling and downwelling within Langmuir 
cells, and this attribute manifests itself in the bathymetric stress, revealing a phase-locked 
modulation. We report modulation between negative vertical velocity (downwelling) and 
relatively elevated bathymetric stresses, thereby revealing that coastal Langmuir turbulence 
has direct implications for erosion and turbidity.

Keywords Langmuir circulations · Bottom-bed stress map · Bimodal probability 
distribution function

1 Introduction

The ocean boundary layer (OBL) occupies the upper ≈ 100 m of Earth’s oceans, and is 
forced by atmosphere-ocean and sea ice-ocean momentum fluxes, wave dynamics, and 
buoyancy. In coastal zones, OBL processes are further influenced by bottom-bound-
ary layer shearing, which affects column mixing and aggregate transport processes. 
Among a host of other phenomena, coastal OBL dynamics affect advective dispersion 
of anthropogenic quantities—including those associated with hypoxic conditions; in 
addition, and as explored herein, coastal OBL dynamics impact erosion and turbidity. 
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Under favorable conditions, interaction of wind-induced shear and surface waves mani-
fests Langmuir turbulence and the distinctive Langmuir cells in the coastal OBL [1–6]. 
Inspection of the vorticity transport equations reveal that the simultaneous presence of 
Stokes drift (aggregate drift due to surface waves) and imposed aerodynamic surface 
stresses enables a tilting of ambient vertical vorticity into the streamwise direction, pro-
viding sustenance for quasi-streamwise Langmuir cells [7–10]. In this manuscript, the 
first, second, and third component of any vector corresponds with its scalar magnitude 
in the streamwise, spanwise, and vertical direction, respectively, where the streamwise 
direction has been aligned with the primary transport direction throughout. A relatively 
larger prior research effort has been devoted to Langmuir turbulence in open-ocean con-
ditions ( [11, 12] and references therein). However, Langmuir turbulence and OBL pro-
cesses in coastal zones are also of pivotal importance to coastal biodiversity, turbidity, 
etc. [13–15].

In coastal zones, OBL processes are complicated by resultant bathymetric hydrody-
namic stresses. In a numerical sense, this scenario is realized by a non-zero Stokes drift 
velocity at the seafloor, thereby guaranteeing that the aforementioned streamwise vor-
ticity sustenance arguments are influenced by the bounding presence of the seafloor. In 
such scenarios, Langmuir circulations occupy the depth of the water column and signifi-
cantly alter turbulence characteristics near the bottom-wall region [14–19]. Coastal-zone 
Langmuir cells are strongly coherent and full depth [13–17, 19–24], which means that 
the transient, counter-rotating cells not only have patterns of surface convergence and 
divergence [25–28] known as “windrows”, but also impose phase-locked modulation of 
the bathymetric surface stresses. In spite of the distinct physical importance of this, to 
our knowledge no preceding study has specifically provided evidence and/or quantifica-
tion of the resultant bed stress due to Langmuir cells. For this study, we have used large-
eddy simulation (LES) of coastal-zone OBL processes to highlight the interconnected 
nature of Langmuir turbulence and bathymetric stress. For the coastal-zone OBL, the 
so-called roughness Reynolds number provides a means to assess the flow inertial condi-
tions in a bulk sense, ReH = u∗H�w , where u∗ is the bathymetric friction velocity, H is 
the column depth, and �w is the kinematic viscosity. For the settings considered herein, 
preliminary analysis reveals that ReH ∼ O(106) , which qualifies the flow as inertia domi-
nated, or fully rough, and, as such, the present wall-modeled LES approach is the only 
suitable numerical tool for studying the flow. Others have used DNS to model coastal-
zone OBL dynamics, but at far lower ReH [18], while yet others have looked specifically 
at surface stress variability for canonical flows, but for cases with ReH ∼ O(103) [29]. At 
these relatively lower values of ReH , the autonomous inner cycle is preserved within the 
flow and dynamics of this cycle influence surface stress; however, for the ReH values typ-
ical of the coastal OBL, this inner cycle is ablated by turbulence and wall-modeled LES 
is the only plausible approach to numerical investigation. We note, however, that numer-
ous studies have shown that wall-modeled LES under inertia-dominated conditions can 
be used to recover surface stress [30].

Description of the problem under consideration—which is designed to replicate natural 
conditions realized in the field—along with the governing equations and numerical techniques, 
are presented in Sect. 2. This is followed by a series of results derived from flow processing 
and accompanying discussions in Sect. 3. Concluding remarks are presented in Sect. 4.
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2  Problem formulation

2.1  Governing equations

The grid-pass filtered (i.e., LES), wave-averaged non-dimensional Craik–Leibovich (CL) 
equations are written as:

where .̃.. denotes a grid-filtered quantity, �̃� = p̃∕𝜌 + 1

2
[|ũ + us|2 − |ũ|2] is the generalized 

dynamic pressure, and � = �u� ⊗ u
� − ũ

� ⊗ ũ
� is the subgrid-scale stress tensor, where 

superscript prime denotes fluctuation from the Reynolds average. Here, the viscous stress 
tensor is omitted owing to the very high Reynolds number conditions typical of the OBL. 
La−2

t
(us × �̃) is a vortex force that sustains Langmuir circulations, where Lat =

(
uw∕Us

)1∕2 
is the turbulent Langmuir number, us is the Stokes drift profile (discussion to follow), and 
�̃ = ∇ × ũ is ambient vorticity in the column [11]; in the definition of Lat , uw = (�w

a
∕�a) is 

the shear velocity associated with aerodynamic drag from the atmospheric surface layer, 
and Us is the magnitude of the surface Stokes drift profile. us represents the aggregate wave 
orbital drift and incorporates the sole effect of surface waves and thus the wave-averaged 
sea surface is assumed flat. The CL equations shown in Eq. 1 are standard for open-ocean 
conditions [11], where there is no additional shear due to bathymetric drag.

However, Langmuir cells in coastal regimes differ from open ocean regimes due to the 
presence of bottom boundary layer shear [31], which generates an additional shear velocity for 
the bathymetric stress, u∗ . It can be immediately deduced, then, that Lat does not encompass 
all relevant forces, and instead new parameters, �1 and �2 , are defined to fully capture the 
range of independent problem parameters [17, 32, 33]:

where u∗ represents bottom-wall friction velocity. It is noted that in the present study, the 
wind and waves are co-aligned in the streamwise direction and the surface wave field is 
monochromatic; these conditions help to narrow the complexity of the problem, without 
undermining key scientific deductions derived from the research effort. The Stokes drift 
velocity profile in coastal regimes can be defined as [15]:

where, z = H is the average surface height, H is the water column depth, and k is the domi-
nant wavenumber of the surface waves. In this study, further assumptions based on prior 
field observations [13, 14] and numerical studies of coastal Langmuir turbulence [15, 17, 
20] are made. Coriolis accelerations are eliminated, owing to the high Rossby number 
conditions of coastal-zone OBL eddies, and vertical buoyancy fluxes are neglected on the 
presumption that OBL processes homogenize the column in coastal zones. Also, Gargett 
and Wells [14] have reported that Langmuir forcing was dominant over buoyancy forcing 
for “Record 43.025” (details to follow in the next section), the coastal case under consid-
eration in this numerical study. Having adopted this alternative problem formulation for 
coastal zones, the vortex forcing term in Eq. 1 becomes 𝜓2(us × �̃) . This is attained upon 

(1)
𝜕ũ

𝜕t
+

1

2
∇(ũ ⋅ ũ) − ũ × �̃ = −∇�̃� − ∇ ⋅ � +

1

La2t
(us × �̃), and ∇ ⋅ ũ = 0,

(2)�1 =
uw

u∗
and �2 =

Us

u∗
,

(3)us = 𝜙s î + 0 ĵ + 0 k̂, where 𝜙s = Us

cosh[2k(z + H)]

2 sinh2[kH]
,
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normalization of Eq. 1 by the bottom friction velocity, u∗ that accounts for the affect of 
benthic stresses relevant to coastal regimes, instead of surface friction velocity, uw , used in 
the conventional normalization procedure for open-ocean scenarios (please see Shrestha 
et al. [19]). As such, the vortex force prefactor, La−2

t
 , gets replaced by �2 in the vortex forc-

ing term in Eq. 1.

2.2  Posing the coastal Langmuir turbulence problem

In order to provide context for the results, we have used LES to model cases closely resem-
bling “Record 43.025” from the field observations at the shallow shelf coastal region of 
New Jersey ( H = 15 m water-column depth) [14]. The recorded intermediate waves are 
characterized by amplitude, a = 0.7 m, frequency, fw = (gk tanhkH)1∕2 = 0.82 rad/s, and 
wavenumber, k = 2�∕Λ = 0.08 rad/m, corresponding to wavelength, Λ = 79 m. With the 
given wave characteristics, surface velocity of a constant, streamwise-aligned, monochro-
matic Stokes drift profile given by Eq. 3 can be calculated as Us = fwka

2 cothkH = 0.038 
m/s. Similarly, a constant wind stress is assumed at the top surface with value, 
⟨�w

xz,a
⟩xyt = 0.079 N/m2 , corresponding to surface friction velocity uw = 0.28 m/s; in this 

document, averaging over dimension, a, is denoted with ⟨...⟩a . Now, to allow the ratio 
�1 = 1 (Eq. 2), it follows that the bottom bed stress is ⟨�w

xz,w
⟩xyt = �wu

2
∗
= �w�1u

2
w
≈ 79 N/

m2 ; note that for this specific choice, �1 → La−2
t

 , but we nevertheless preserve with inclu-
sion of �1 given the need for generality in coastal conditions. In this study, we use �1 = 1 
for practical convenience, since our interest here is phase-locked modulation and not the 
role of �1 . Numerous other groups have used this choice in complementary prior stud-
ies [16, 21, 28, 34], and we note a recent article that studies the influence of �1 under 
carefully-controlled conditions [19]. Furthermore, all these physically-motivated wind and 
wave parameters can be translated into relevant non-dimensional parameters: �2 = 4.34 
(Eq. 2), turbulent Langmuir number, Lat = 0.48 , depth-normalized wavenumber, kH = 1.2 , 
and depth-normalized wavelength, Λ∕H = 5.26.

Numerical integration of the Craik–Leibovich equations subjected to the described 
wind and wave forces is performed within a computational domain (transect shown 
in Fig.  1a), which is a rectangular prism with the dimensions: Lx = Ly = 2�H where 
the depth Lz = H = 15 m. We have performed LES of the same flow with resolu-
tions, {Nx,Ny,Nz} = {96, 96, 96} , {128, 128, 128} , and {192, 192, 192} ; this resolu-
tion results in spatial resolution, {Lx∕Nx, Ly∕Ny,H∕Nz} = {0.982m, 0.982m, 0.156m} , 
{0.736m, 0.736m, 0.117m} , and {0.491m, 0.491m, 0.078m} . The repetition of cases 
across resolution is used to demonstrate that scientific deductions are unaffected by numeri-
cal attributes of the study. A constant wind force is imposed at the top boundary, along with 
prescription of the non-penetration condition for vertical velocity, w̃(x, y, z∕H = 1, t) = 0 . 
The present numerical approach is based on wall-modeled LES [35], and thus 
a model for momentum fluxes (surface stress) at the lower wall is required, vis. 
𝜏w
iz,w

(x, y, t)∕𝜌 = Cm(z)ũi(x, y, z, t)U(x, y, z, t) , where the momentum flux transfer function is 
defined via the presumption of equilibrium conditions, Cm(z) = −

[
�∕ log(z∕z0)

]2 , where 
� is the von Kármán constant and z0∕H = 10−2 is a pre-defined local roughness length 
assuming negligible seafloor undulations; U(x, y, z, t) = (ũ(x, y, z, t)2 + ṽ(x, y, z, t)2)1∕2 , 
where ̃(.) denotes a second test-filtered quantity, and used here to minimize local extremes 
in stress while also capturing spatial undulations in the bathymetric stresses.

Logarithmic layer scaling will, in fact, be disrupted by the passage of Langmuir cells 
in low Reynolds number flows [16], but recovers at high Reynolds number as reported by 
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Deng et al. [18]. Use of this modeling approach does not assume that equilibrium condi-
tions exist at all times everywhere in space—indeed, mixing in the flow induces instanta-
neous conditions that never agree with the time average. Rather, it is a matter of necessity 
that some form of surface stress closure is needed. It is emphasized that many years of 
research have supported this space-local implementation of the logarithmic law for surface 
stress (for example, see Bou-Zeid and company [36] or Anderson and company [37–39]). 
It has been shown that space-local version of stress enable realistic stress undulations. A 
very recent article from Shrestha and company [19] assessed dynamical response of coastal 
zone Langmuir turbulence to a range of forcing conditions (and forcing alignments). 

Fig. 1  Panel a shows a streamwise–wall-normal transect of problem, with annotations for the Stokes 
drift profile, us(z) , and idealized streamwise velocity profile, ⟨ũ⟩xyt(z) . Panel a also includes annotations 
for imposed aerodynamic and hydrodynamic stresses, �w

xz,a
 and �w

xz,w
 , respectively, and discrete sampling 

locations, xA = {Lx∕2,Ly∕2,Δz∕2} and xB = {Lx∕2,Ly∕2,H∕2} , where Δz = Lz∕Nz is the vertical com-
putational mesh resolution, while Δz∕2 is the first location at which stress is stored in the wall-modeled, 
staggered grid LES formulation used herein. From a simulation of the Panel a problem, Panel b shows 
horizontal planes of instantaneous vertical velocity at a series of vertical locations (blue-white-red color 
floods at z∕H = 0.2 , 0.4, 0.55, 0.7, and 0.9) and corresponding instantaneous hydrodynamic bathymetric 
stress (black-white color flood). Panels c and d show time-series evolution of �w

xz,w
(xA, t)∕u

2

∗
 and w̃(xB, t)∕u∗ , 

with annotations for periods of predominant “Downwelling” and “Upwelling” provided beneath Panel d. 
For perspective, the Reynolds-averaged quantity (solid red) and time-series envelope (solid orange) have 
been superimposed on Panels c and d 
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The study also provided vertical profiles of plane- and phase-averaged constituent terms 
of the transport equation for turbulent kinetic energy, tke. The profiles comprehensively 
show that the vortex forcing term makes a modest contribution to the tke balance within 
the bottom-boundary layer, relative to shear production of subgrid-scale dissipation. This 
result is a basis for use of the present wall modeling approach. In the wall modeling clo-
sure approached described herein, � and z0 are user-defined input arguments, and as such 
are independent parameters of the problem. A recent article has shown that � can vary 
[18], while the roughness length varies based on geometric attributes of the seafloor; the 
prescribed z0 value is designed to capture ‘typical’ conditions. The focus of this study was 
assessment of phase-locked modulation of hydrodynamic stress, and it is beyond the scope 
of this study to perform parametric assessment of � and z0 . Note that Reynolds number 
could be defined in a number of ways, where all would confirm that the flow is inertial 
dominated or “fully rough”, for example, ReH = u∗H∕�w ∼ O(106) . We stress that the pre-
sent flow solver has no capacity to resolve surface wave flow physics, and instead the influ-
ence of waves are parameterized via the orbital Stokes drift profile described in Sect. 2.1 
(Eq.  3). This modeling approach is needed to regulate the problem complexity, but we 
emphasize once more that the results observed are a product of the user-defined numerical 
conditions. For reference, we direct readers interested in the influence of surface waves to 
Fredsoe and company [40, 41], who used experimental campaigns to measure bed stress in 
free-surface flows subjected to waves, pressure gradient, and superposition of these forces 
at a range of conditions. Although Langmuir cells were not present in these flows, Fredsoe 
and company [40, 41] nevertheless showed that waves influence bed stress, and as such 
future work with generalized Stokes drift profiles is needed; such work is beyond the scope 
of the present article. Spectral discretization is used in the horizontal direction, which 
imposes periodicity on the vertical “walls” of the computational domain. Spatial deriva-
tives in the vertical direction are evaluated by the centered, second-order finite differenc-
ing scheme. Second-order Adam-Bashforth time integration is used to advance Equation 1. 
The nonlinear advective term is dealiased with the 3/2 rule in Fourier space [42]. The LES 
code is an extension of the John Hopkins University (JHU) LES code [36, 43] to simulate 
coastal Langmuir turbulence [17].

3  Results and discussion

3.1  Phase‑locked modulation of bathymetric stresses

Firstly, it is to be noted that the following analysis of results considers mature stage of 
Langmuir circulations, which means that the turbulence statistics obtained from the LES 
solutions of phase-averaged CL equations have become stationary. Figure  1b displays 
contours of instantaneous, resolved, vertical velocity, w̃(x, t)∕u∗ , at different depths of 
the water-column ( z∕H = 0.2 , 0.4, 0.55, 0.7, 0.9), along with the associated instantane-
ous bathymetric stress map. Please note that z∕H = 0 and 1 correspond to the bottom and 
top of the water column, respectively. Firstly, the presence of strongly coherent, counter-
rotating cells with alternating regions of upwelling ( ̃w(x, t)∕u∗ > 0 ) and downwelling 
( ̃w(x, t)∕u∗ < 0 ) motions, colored by red and blue, respectively, in Fig. 1b, are apparent. 
These cells mark the large-scale signature of Langmuir turbulence, although in this par-
ticular case the system is additionally subjected to bottom-bed influences. The lowest panel 
in Fig. 1b shows the accompanying instantaneous bed stress, which displays striking spatial 
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correlation with the above flow structure: the hydrodynamic stresses are largest and small-
est beneath zones of predominant downwelling and upwelling, respectively. The spatial 
distributions of benthic stresses can most readily be understood via consideration of verti-
cal gradients of streamwise velocity, which are necessarily greater beneath downwelling 
zones; in contrast, upwelling must relax the imposed stresses by virtue of mass conser-
vation arguments. These results provide evidence of a phase-locked modulation between 
coastal Langmuir turbulence and the hydrodynamic stresses.

In order to further highlight the existence of a flow-stress phase-locked modulation, 
Fig.  1c, d present time-series visualization of �w

xz,w
(xA, t)∕u

2
∗
 and w̃(xB, t)∕u∗ , where the 

discrete sampling locations are shown on Fig.  1a and summarized in the accompanying 
caption. The time-series visualizations provide further evidence of phase-locked modula-
tion, wherein the bed stresses rise (i.e., become “more negative”) during times of down-
welling. Note that the choice of sampling location, xA and xB , does not effect the result-
ant deductions: in results not shown here, for brevity, we confirm comparable patterns 
of correlation where xB is located higher or lower in the column. This result is, by itself, 
confirmed by inspection of Fig. 1b, which demonstrates that the large-scale Langmuir cell 
structure is effectively depth-invariant. In addition to the mass conservation arguments 
already provided on justification for the modulation of bathymetric stress by Langmuir cell 
pattern, the time-series figures provide further insight on the intensity of mixing within 
Langmuir cells. It is apparent from inspection of Fig.  1c, d that the signal variability—
here illustrated via superposition of upper and lower envelopes, although other metrics 
such as root-mean-square computed over duration, �tU0∕H ≈ 400 , would suffice—is rel-
atively higher and larger within zones of downwelling and upwelling, respectively. The 
aforementioned ‘shear-normalized’ time is based upon the average sea-surface velocity, 
U0 = ⟨ũ(x, y, z = H, t)⟩xyt . Thus, turbulent kinetic energy, k = (1∕2)u� ⋅ u� , is higher within 
downwelling zones, and this high-k fluid impinges on the lower wall, enhancing not only 
locally-averaged (in time) stress, but also fluctuation magnitudes.

3.2  Conditionally‑sampled turbulence statistics

In the preceding section, preliminary evidence of a phase-locked flow-stress modulation 
was provided. In order to fully establish the existence of a modulation, more comprehensive 
processing of the turbulence statistics is required. One such technique is conditional sam-
pling, which is especially helpful for illumination of flow structures associated with local 
(space or time) events that are statistically infrequent but dynamically significant [44, 45]. 
To begin this process, we have generated probability density functions (pdf) of w̃(xB, t)∕u∗ 
and �w

xz,w
(xA, t)∕u

2
∗
 , which are shown in Fig.  2a, b, respectively. Here, p(w̃(xB, t)∕u∗) for 

coastal Langmuir turbulence exhibits a bimodal pdf, which is the signature of persistent 
Langmuir circulations (recall Fig. 1d, which showed abrupt transitions between long peri-
ods of predominant upwelling and downwelling). For perspective, p(w̃(xB, t)∕u∗) for a 
canonical turbulent Couette flow is included, too, which lacks the bimodal distribution, 
owing to the absence of a vortex force. p(�w

xz,w
(xA, t)∕u

2
∗
) (Fig.  2b) is negatively skewed 

towards low-frequency, high-magnitude events, further highlighting the importance of 
associating coastal Langmuir turbulence processes with bathymetric stress.

Figure  2a shows two thresholds—w̃(xB, t)∕u∗ = 𝛼 = −7 (downwelling) and = � = 4.3 
(upwelling)—which were selected to correspond with an ≈ 5 % probability of occurrence. 
These thresholds are considered optimal in reconciling the competing goals of recovering 
spatial attributes of low-frequency flow processes, without excessively-long simulations. 
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Nevertheless, provided � and � both correspond with downwelling and upwelling, respec-
tively, the resultant flow patterns will be similar. The choice of threshold does not con-
ceptually alter the scientific deductions attained herein: Langmuir turbulence induces 
phase-locked modulation of the bathymetric stresses. It is noted that Langmuir cells move 
laterally in both directions and thus the sampling point, xB , experiences instances of down-
welling and upwelling motions. Having nominated the thresholds, conditionally-sampled 
flow and bathymetric stress can be attained with, respectively:

Fig. 2  Statistical attributes of vertical velocity and bathymetric stress, and flow attributes during periods 
of predominant downwelling and upwelling: Panel a shows a probability density function (pdf) of w̃(xB, t) 
from a simulation of coastal Langmuir turbulence (solid black) and, for reference, a canonical turbulent 
Couette flow (solid gray); Panel b shows the corresponding pdf of �w

xz
(xA, t) from simulation of coastal 

Langmuir turbulence. Panel a includes annotation for conditional sampling thresholds, � and � . Panels c, 
e, g, h and Panels d, f, i, j show results from conditional sampling of the flow based on w̃(xB, t) ≤ 𝛼 and 
w̃(xB, t) ≥ 𝛽 (see also Eqs. 4 and 5, and accompanying text). Panels c, d show ̂̃w(x) in the y–z plane; Panels 
e, f show ̂̃u�(x) in the x − z plane; Panels g, i and Panels h, j show 𝜏w

xz,w
 and 𝜏w

yz,w
 , respectively, in the x − y 

plane. On Panels c–f, sampling location, xB , is shown for perspective; on Panels e, f, annotation for the 
structural inclination has been superimposed
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and,

where N� and N� are the number of instances of threshold exceedance, and ⟨⋅⟩N�
 and ⟨⋅⟩N�

 
denote averaging over N� and N� instances, respectively; in Eq.  5, subscript i = x and y 
(i.e., streamwise-vertical and spanwise-vertical shear stresses, respectively).

Figure 2c, d show conditionally-averaged vertical velocity based upon w̃(xB, t)∕u∗ ≤ 𝛼 
and w̃(xB, t)∕u∗ ≥ 𝛽 , respectively. The sampling location has been superimposed on the 
panels, for perspective. The sampling point is enveloped within a zone of coherent down-
welling and upwelling, respectively, when sampled for w̃(xB, t)∕u∗ ≤ 𝛼 and w̃(xB, t)∕u∗ ≥ 𝛽 , 
respectively; in both cases, the prominent downwelling(upwelling) zone is flanked laterally 
by adjacent zones of upwelling (downwelling). These figures provide clear evidence of a 
spanwise pattern of Langmuir cells, where the zone of downwelling occupies the depth 
of the column while the upwelling zone is relatively smaller. This provides additional evi-
dence that downwelling induces a greater modulation of the hydrodynamic bathymetric 
stress. Figure 2e, f show ̂̃u′

𝛼
 and ̂̃u′

𝛽
 , but in the x–z x − z plane. This figure is helpful for 

recovering the streamwise nature of Langmuir cells. Within the downwelling zone (Panel 
e), there is a region of relative streamwise momentum excess proximal to the sampling 
point, beyond which ̂̃u�

𝛼
≈ 0 ; thus, the downwelling zones exhibit virtually no streamwise 

dependence. Within the upwelling zones, however, the picture is entirely different, wherein 
we recover evidence of an inclined plume of relative momentum deficit. The inclination 
angle, � = 21◦ , has been superimposed, as this value is ≈ 25% larger than the inclination 
angle reported for large-scale motions in canonical wall-sheared flows [46]. Although out-
side the scope of this article, the result suggests that within upwelling zones the flow is 
dynamically similar to such canonical wall flows. The result also suggests that the tube-like 
structure of Langmuir cells is, in fact, only strictly applicable to the downwelling zones; 
within upwelling zones, it is statistically possible for streamwise-heterogeneous structures 
or tube-like upwelling zones to exist. Finally, we emphasize that Fig. 1b–d served as pre-
liminary evidence that within downwelling(upwelling) zones, bathymetric stress is rela-
tively stronger(weaker). The contour for ̂̃u′

𝛽
 confirms, indeed, that that the zone of relative 

momentum deficit extends to regions immediately above the seafloor, which guarantees a 
relatively-lower bathymetric stress.

Figures  2g, h and 2i, j show spatial distributions of 𝜏w
𝛼,iz,w

 and 𝜏w
𝛽,iz,w

 , respectively. 
These figures provide definitive evidence that bathymetric stress is subjected to a phase-
locked modulation by the large-scale attributes of Langmuir cells. Beneath dowen-
welling zones (Panels g, h), 𝜏w

𝛼,xz,w
 exhibits a strip of elevated stress beneath the sampling 

location, y∕H = 3 , which is flanked laterally by relatively lower stress. This result is 
entirely consistent with Panel (c), which shows coherent downwelling over the depth of 
the column. By virtue of mass conservation, downwelling fluid induces a lateral outflow 
at the seafloor, which induces a spanwise vertical velocity that manifests itself in the 
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𝜏w
𝛼,yz,w

 pattern (Panel h). Equivalent colorbar limits were deliberately imposed on Panels 
(g, i) and Panels (h, j), in order to contrast the different stress patterns due to upwelling 
and downwelling. Clearly, beneath an upwelling zone, 𝜏w

𝛽,xz,w
 does attain values of the 

magnitude exhibited by 𝜏w
𝛼,xz,w

 . Moreover, beneath the sampling location, y∕H = 3 , we 
see a strip of relatively low stress, which is consistent with Fig.  1. The spatial distri-
bution of 𝜏w

𝛽,yz,w
 is effectively a reverse of the 𝜏w

𝛼,yz,w
 distribution—since in the case of 

upwelling a lateral inflow occurs at the seafloor. Again, it is apparent by inspection that 
𝜏w
𝛼,yz,w

 attains values larger than 𝜏w
𝛽,yz,w

.
As a final, closing result, we have prepared vertical profiles of streamwise velocity fol-

lowing several averaging operations, which are shown in Fig. 3. Panel (a) shows the Reyn-
olds-averaged profile, while Panels (b) and (c) show ⟨ ̂̃u𝛼⟩xt(L∕2, z)∕u∗ and ⟨ ̂̃u𝛽⟩xt(L∕2, z)∕u∗ , 
respectively. On each panel, we show results from the three resolutions considered for this 
study. The results clearly demonstrate—at least to first order—that the LES predictions 
are resolution invariant. Moreover, we note that the profiles are similar to those reported 
from LES modeling of a similar flow [15], thus further demonstrating efficacy of the LES 
predictions. The Reynolds-averaged profile is intermediate to the profile associated with 
downwelling (Panel b) and upwelling (Panel c). Importantly, it is apparent from inspection 
that 𝜕z⟨ ̂̃u𝛼⟩xt(L∕2, z)∕u∗ > 𝜕z⟨ ̂̃u𝛽⟩xt(L∕2, z)∕u∗ : surface shear, which sustains bathymetric 
stress, is relatively stronger beneath downwelling zones. This is thoroughly consistent with 
comments made in relation to Fig. 1, and throughout this manuscript.

4  Concluding remarks

Numerical solutions of the wave-averaged Craik–Leibovich equations, applied with ini-
tial and boundary conditions representing natural coastal zones, yield coherent, full-
depth, counter-rotating Langmuir cells. We find that these cells extend to the depth of 
the water column, thus affecting the bottom-boundary layer dynamics and bathymet-
ric stress. Through a series of developments and via flow processing techniques, we 
have been able to demonstrate phase-locked modulation of bathymetric stress by coastal 
Langmuir turbulence. This novel result demonstrates that Langmuir turbulence—an 
ocean boundary layer state realized under favorable wind- and wave-forcing condi-
tions—has special implications for coastal turbidity and benthic sequestration of sus-
pended quantities, among other problems of practical relevance.

(a) (b) (c)

Fig. 3  Vertical profiles of Reynolds- and conditionally-averaged streamwise velocity: a ⟨ũ⟩xyt(z)∕u∗ ; b 
⟨ ̂̃u𝛼⟩xt(L∕2, z)∕u∗ ; and c ⟨ ̂̃u𝛽⟩xt(L∕2, z)∕u∗ . On each panel, solid black, gray, and light gray profiles corre-
spond with results from LES with {Nx,Ny,Nz} = {192, 192, 192} , {128, 128, 128} , and {96, 96, 96} , respec-
tively
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