
1.  Introduction
Langmuir turbulence (LT) is an important turbulent process in the ocean surface boundary layer (OSBL), signifi-
cantly affecting the transports of heat, salt, momentum, and suspended and dissolved matter. LT is formed by the 
Craik–Leibovich (CL) vortex force (Craik & Leibovich, 1976) that results in counterrotating vortices approxi-
mately aligned with the wind, so called Langmuir circulations. Those coherent vortex pairs of LT generate strong 
surface convergent regions and downwelling jets, enhancing the OSBL mixing (Grant & Belcher, 2009; Kukulka 
et al., 2009; McWilliams et al., 1997). Turbulence-resolving large eddy simulation (LES) models based on the 
filtered CL equation (McWilliams et  al.,  1997; Skyllingstad & Denbo,  1995) succeed in reproducing impor-
tant LT characteristics that have been observed earlier, such as nearly wind-aligned coherent surface convergent 
regions (D’Asaro, 2014; Farmer & Li, 1995; Plueddemann et al., 1996; Smith, 1992; Thorpe, 2004) and enhanced 
vertical mixing due to counterrotating roll vortices (Gargett et al., 2004; Weller et al., 1985). The goal of this 
research is to improve understanding of LT processes in coastal oceans and investigate the effects of wind fetch 
and direction on LT activity. Additionally, this study is aimed at providing rare observational evidence for wind–
wave misalignment effects on LT.

Abstract  Mixing processes in the upper ocean play a key role in transferring heat, momentum, and matter 
in the ocean. These mixing processes are significantly enhanced by wave-driven Langmuir turbulence (LT). 
Based on a paired analysis of observations and simulations, this study investigates wind fetch and direction 
effects on LT at a coastal site south of the island Martha’s Vineyard (MA, USA). Our results demonstrate that 
LT is strongly influenced by wind fetch and direction in coastal oceans, both of which contribute to controlling 
turbulent coastal transport processes. For northerly offshore winds, land limits the wind fetch and wave 
development, whereas southerly winds are associated with practically infinite fetch. Observed and simulated 
two-dimensional wave height spectra reveal persistent southerly swell and substantially more developed 
wind-driven waves from the south. For oblique offshore winds, waves develop more strongly in the alongshore 
direction with less limited fetch, resulting in significant wind and wave misalignments. Observations of 
coherent near-surface crosswind velocities indicate that LT is only present for sufficiently developed waves. The 
fetch-limited northerly winds inhibit wave developments and the formation of LT. In addition to limited fetch, 
strong wind–wave misalignments prevent LT development. Although energetic and persistent, swell waves do 
not substantially influence LT activity during the observation period because these relatively long swell waves 
are associated with small Stokes drift shear. These observational results agree well with turbulence-resolving 
large eddy simulations (LESs) based on the wave-averaged Navier–Stokes equation, validating the LES 
approach to coastal LT in the complex wind and wave conditions.

Plain Language Summary  The ocean surface boundary layer is part of the upper ocean and 
couples the ocean and atmosphere. Wind and waves inject energy and momentum into this layer that transport 
and mix ocean properties such as velocity, temperature, salinity, and suspended and dissolved matter. Ocean 
observation at a coastal site shows that the wind directions and the distances from shore available for wave 
development can lead to misalignments of wind and waves. Both observation and numerical model results 
demonstrate that the misalignments of wind and waves further impact the mixing processes driven by wind 
and waves. The aligned wind and waves result in stronger ocean mixing than the misaligned ones. In addition, 
the agreement of observation and numerical results validates the numerical model for the coastal ocean mixing 
under complex wind and wave conditions. Our results help better understand the transport and mixing processes 
in coastal oceans.
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Traditionally, LT studies have focused on open ocean environments, although more recent work suggests that 
LT is also critical in coastal oceans, playing an important role in coastal turbulent transport processes (Gargett 
et al., 2004; Sullivan & McWilliams, 2010; Thorpe, 2004). Observations indicate that full-depth LT can form 
in depth-limited coastal oceans (Gargett et  al.,  2004) and couples the mixing processes at both surface and 
bottom boundary layers (Gargett & Wells, 2007). For aligned wind and waves, idealized coastal LES results are 
consistent with field observations (Kukulka et al., 2012; Tejada-Martínez & Grosch, 2007). These LES studies 
indicate that LT is associated with organized roll vortices that are characterized by strong crosswind velocity 
convergences near the surface and enhanced downwind velocities in downwelling regions. Moreover, full-depth 
LT redistributes turbulent kinetic energy (TKE), disrupting the logarithmic layer, and transports momentum 
away from the boundary (Deng et al., 2019; Kukulka et al., 2012; Tejada-Martínez et al., 2012). However, wave 
fields at a coastal site are usually complex with swell waves and frequently misaligned wind and waves (Churchill 
et al., 2006; Kukulka et al., 2017). This study considers how these conditions impact LT development.

This study uses observations from the Coupled Boundary Layer and Air–Sea Transfer Experiment in Low Winds 
(CBLAST-low) to examine coastal LT under complex wind and wave conditions. The CBLAST-low experiment 
was conducted on the west Atlantic continental shelf near Martha’s Vineyard and provided comprehensive meas-
urements for the atmosphere and ocean (Edson et al., 2007; Gerbi et al., 2009). This data set has been analyzed 
extensively to investigate boundary layer turbulence in a coastal ocean. Observed TKE dynamics suggests that 
TKE transport is critical in the wave-driven OSBL (Gerbi et al., 2009). These observational results are consistent 
with LES results that demonstrates enhanced TKE input and transport by breaking waves and LT (Li et al., 2013). 
Coherent LT structures in near-surface velocity have also been observed, which may be distorted by tidal currents 
(Kukulka et al., 2011, 2012). As a first step, these previous studies did not focus on the effects of wind–wave 
misalignment and complex fetch on LT dynamics.

Recent LES studies shows that LT weakens as the misalignment of wind and waves increases (Van Roekel 
et al., 2012; X. Wang & Kukulka, 2021). The direction of LT horizontally elongated turbulent structure, defined 
as the direction of Langmuir cells, also depends on the misalignments of wind and waves and generally aligns 
with the surface layer depth-averaged Lagrangian velocity shear (the sum of Stokes drift shear and Eulerian 
velocity shear, Van Roekel et al., 2012; D. Wang et al., 2019). For the situations of misaligned wind and waves, 
the crosswind Stokes drift plays a key role in generating TKE and turbulent stress, which are not well parame-
terized in Reynolds-averaged Navier–Stokes models (Pearson et al., 2019; D. Wang & Kukulka, 2021). X. Wang 
and Kukulka (2021) showed that the wind–wave misalignment induced by rapidly turning winds leads to weaker 
turbulence and a transition from LT to shear-driven turbulence (ST) despite the presence of strong waves.

Misalignment of wind and waves may occur in the open or coastal ocean, but coastal ocean conditions make wind–
wave misalignment, as well as misaligned wind waves and swell, more likely. In the coastal ocean, short wind 
fetch limits the development of wind-driven waves, forming younger waves (Van Den Bremer & Breivik, 2018). 
The associated smaller Stokes drift shear for younger waves reduces LT throughout the OSBL compared to more 
developed wind-driven seas (Harcourt & D’Asaro, 2008; Kukulka & Harcourt, 2017), so that the fetch limitation 
can further influence LT. Comparison between lake and open ocean observations indicates that limited wind fetch 
significantly reduces turbulent vertical velocity variance and, thus, LT activity (D’Asaro et al., 2014). Moreover, 
fetch limitations control the direction of wind-driven waves; for example, measurements in Chesapeake Bay 
reveal common and persistent wind–wave misalignments (Fisher et al., 2017). The wind–wave misalignments 
significantly affect LT activity. Idealized LES results with prescribed wind and waves indicate that increased 
wind–wave misalignment can diminish the coherent structure of LT but have a negligible influence on the direc-
tion of Langmuir cells in the coastal oceans (Shrestha et al., 2019).

Based on a systematic analysis of coastal observations and LES results driven by realistic wind–wave forcing, this 
study explores wind fetch and direction effects on coastal LT. In the next section, we review our observational 
and numerical modeling approaches and also identify observed events with different wind and wave misalign-
ments which are investigated in greater depth. In Section 3, we first explore how different wind directions affect 
fetch-limited waves and wind–wave misalignments and then demonstrate that these complex coastal wind and 
wave conditions strongly influence LT.
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2.  Methods
2.1.  Observations

2.1.1.  CBLAST-Low Experiment

This study utilizes the data from the CBLAST-low, which was conducted 
on the west Atlantic continental shelf during 2001 and 2003 about 3  km 
south of Martha’s Vineyard, MA, USA (Figure 1, Edson et al., 2007; Gerbi 
et  al.,  2009). For direct and simultaneous measurements on both sides of 
the air–sea interface, the bottom-fixed Air–Sea Interaction Tower (ASIT) 
was deployed during the CBLAST-low experiment with a depth of about 
H = 16 m (Figure 1). Meanwhile, two-dimensional ocean surface wave fields 
were also measured by a 1,200-kHZ ADCP at the seafloor node, about 1 km 
shoreward of the ASIT (Gerbi et al., 2009). Here, we analyze the observed 
air–sea fluxes of momentum and wave fields to understand the meteorologi-
cal conditions for the CBLAST-low experiment (Figure 2).

In addition, we use the same CBLAST-low fan-beam ADCP data as in 
Gerbi et  al.  (2009) and Kukulka et  al.  (2011,  2012) to detect LT activity. 
This fan-beam ADCP uses traditional ADCP electronics but with a modified 

transducer head that generates four narrow-azimuth beams to measure the horizontal velocities of surface trapped 
bubbles to obtain the horizontal velocities of near-surface currents (Plueddemann et al., 2001; Smith, 1989; Zedel 
& Farmer, 1991). In the presence of LT, the fan-beam ADCP can detect horizontal bands due to the velocity 

Figure 1.  Map showing the location of Air–Sea Interaction Tower (ASIT). 
Color represents the ocean depths and contours show isobaths between 10 and 
25 m.

Figure 2.  Wind and wave conditions during the CBLAST-low experiment. (top) Wind speed at 10 m height; (center) directions of wind (black line), wind waves (red 
line), and swell waves (gray line); and (bottom) significant wave height. Vertical dashed lines indicates three events (t1–t3) with relatively constant wind speeds but 
different wind–wave misalignments.
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convergence and divergence zones formed by the coherent surface LT structures when the sonar beams intersect 
with the wind direction. We focus on the period from the end of September to the beginning of November in 
2003 during fan-beam ADCP deployment. The wave fields are partitioned into locally generated wind-driven 
waves and swell waves using the analysis from Churchill et al. (2006) based on the method of Hanson and Phil-
lips (2001). During this period, winds are variable, and wind and waves are misaligned at times (Figure 2). This 
study does not examine buoyancy effects due to air–sea heat fluxes because the measured density differences 
between near-surface and near-bottom are generally small and the Monin–Obukhov length is usually much larger 
than the ocean depth during most of the analysis period (Kukulka et al., 2011).

Following the methods of Kukulka et al. (2011, 2012), we use a conservative, fixed aperture of 85 m that contains 
several horizontally distributed “range cells,” which can detect the spatial scales no longer than 85 m. The “range 
cells” are about 2.4 m along beam and 5 m cross beam. The ping rate of fan-beam ADCP was 1 Hz, with 56 ping 
ensembles recorded every minute. The same processing as in Kukulka et al.  (2011, 2012) are used to extract 
a robust signal of near-surface velocity convergence regions from the noisy acoustic measurements. In those 
studies, a 40 min temporal high-pass filter is first applied on fan-beam velocity to remove tidal variability. The 
high-passed velocity is then detrended in time and space for each 20 min interval. A moving average with 14 m 
window along beam direction is also applied to obtain the velocity anomaly for LT-induced large-scale surface 
velocity structures. This study selects the beam most orthogonal to the winds for detecting the LT-induced strong 
crosswind velocity. The processed fan-beam near-surface velocity anomaly 𝐴𝐴 𝐴𝐴′

𝑓𝑓
 is a function of time and fan-beam 

range (Kukulka et al., 2011, 2012). For strong LT events, 𝐴𝐴 𝐴𝐴′
𝑓𝑓
 displays relatively strong and coherent near-surface 

crosswind velocity convergences and divergences. For weak LT events, the 𝐴𝐴 𝐴𝐴′
𝑓𝑓
 pattern of convergences and diver-

gences is less organized, and the turbulence is mainly driven by shear-instabilities with a relatively disordered 𝐴𝐴 𝐴𝐴′
𝑓𝑓
 . 

Moreover, the root-mean-square of 𝐴𝐴 𝐴𝐴′
𝑓𝑓
 calculated over the fan-beam range and 20 min contiguous intervals is also 

used to quantify LT strength, denoted as VRMS. The strong crosswind surface convergence/divergence regions 
are often observed for VRMS ≥ 1.1 cm/s when wind and wave are aligned (Kukulka et al., 2011).

2.1.2.  Misaligned Wind and Waves During CBLAST-Low

At the study site, wind directions are highly variable covering all quadrants (Figure 2). In contrast, waves prop-
agate predominantly toward north, so that wind and waves are often substantially misaligned. In this study, the 
directions of winds and waves are defined meteorologically (direction from) unless otherwise specified.

A statistical analysis of wind–wave alignments for the whole observation period indicates three representa-
tive conditions: (a) relatively well-aligned wind and waves (onshore and oblique onshore winds) or sustained 
wind–wave misalignments due to (b) oblique offshore winds and (c) offshore winds. These three cases are the 
focus of the further investigation. We analyze three distinct events representing typical observed wind fetch and 
wind–wave misalignment conditions that capture the important dynamics. By contrasting all three cases and 
simulating their upper ocean response, we will be able to investigate the effects of wind fetch and wind–wave 
misalignment on LT. To minimize the influence of wind speeds, we select events with similar moderate wind 
speeds (wind speeds at 10 m height U10 is around 8 m/s) but with different wind directions. For the first, second, 
and third events (t1, t2, and t3 in Figure 2), the wind directions are about 325°, 240°, and 360°, respectively. 
For t1 and t3, wind and waves are misaligned as their winds have offshore components limited by short wind 
fetch, while the t2 winds blow from the ocean with a roughly infinite wind fetch, forming an aligned wind and 
waves (Figure 3). Because the transient wind forcing can lead to a significant variation of ocean turbulence 
in the mixing layer (X. Wang & Kukulka, 2021), we also require that each event has been driven by relatively 
constant wind and waves for over 6 hr to dismiss the effects from nonstationary forcing. Moreover, horizontal 
mean currents may disrupt the LT and alter Langmuir cell directions (Kukulka et al., 2011; Li et al., 2013; 
Shrestha et al., 2019) so that our selected events are also during times with weak crosswind currents to avoid 
tidal current influences.

2.2.  Numerical Model Experiments

2.2.1.  Spectral Wave Model

To understand the relationship between wind direction and wind–wave misalignment in the fetch-limited ocean 
near Martha’s Vineyard, we design several idealized wave simulation experiments employing the spectral wave 
model Simulation Wave Nearshore (SWAN; Booij et al., 1997). The SWAN experiments mimic the geographic 
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setting of the CBLAST-low site so that a land boundary is imposed to the north, and the ocean is practically 
unbounded to south, east, and west. The ocean depth is set to 16 m for the entire domain, consistent with the depth 
of CBLAST-low site. Sensitivity tests with a more realistic gradually sloped bathymetry indicate that the influ-
ence of bathymetric refraction on the development of wave spectra is not important at this site (not shown here).

The spatial domain of the wave model is set to 1D mode with a domain size of 150 km south to north with a 1 km 
spatial resolution and infinite fetch in the west-east direction. Note that waves are still allowed to propagate in 
two dimensions with this setting. This setup provides an unbounded ocean toward east and west while fetch to the 
south is sufficiently long, consistent with the CBLAST-low site. Tests with larger domains and higher resolutions 
are also performed to validate the robustness of the selected domain setting. The wave spectrum is discretized into 
90 evenly spaced directions with Δθ = 4°, and 36 logarithmically spaced frequencies F ranging from 0.0418 to 
1.2 Hz with ΔF = 0.1F. To focus on the fetch influence, we employ the default SWAN settings of wave physics 
and boundary conditions that do not include the wave reflection at the boundaries. Three wind directions are 
imposed in the SWAN experiments to represent the wave responses to different wind directions. Corresponding 
to events t1, t2, and t3 (Figure 2), the wind directions of three SWAN experiments are 325° (experiment NW), 
240° (experiment SW), and 360° (experiment N), respectively. The wind speed is set constant to 8 m/s for all 
experiments. The wave model runs in a stationary mode to ensure stationary wave fields that focus on the effects 
of wind direction and wind fetch limitations.

2.2.2.  Coastal LES

This study utilizes a coastal turbulence-resolving LES model, which has been applied in Kukulka et al. (2011, 2012). 
This coastal LES model was modified based on a laterally periodic LES model designed for open ocean (McWil-
liams et al., 1997). The open ocean LES model is based on the grid-filtered CL equations with governing momen-
tum equations as follows:

𝜕𝜕 𝜕𝜕𝜕𝑖𝑖

𝜕𝜕𝜕𝜕
+ ̃𝑢𝑢𝑗𝑗

𝜕𝜕 𝜕𝜕𝜕𝑖𝑖

𝜕𝜕𝜕𝜕𝑗𝑗

= −
𝜕𝜕 𝜕𝜕𝜕

𝜕𝜕𝜕𝜕𝑖𝑖

+
𝜌̃𝜌

𝜌𝜌0
𝑔𝑔𝑖𝑖 + 𝜖𝜖𝑖𝑖𝑖𝑖𝑖𝑖𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝜔̃𝜔𝑚𝑚 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆� (1)

where t denotes time; the Cartesian coordinates (x1, x2, x3) = (x, y, z) include components toward east, north, and 
upward, respectively; (u1, u2, u3) = (u, v, w) is the velocity vector; (us,1, us,2, us,3) = (us, vs, 0) is the Stokes drift 
vector; (g1, g2, g3) = (0, 0, −g) is the Earth’s acceleration vector with g = 9.81 m/s 2; π = p/ρ0 + 1/2[(ui + us,i)
(ui + us,i) − uiui] is the generalized pressure in which p is the pressure; ρ is the water density; ωi = ϵikm(∂/∂xk)um 
is the relative vorticity; and ϵikm is the permutation tensor. Most coastal LT studies based on LES (e.g., Kukulka 
et al., 2011, 2012; Tejada-Martínez & Grosch, 2007) neglect the Coriolis force and agree well with observa-
tions. One reason is that the coastal boundary sets up barotropic pressure gradients so that the cross-shelf flow 

Figure 3.  Observed two-dimensional wave height spectra for specific events in Figure 2, where F is the wave frequency, and θ is the wave propagation direction. 
Arrows represent the directions of wind (black arrow), wave (magenta arrow), and surface Stokes drift (red arrow). The wave propagation and arrow directions use 
Cartesian convention.
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is relatively weak and the flow resembles that of a wind stress-driven flow without Coriolis force (Lentz, 1995). 
Following previous studies (Kukulka et al., 2011, 2012; Shrestha et al., 2019; Tejada-Martínez & Grosch, 2007), 
the Earth’s rotation is not considered in the LES model. The LES method decomposes variables into resolved, 
indicated by tilde, and subgrid-scale components denoted by SGS (Moeng, 1984). The turbulent SGS fluxes are 
parameterized via an SGS eddy viscosity depended on SGS TKE, which is solved by a prognostic equation. The 
CL vortex force ϵikmus,kωm describes the interaction between nonbreaking waves and Eulerian currents. The CL 
vortex force is zero for ST so that the LES model simply captures shear and buoyancy instabilities.

Unlike the open ocean LES, the coastal LES implements a solid wall bottom boundary condition based on 
the atmospheric approach from Sullivan et al. (1994). The bottom stress is parameterized by a drag coefficient 
CD = 0.0034, and the roughness length of z0 = 0.75 m is utilized to relate the local near-bottom velocities to local 
bottom stresses (Kukulka et al., 2011, 2012). The domain size of the simulation is 160 m × 160 m with 160 × 160 
horizontal grid points and 16 m with 64 vertical grid points. The ratio of resolved TKE to total TKE generally 
exceeds 80%, indicating that our resolution successfully resolves the flux and energy-containing eddies in this 
study.

The Stokes drift vector in Equation 1 is calculated from the observed two-dimensional wave height spectra ϕ2 
(Kenyon, 1969):

𝐮𝐮𝑠𝑠(𝑧𝑧) = 𝑔𝑔∬
∞

−∞

𝜙𝜙2(𝐤𝐤)
𝐤𝐤

2𝜋𝜋𝜋𝜋

2𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘(2𝑘𝑘(𝑧𝑧 +𝐻𝐻))

𝑠𝑠𝑠𝑠𝑠𝑠𝑠(2𝑘𝑘𝑘𝑘)
𝑑𝑑𝐤𝐤,� (2)

where k is the wave number vector, k =  |k| is the magnitude of wave number vector satisfying the dispersion 
relationship of surface gravity waves at intermediate depth 𝐴𝐴 𝐴𝐴 =

√

𝑔𝑔𝑔𝑔 𝑔𝑔𝑔𝑔𝑔𝑔𝑔(𝑘𝑘𝑘𝑘)∕2𝜋𝜋 , and ϕ2(k) is the two-dimen-
sional wave height spectra in wavenumber coordinates.

Five LES experiments under different wind, wave, and wind fetch conditions are designed to compare to the 
observation, illustrating how complex wind and wave conditions impact LT dynamics. The experiments e1, e2, 
and e3 are forced by the observed wind and Stokes drift, corresponding to events t1 (misaligned wind and waves), 
t2 (aligned wind and waves), and t3 (misaligned wind and swell-dominated waves). To further demonstrate the 
effects of wind–wave misalignments on LT, experiment e4 is conducted with the same forcing as e1 but assuming 
the Stokes drift is aligned with wind direction. The experiment e5 includes only wind-driven shear turbulence 
based on the e3 wind condition, designed as a control group. For convenient comparison, the x-direction is chosen 
toward the wind direction for all LES experiments, and the observed Stokes drift vectors are projected into along-
wind and crosswind directions. Each LES experiment spins up for 24 hr, so that turbulent fields reach a stationary 
state, which is investigated in this study.

3.  Results
3.1.  Wave Responses to Different Wind Directions

3.1.1.  Observational Results

In the coastal ocean, the directions of observed winds and waves are frequently misaligned even with relatively 
stationary wind conditions (Figure 2). To clearly display the misalignments of wind and waves, the two-dimen-
sional wave height spectra for events t1–t3 are first examined (Figure 3). For oblique offshore winds (t1), the 
wind and waves are significantly misaligned with the misalignment angle of about 90° (Figure 3a). The high-fre-
quency wind-driven waves barely develop along the wind direction because the offshore fetch is much shorter 
than alongshore and onshore fetches. A relatively weak southerly swell wave appears in the low-frequency part 
of the wave height spectrum due to unlimited fetch in that direction. For oblique onshore winds (t2), much longer 
wind fetch allows wind-driven waves to develop more and align with the wind direction (Figure 3b). Meanwhile, 
the swell waves direction is similar to t1. For offshore winds (t3), high-frequency wind-driven waves are much 
less developed due to the short fetch, and low-frequency onshore swell waves dominate the wave height spec-
trum (Figure 3c). For each event, the Stokes drift is calculated from the two-dimensional wave height spectra by 
Equation 2. The directions of the surface Stokes drift (z = 0 m) are roughly consistent with the directions of the 
spectral peak so that the wind vectors and surface Stokes drifts are substantially misaligned for t1 and t3. These 
misalignments greatly affect wave-driven LT, demonstrated in Sections 3.2 and 3.3. The wave height spectra 
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also reveal that low-frequency swell waves, propagating toward land, contain significant energy but dominate 
the near-surface Stokes drift direction only if higher frequency waves are relatively weak. This is expected as the 
surface Stokes drift is strongly influenced by the high-frequency part of the wave spectrum.

To further investigate the relationship between wind and wave directions, we also examine directions of wind 
waves and swell waves, respectively, based on the full CBLAST-low period. The observation reveals that the 
misalignments of wind and wind-driven waves are significantly related to the wind directions (Figure 4a). For 
onshore and oblique onshore winds (>90° and <270°), the directions of wind-driven waves and wind are roughly 
aligned, especially for southerly onshore winds (close to 180°). Such aligned wind and waves are consistent with 
the wave spectrum of t2 driven by an oblique onshore wind (Figure 3b). For alongshore winds (about 90° and 
270°) and oblique offshore winds (<90° or >270°), the wave direction is biased toward 180° (Figure 4a), also 
because the fetch is longer for directions from 90° to 270°. This bias is due to the misaligned wind and waves, as 
shown in the wave spectrum of t1 with oblique offshore winds (Figure 3a). For offshore winds (close to 0°/360°), 
short wind fetch limits wave development so that a significant wind-driven wave spectrum may not always be 
detected (Figure 4a), consistent with the wave spectrum of t3 driven by an offshore wind (Figure 3c). For swell 
waves, the northern land boundary only allows persistent southerly swell waves, independent of the wind direc-
tion (Figure 4b). Hence, swell waves have a relatively constant direction and can be significantly misaligned with 
wind and wind-driven waves.

Thus far, the analysis of wave height spectra of the selected events and the statistical comparison between wind 
and wave directions indicate that the wind–wave misalignments are related to the wind directions, which is also 
demonstrated by the wave model results.

3.1.2.  Wind–Wave Simulation

Considering the fetch-limited conditions for coastal ocean waves, the analysis based on the idealized wave model 
is insightful to identify the wind fetch influence on the wind and wave misalignments. The simulated wind-driven 
wave height spectra at three different distances from shore, d = 3, 10, and 50 km, are examined for all three exper-
iments NW, SW, and N (Figure 5). Note that a distance of about 3 km south from shore is consistent with the 
location of the CBLAST-low measurement site. The simulated wave height spectra at d = 3 km (Figures 5a–5c) 
agree well with the observations for the wind–wave portion of the spectrum (Figure 3).

For the NW experiment, offshore wind-driven waves are limited by wind fetch, but the infinite fetch along the 
shore allows more developed alongshore wind-driven waves (Figures 5a–5c). At d = 3 km, wave directions are 
biased toward shore (Figure 5a), resulting in a substantial misalignment of wind and waves. This is because 
wind waves are generated within ±90° of the wind direction, including longer southerly and alongshore fetches, 
at which directions wave components are less fetch limited and more developed. The wind–wave misalignment 

Figure 4.  Observed wind directions versus observed directions of (a) wind-driven waves and (b) swell waves. Each dot 
represents a data point in the time series in Figure 2.
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gradually decreases to zero as the distance to shore increases, because the increased fetch from shore permits 
the development of offshore waves (Figures 5b and 5c). The simulated wind–wave misalignment in the NW 
experiment (Figure 5a) is somewhat smaller than observed (Figure 3a), possibly because the idealized numerical 
experiments neglect swell waves. Not surprisingly, the observed and simulated surface Stokes drift directions 
agree better than wave directions as low-frequency swell waves contribute less to the surface Stokes drift and 
barely affect the direction of surface Stokes drift (Figures 3a and 5a). For the SW experiment, wind-driven waves 
nearly fully develop for all distances with similar wave height spectra due to the long wind fetch (Figures 5d–5f). 
For the N experiment, wind-driven waves only weakly develop at 3 km because of the short fetch (Figure 5g), 
consistent with observations (Figure 3c). Because swell waves are ignored in the wave model, the direction of 
simulated surface Stokes drift is still the same as the wind direction despite wind waves being weak (Figure 5g), 
different from the observation (Figure 3c). As the distance to shore increases, the wind-driven part of the wave 
spectrum develops, and the peak wave frequency decreases (Figures 5h and 5i).

Overall, the simulated wind-driven wave height spectra at d = 3 km agree well with the wind-driven wave part of 
the observed wave spectra for both magnitudes and distributions. By configuring identical settings but different 
wind directions and fetches, the idealized SWAN model successfully demonstrates that wind fetch plays a key 
role in the wind–wave misalignments for coastal oceans. The wind-driven waves are smaller for offshore winds 
and substantially misaligned with the wind direction for oblique offshore winds, consistent with the directional 

Figure 5.  Wave height spectra of wave model results with winds blowing from (left row) 325° (experiment NW), (middle row) 240° (experiment SW), and (right row) 
360° (experiment N) for (top panels) 3 km, (center panels) 10 km, and (bottom panels) 50 km south from shore. The arrows are the same as in Figure 3. The wave 
propagation and arrow direction use Cartesian convention.
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distribution of observed wind-driven waves (Figure 4a). These different wave responses to various wind direc-
tions in a bounded coastal ocean greatly impact coastal LT activity, discussed subsequently.

3.2.  Dependence of Crosswind Velocity Observations on Wind Direction

The wind-directional probability distributions of VRMS and wind speed reveal that the LT strength, indicated by 
VRMS, is significantly related to the wind direction in a bounded coastal ocean (Figures 6a and 6b). Observed 
VRMS for winds with northerly components (<90° or >270°) is generally smaller than for winds with south-
erly wind components (>90° and <270°) and rarely exceeds 1.1 cm/s even for relative strong winds (Figures 6a 
and 6b). When driven by the winds with northerly components, LT activity is weakest for offshore winds, with 
VRMS frequently below 0.7 cm/s. For oblique offshore winds, VRMS is larger for strongly oblique offshore 
winds (close to 90° or 270°) than for weakly oblique ones (close to 0°). This VRMS distribution suggests that 
coastal LT depends on wind direction and appears more frequently for southerly winds with long fetches during 
the CBLAST-low experiment.

Figure 6.  Observed probability distributions of wind direction and (a) VRMS, (b) wind speed, and (c) turbulent Langmuir numbers below 0.7 during the CBLAST-low 
deployment. The lengths of the color bars represent the proportion of occurrence in the direction range. In panel (c), the lengths of the entire bars represent proportions 
of occurrence for Lat < 0.7, and the green bars represent the parts that 𝐴𝐴 𝐴𝐴𝐴𝐴

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑡𝑡
< 0.7 . Langmuir turbulence (LT) is expected to be weaker for misaligned conditions when 

𝐴𝐴 𝐴𝐴𝐴𝐴
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑡𝑡
< 0.7 is significantly less likely than Lat < 0.7 (winds blowing from 40° to 110° and 290° to 330°).
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To better understand the dependence of LT strength on misalignments of wind and waves, the turbulent 
Langmuir number 𝐴𝐴 𝐴𝐴𝐴𝐴𝑡𝑡 =

√

𝑢𝑢∗∕|𝐮𝐮𝑠𝑠(0)| (McWilliams et  al.,  1997) and projected turbulent Langmuir number 
𝐴𝐴 𝐴𝐴𝐴𝐴

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝑡𝑡
=

√

𝑢𝑢∗∕ (|𝐮𝐮𝑠𝑠(0)|cos 𝜃𝜃𝑤𝑤𝑤𝑤) are calculated based on the observation, where us(0) is the surface Stokes drift 
calculated from observed wave height spectra and θws is the misalignment angle of wind and surface Stokes drift 
directions.

Previous open ocean LT studies indicate that the wind and wave forcings should be projected onto the direc-
tion of depth-averaged Lagrangian shear for scaling of LT in misaligned wind–wave conditions (Van Roekel 
et al., 2012; D. Wang et al., 2019). Note that 𝐴𝐴 𝐴𝐴𝐴𝐴

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑡𝑡
 is consistent with the projected Langmuir number from Van 

Roekel et al. (2012) if the Lagrangian shear is aligned with the wind. This is approximately the case in our study 
because the wind-driven Eulerian shear often substantially exceeds the Stokes drift shear (Kukulka et al., 2011).

For aligned wind and wave conditions in a coastal ocean, LT is expected to be present for Lat  <  0.7 with 
VRMS > 1.1 cm/s (Kukulka et al., 2011; Tejada-Martínez & Grosch, 2007). This is consistent with our observa-
tions for wind directions from 120° to 270° when 𝐴𝐴 𝐴𝐴𝐴𝐴𝑡𝑡 ≈ 𝐿𝐿𝐿𝐿

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑡𝑡
 (Figure 6c) so that the events with VRMS > 1.1 cm/s 

frequently occur (Figure 6a). However, for misaligned wind and waves due to the wind fetch limitation (wind 
directions from 3000° to 60°), 𝐴𝐴 𝐴𝐴𝐴𝐴

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑡𝑡
 is significantly larger than Lat (Figure 6c), which coincides with relatively 

weak LT activity (Figure 6a). Overall, the qualitatively similar distributions of VRMS and 𝐴𝐴 𝐴𝐴𝐴𝐴
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝑡𝑡
 support that LT 

strength generally weakens for misaligned wind and wave conditions.

To demonstrate the influence of misaligned wind and waves, we examine the Stokes drift profile and contrast 
the LT response to different wind–wave misalignments for t1–t3. The observation at t1 includes relatively large 
surface Stokes drift with Lat = 0.53 and a Stokes drift that is dominated by crosswind components due to fetch 
limitation in the offshore direction (Figure 7a). Observations at t2 are characterized by Lat = 0.59, which is close 
to Lat for t1, but wind and waves are much more aligned (Figure 7b). Although the wavefield at t3 is dominated by 
substantial southerly swell, the Stokes drift is much smaller than at t1 and t2 because low-frequency, long-wave-
length swell contributes little to the Stokes drift shear compared to more developed wind-driven waves, especially 
near the ocean surface (Figure 7c).

Figure 7.  Directional Stokes drift profiles computed from observed wave height spectra for specific events in Figure 2.
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The observed crosswind velocity variations also reveal different LT strengths for the three events (Figure 8). For 
t2, LT is relatively strong with coherent structures of near-surface convergence and divergence flows driven by 
wind-aligned waves. The LT strengths for t1 and t3 are much weaker than for t2. For t1, the large wind–wave 
misalignment due to fetch limitation leads to weak LT even in the presence of a relatively strong Stokes drift 
(Figure 7a). For t3, the small Stokes drift due to swell-dominated wave fields results in weak LT with less organ-
ized near-surface convergence and divergence regions. Thus, the observations indicate that misaligned wind and 
waves are an important factor for inhibiting coastal LT.

Figure 8.  Observed near-surface velocity anomaly 𝐴𝐴 𝐴𝐴′
𝑓𝑓
 , as function of time and fan-beam range for time close to (a) t1, (b) t2, and (c) t3 (time = 0 min at t1–t3, 

respectively).
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3.3.  Comparison With LES

To confirm that wave development and wind–wave misalignment affect LT 
strength, we also perform idealized LES for events t1–t3. In order to directly 
compare the LES results with fan-beam ADCP observation, we first average 
LES results to adhere to the observations (1 min in time and 3 m × 5 m in 
space) and then apply the same postprocess as the fan-beam observations on 
the averaged LES data. Here, we denote the LES processed crosswind veloc-
ity variations as simulated 𝐴𝐴 𝐴𝐴′

𝑓𝑓
 and the associated root-mean-square as simu-

lated VRMS. Note that although TKE is a common indicator for turbulence 
strength, the near-surface crosswind velocity variation is specifically indic-
ative of LT activity due to relatively strong coherent and converging cross-
wind flows. The simulated VRMS is 1, 1.4, and 0.75 cm/s for e1, e2, and e3, 
respectively, at the depth z = 1.2 m, corresponding to the typical depth-range 
response of the fan-beam instruments. The simulated VRMS quantitatively 
agrees well to the observed VRMS (Figure 9), further indicating that wind–
wave misalignment strongly impacts coastal LT.

Because of the presence of strong LT, the simulated VRMS of e2 exceeds that 
of e1, which is close to the ST case (e5), for z/H > −0.2 (Figure 9). However, 
if the Stokes drift and wind stress from e1 are aligned (e4), the simulated 
VRMS is elevated and becomes greater than that of e2 due to the stronger 
wind and wave forcing. This distinct difference between simulated VRMS 
for e1 and e4 demonstrates that wind–wave misalignments in e1 substantially 
decrease LT strength. The close agreement between simulated VRMS for 
the swell case e3 and for the ST case e5 indicates that swell waves have only 
a minor influence on the LT development for the offshore winds during the 
CBLAST-low experiment.

Consistent with the profiles of simulated VRMS, the simulated crosswind 
velocity variations 𝐴𝐴 𝐴𝐴′

𝑓𝑓
 present more organized structures with coherent 

near-surface convergence and divergence regions for experiments with rela-
tively aligned wind and waves (e2 and e4) than other experiments (Figure 10). 
The LT width (distance between convergence regions) is about 50 m, >2H, 

and Langmuir cells likely extend throughout the entire water column (Gargett et al., 2004). The experiment with 
significant wind–wave misalignment (e1) and the experiment with dominant swell (e3) display relatively disor-
ganized convergence and divergence regions, similar to the ST case (e5), indicating relatively weak LT. More-
over, the simulated 𝐴𝐴 𝐴𝐴′

𝑓𝑓
 and crosswind length scales for e1–e3 also quantitatively agrees well with the observed 

fan-beam 𝐴𝐴 𝐴𝐴′
𝑓𝑓
 (Figure 8).

Although the convergence and divergence regions are weaker and more irregular for the ST case, they still display 
weaker Couette cells (Tejada-Martínez & Grosch,  2007). For the e1 experiment, the crosswind Stokes drift 
induces an anti-Stokes Eulerian current, leading to a minor Lagrangian velocity shear in the crosswind  direction 
(not shown here). The appearance of the anti-Stokes Eulerian current is consistent with the misaligned wind-wave 
studies for the open ocean (Pearson, 2018), which reveal the complex relationship between Reynolds stress and 
velocity shear (D. Wang & Kukulka, 2021). The agreements of LES and fan-beam observations have demon-
strated that the wind fetch and direction, as well as wind–wave misalignment, significantly influence the LT 
strength in a bounded coastal ocean.

4.  Conclusion
This study investigates how wind fetch and wind direction affect LT at a coastal site south of the island Martha’s 
Vineyard (MA, USA). Based on the analysis of observations and numerical simulations, we provide evidence of 
reduced LT due to misaligned wind and waves. Observations from the CBLAST-low experiment include mete-
orological forcing data, wave measurements, and surface velocity from special-purpose instrumentation. The 

Figure 9.  Spatially and temporally averaged profiles of large eddy simulation 
(LES) simulated VRMS for stationary conditions. e1–e3 are LES experiments 
with the same forcing as the events in Figure 2. e4 is forced by e1 wind but 
aligned Stokes drift, and e5 includes only wind-driven shear turbulence based 
on the e3 wind. Cross signs are the fan-beam VRMS at t1 (black), t2 (red), and 
t3 (blue). The gray dashed line is z = 1.2 m, corresponding to the response to 
the weighted depth-range of fan-beam instruments.
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observed crosswind surface velocity is enhanced in the presence of LT due to near-surface coherent convergent 
flows. The observed velocity fields are directly compared to results from turbulence-resolving LES. The root-
mean-square of the observed crosswind velocity anomaly (VRMS) is calculated to quantify the LT strength.

At our study site, wind direction controls wind fetch, an important factor in forming wave development and 
wind–wave misalignment. For northerly offshore winds, limited wind fetch results in limited wave development, 
while onshore winds from the south are associated with a practically infinite fetch with substantial wave develop-
ment. For oblique offshore winds, the less limited wind fetch along the shore allows more developed wind-driven 
waves, resulting in large misalignments between wind and waves. The results from the wave model, validated 
by the observed wave height spectra, confirm the controlling influence of fetch on misaligned wind and waves 
because the misalignments decrease as wind fetch increases. These wind–wave misalignments are characteristic 
of coastal sites and greatly affect LT activity.

The observed VRMS is significantly correlated with the wind direction. Strong LT is only present for sufficiently 
developed waves, excluding the formation of LT for fetch-limited northerly offshore winds. For oblique offshore 
winds, the VRMS for weakly oblique winds is generally smaller than for strongly oblique ones because of more 
misaligned wind and waves. At the study site, energetic and persistent southerly swell waves are too long to 
influence LT activity substantially during the observation period because of their relatively weak near-surface 
Stokes drift shear.

Forced by the observed wind and waves, the VRMS of turbulence-resolving LES agrees well with the observed 
VRMS. This agreement contributes to validating the LES approach to coastal LT for complex wind and wave 
conditions. Additionally, both observation and LES results reveal less organized convergence and divergence 
patterns for misaligned wind and waves and more organized patterns for aligned wind and waves, confirming 
that misaligned wind and waves weaken LT activity. Thus, our study demonstrates that wind fetch and direction 

Figure 10.  Horizontal cross sections of the processed crosswind velocity variation 𝐴𝐴 𝐴𝐴′
𝑓𝑓
 at z = 1.2 m under stationary conditions for five LES experiments described in 

Figure 9.
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strongly influence coastal LT by limiting wave development and controlling wind–wave misalignment, which 
needs to be taken into account for understanding wave-driven coastal transport processes.

Notably, this study demonstrates that misaligned wind and waves weaken coastal LT based on unique paired 
observation and idealized simulation. However, the forcing condition is complex for the coastal ocean. A more 
comprehensive study may also need to consider the effects of variable wind stress, background currents, and 
diurnal heating to better understand coastal LT dynamics.

Data Availability Statement
The CBLAST-low data can be accessed through the Woods Hole Oceanographic Institution website (https://
mvco.whoi.edu/cblast-low/). The numerical results used in this study are simulated by National Center for 
Atmospheric Research Large Eddy Simulation model initially established by Moeng (1984) and operated with 
the numeric scheme of Sullivan et al. (1996).
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