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Abstract A comprehensive study on the properties of upper ocean turbulence and its response
to a variety of wind and wave forcing conditions was conducted at the Surge Structure Atmosphere
INteraction (SUSTAIN) facility, University of Miami, RSMAS. The dimensions of SUSTAIN
wind‐wave‐current tunnel are 18 m long, 6 m wide, and 2 m high, uniquely allowing for freely forming
turbulence unconstrained by side walls. The grid of input parameters covered a range of wave steepness
(ak: 0–0.27) within each investigated wind speed (U10: 2–20 m/s), allowing for the isolation of wave effects
on the turbulence driven by both wind and waves. The response of turbulence to each pair of wind‐wave
parameters was measured in steady‐state conditions (after 20+ min of settling time) by a suite of
nonintrusive turbulence visualization techniques, located at 10 m fetch. These included 3‐D visualization of
water tracing dye entrainment by turbulence, underwater particle image velocimetry, and passive and active
thermal imagery resolving surface skin temperature and velocity ﬂuctuations. The resulting data set
includes both qualitative 3‐D view of subsurface turbulent structures and precise quantitative turbulent
kinetic energy (TKE) measurements mapped out in response to the grid of input parameters. In lower winds,
TKE was found to grow substantially in response to increasing wave steepness, in line with the expected
effect of increasing wave forcing. However, in higher winds the effect of increasing wave steepness on TKE
was found to be negative. It is hypothesized to be due to the rise of airﬂow separation, effectively
sheltering much of the water surface from turbulence production by wind friction.
Plain Language Summary This laboratory study aims to visualize and quantify small‐scale
turbulence taking place below the ocean surface. Of a particular interest here is the effect of surface wave
motion, outside of wave breaking, and how it inﬂuences ocean turbulence, which is otherwise forced by
wind. Unlike in the ﬁeld, the laboratory setup allows independent control of wind and wave parameters,
thus allowing decomposition of wind‐ and wave‐driven aspects of the turbulent ﬂow. A mixture of
well‐known and novel nonintrusive turbulence visualization techniques employed in this study gave
unprecedented clear view of turbulent response under varying forcing conditions. Two major counteracting
wave‐dependent processes were found to impact surface turbulence. One is additional turbulence
production due to the action of wave induced drift current, another is turbulence dampening due wave
induced airﬂow separation, causing a reduction in wind friction.
1. Introduction
One of the central remaining challenges in the ﬁeld of air‐sea interactions is separating and quantifying the
impact of surface waves on the rates of momentum and kinetic energy exchange between winds and
currents. The conventional approach, taken by meteorologists and oceanographers alike, starts with the
bulk air‐sea momentum ﬂux parameterization formulated as a function of wind speed:
τ ¼ ρa u2* ¼ ρa CD U 210 ;
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(1)

where τ is the total wind stress, ρa is air density, and u* is wind friction velocity, which is alternatively
expressed in terms of a more convenient and readily available wind speed at z = 10 meters height, U10,
and a corresponding empirical drag coefﬁcient parameter CD. Original and most commonly used parameterizations of CD depend only on wind speed (e.g., Large & Pond, 1981; Yelland & Taylor, 1996, among others)
without specifying and hence effectively averaging over the wave ﬁeld variability. It has been recognized,
however, that the drag coefﬁcient, which is related to the surface roughness length, z0, by the law of the wall.
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where κ is the Von Karman constant, which must bear a dependence on wave ﬁeld parameters, since waves
are the main source of roughness on the ocean surface. Alongside Smith et al. (1992) and Drennan et al.
(2003), based on multiple data sets, Donelan et al. (1993) suggested incorporating wave dependence into
surface roughness parameterization as


z0
U 10 2:6
;
¼ 6:7·10−4
σ
Cp

(3)

where σ is root mean square of wave elevation and Cp is wave phase speed, hence U10/Cp is the inverse wave
age. This relationship implies that for a given wind speed, younger and higher waves will result in increased
surface roughness, leading to an increase in the overall air‐sea momentum ﬂux.
Once the amount of momentum that crosses the air‐sea interface, including its dependence on wind speed
and wave parameters, is determined (equations (1)–(3)), the next challenge is partitioning the ﬂux between
waves and currents. Motivated by the practical needs of ocean wave modeling, a number of studies focused
speciﬁcally on resolving the wind‐wave part of the ﬂux (e.g., Donelan et al., 2006; Savelyev et al., 2011; Snyder
et al., 1981). These studies resulted in parameterizations expressed as wave frequency‐dependent wind‐wave
kinetic energy spectral source functions. From a wave model performance perspective, the primary concern
then is to balance this source function with the wave dissipation and other terms within the model. This
balancing process does not usually impose a restriction that would make the total amount of momentum
received by the wave ﬁeld consistent with parameterizations for the total wind stress outlined in equations (1)
to (3). Imposing such constraint is further complicated by the fact that some unknown fraction of the air‐sea
momentum ﬂux bypasses waves altogether and is deposited directly into currents by means of wind friction.
A few laboratory studies made successful attempts resolving this viscous part of the stress by making
microscopic velocity proﬁle measurements within viscous sublayer either below (Banner & Peirson, 1998;
Okuda et al., 1977) or above (Buckley & Veron, 2016, 2019) the air‐sea interface. However, a comprehensive
parameterization applicable across a range of realistic wind‐wave conditions remains elusive.
From the perspective of an ocean circulation model, additional factors further complicate the formulation of
wave‐dependent momentum or kinetic energy surface source terms. Because in a coupled air‐wave‐sea
system the wave ﬁeld is allowed to advect energy and momentum horizontally, the total local ﬂux leaving
the atmosphere is not necessarily equal to the total local ﬂux entering the ocean. It is unclear what percentage of the momentum ﬂux can leave the area with waves, but by some estimates in extreme conditions it can
be up to 20% (Fan & Hwang, 2017) or 25% (Donelan, 1979) and therefore non‐negligible. For this reason, in a
coupled air‐wave‐sea system, an ocean model cannot rely on bulk air‐sea ﬂux parameterizations for surface
source terms, which, ideally, should be replaced with a sum of viscous stress (for wind‐current) and wave
dissipation (for wave‐current) parameterizations. Unfortunately, these happened to be a pair of quantities
with notoriously high uncertainties, presenting a long‐standing challenge for empirical studies, including
this one. To narrow down our speciﬁc research objectives, next we review past and present approaches
and solutions that the ocean modeling community employed around this problem.
While a practical solution for estimating balanced momentum exchange among air‐wave‐sea system
elements appears to be in sight (Fan & Hwang, 2017), here we are mostly concerned with the formulation
for surface turbulent kinetic energy (TKE) ﬂux incoming into the water column. This term is necessary,
for example, as a boundary condition in upper ocean turbulence closure schemes, such as Mellor and
Yamada (1982), further MY82. Subgrid models of this type consist of prognostic TKE budget equations,
which solve for vertical proﬁles of TKE, and further allow estimating vertical turbulent mixing coefﬁcients.
Conventionally, TKE is represented by q, deﬁned as

1
1
TKE≡ q2 ≡ <u′x 2 > þ <u′y 2 > þ <u′z 2 > ;
2
2

(4)

where u′x, u′y are the horizontal components and u′z is the vertical component of the turbulent part of ﬂow
velocity and < … > denotes averaging over a statistically signiﬁcant ensemble. Note that to investigate
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directional components of TKE separately, in this paper we will be also using qx and qy variables, corresponding to the ﬁrst two terms on the RHS of equation (4). Originally, in turbulence closure models such
as MY82, the top boundary condition for TKE was expressed in terms of wind friction velocity:
2=3

q2 ¼ B1 u2* ;

(5)

where B1 is one of empirical constants within the parameterization, thus implying that the ocean surface
TKE should be simply proportional to the total air‐sea momentum ﬂux. Equation (5) was found to work
fairly well in a steady‐state homogeneous boundary layer environment of a pipe or channel ﬂow, which were
also used to determine the value of B1. However, one would expect a potentially signiﬁcant wave‐dependent
departure in case of a wavy free surface boundary, as was later demonstrated in a laboratory experiment by
Cheung and Street (1988). The results of the present study will also show that while an increase in wave
amplitude causes rapid increase of the total air‐sea momentum ﬂux, it does not necessarily translate into
corresponding increase of TKE, which in some cases might even respond negatively.
Further improvements to the TKE boundary condition in MY82‐type turbulence closure models were
motivated by the apparent shortcomings outlined above, as well as by the ﬁeld discovery of enhanced (up
to two orders of magnitude above expected) TKE dissipation layer below wavy surface (e.g., Terray et al.,
1996). To account for this phenomenon, Craig and Banner (1994) suggested modiﬁed turbulence closure
scheme, in which they introduced a “wave‐enhanced layer” correction to an otherwise logarithmic vertical
proﬁle expected near a ﬂat boundary. Furthermore, another important step forward was taken by Noh and
Kim (1999), where they reformulated TKE boundary condition as a TKE ﬂux boundary condition:
Kq

∂ðq2 Þ
¼ mu3* ;
∂z

(6)

where Kq is eddy viscosity, determined by q and turbulent length scale variables, and m is a constant. The
downside of the increased complexity of this boundary condition formulation and especially of the use of
eddy viscosity is that it prevents direct empirical validation. This also makes m more of a tuning parameter
with which the model is made to match other observations, unlike an empirical constant, such as B1 in
equation (5), established directly by a dedicated experiment. Nonetheless, the shift from equations (5) to
(6) was an important step, as it marked the departure from turbulence production‐dissipation balance
assumption limitation, and thus allowed for modeling of nonsteady‐state conditions. Interestingly, perhaps
for practical reasons at the time, none of these improvements actually incorporated variable wave ﬁeld
parameters, as was suggested by TKE dissipation rate parameterizations obtained in the ﬁeld. Meanwhile,
the wave‐independent equation (6) (or even equation (5)) is still used as a TKE boundary condition in
practical ocean modeling applications to this day. Because it is still a bulk air‐sea ﬂux formulation, this creates a problem for the integration of such models into coupled air‐wave‐sea systems, where wave‐dependent
ﬂuxes must be allowed to change as a function of wave ﬁeld.
During the last two decades, further inclusion of wave effects in turbulence closure schemes can be overwhelmingly credited to high‐resolution numerical large eddy simulations (LES). These efforts primarily
focused on Langmuir circulations (Langmuir, 1938), which were previously thought to be an obscure and
perhaps relatively unimportant wave‐driven phenomenon in the context of wind‐ or buoyancy‐driven turbulence. The leading theory behind Langmuir circulations given by Craik and Leibovich (1976), also known as
CL2 mechanism, has emerged among other competing explanations at a peak of interest in this phenomenon in the 1970s literature. It attributes Langmuir circulations to a “vortex force.”
f ¼ us ×ω;

(7)

which, in essence, is horizontal stretching of existing vorticity, ω, by the gradient within the averaged vertical
proﬁle of stokes drift current, us. However, the empirical evidence needed for validation and further development towards practical applications was (and still is) very limited, rendering CL2 mechanism theory largely dormant for the following two decades until the rise of LES (compare review papers by Leibovich, 1983,
and by Thorpe, 2004). In their groundbreaking study, McWilliams et al. (1997), further MW97, included CL2
vortex force in the governing equations solved by LES and used model output to demonstrate the resulting
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enhancement of vertical turbulent
ﬂuxes brought about by the
“Langmuir turbulence” (LT). Note
that in MW97 and in following studies the wave‐dependent vortex force
Figure 1. Experimental setup.
is applied as an additional term acting throughout the vertical column,
whereas the top TKE ﬂux boundary condition (i.e., equation (6)) usually remains as it was, wave independent. Following MW97, LES quickly became a widely used tool to investigate various aspects of LT and
the role it plays in the upper ocean mixing (Grant & Belcher, 2009; Noh et al., 2004; Tejada‐Martinez &
Grosch, 2007; Van Roekel et al., 2012, among others). By conducting a systematic series of numerical experiments with and without the vortex force term, LT effects were quantiﬁed and mapped out as a response to a
variety of relevant inputs, including wind, wave, and buoyancy forcing. This, in turn, provided the basis
needed for the formulation of the next generation turbulence closure models accounting for LT effects, starting with Kantha and Clayson (2004) and more recently by Harcourt (2015), followed by their implementation into operational ocean circulation models (Martin et al., 2013, Martin & Savelyev, 2017, respectively).
While the LES approach is undeniably beneﬁcial, it also leaves a number of critical questions unanswered.
First, it is important to keep in mind that no study was done in which LES LT methodology was rigorously
validated against observations and conﬁrmed to produce realistic results. The connections that were established between models and observations (e.g., Harcourt & D'Asaro, 2008) are indirect and cannot be considered exercises in critical evaluation of underlying wave‐dependent physics. This criticism is mostly directed
at the failure of experimentalists to obtain sufﬁciently systematic and quantitative data sets necessary for
such validation. The measurements of LT that are available in the literature tend to be either indirect or
episodic and insufﬁciently quantitative (e.g., Gargett & Wells, 2007; Melville et al., 1998; Smith, 2001;
Weller et al., 1985, among others), thus lacking the systematic quality necessary for conclusive model
evaluation. This, in part, motivates the present study and sets an objective to provide a benchmark data
set that can be used for validation of wave‐driven aspects of LES.
Secondly, it is not clear if the vortex force (equation 7) and the resulting LT are sufﬁcient, or if there are other
wave‐dependent mechanisms inﬂuencing TKE in a signiﬁcant way that are yet to be accounted for by LES
and consequently by turbulence closure models. In more practical terms, we question the continued use of
q–u* assumption behind equations (5) and (6) in fully coupled air‐wave‐sea systems because it inherently
links ocean TKE to the total local air‐sea momentum ﬂux and therefore does not allow for more complex
wave‐dependent physics. Meanwhile, as our study will show, this assumption certainly does not hold across
a wide range of wave forcing parameters used in our idealized laboratory experiment. Moreover, we will
argue that it will suffer similar fate in some realistic scenarios in the ﬁeld, particularly those with developing
seas, thus motivating future development of a truly wave‐dependent TKE boundary condition.

2. Methodology
2.1. Steady‐State Environment of a Laboratory Wind‐Wave Tunnel
The experiments were conducted inside the Surge Structure Atmosphere INteraction facility at the
Rosenstiel School of Marine and Atmospheric Science, University of Miami. The working section of the
wind‐wave tunnel is 18 m long (x direction), 2 m high (z direction), and 6 m wide (y direction), with walls
on all sides made of optically transparent acrylic (Figure 1). The tunnel was ﬁlled with saltwater (35 psu)
to 69 cm level. A piston type mechanical wave generator at one end of the tunnel acted on the water column
to generate sinusoidal waves. The frequency of generated waves was kept constant, f = 0.58 Hz, throughout
the entire set of runs. This particular frequency was chosen because it corresponds to the longest waves for
which the wave generator is capable of sustaining critically high wave steepness, making it the most
energetic wave ﬁeld possible in this facility. According to the full dispersion relationship for surface gravity
waves, the length of these waves was λ = 3.8 m (wavenumber k = 1.65 m−1) and the phase speed Cp = 2.2
m/s. The only wave parameter that was varied between runs is wave amplitude, thus controlling wave steepness, deﬁned as the product between wave amplitude and wave number, ak, with its value listed for each run
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Table 1
−1
Summary of all Wind, Wave, and Surface Turbulent Kinetic Energy Sampled Conditions. For all Waves f = 0.58 Hz, k = 1.65 m , Cp = 2.2 m/s. Wind Friction
Velocity, u*, is Given on the Air Side. Mechanical Wave Generator was at Rest in Runs #1, 5, 9, and 13. Note that this Table only Includes Runs with Successful
Thermal Marking Velocimetry Measurements (see section 2.2.2)
Run #
1
2
3
4
5
6
7
8
9
10
11
12
13
15
16
17
18

U0.58 (m/s)

U* (m/s)

U10 (m/s)

1.92
1.99
1.92
1.98
3.02
3.01
2.98
2.95
4.15
4.17
4.14
4.13
5.98
6.39
6.23
8.15
10.43

0.07
0.16
0.21
0.25
0.1
0.28
0.37
0.45
0.15
0.45
0.59
0.8
0.27
1.06
1.51
2.4
3.98

2.5
2.58
2.52
2.63
4
4.01
4.05
4.06
5.8
5.74
5.81
5.96
9.4
9.5
9.67
13.64
19.66

ak
0
0.09
0.15
0.21
0
0.09
0.14
0.21
0
0.09
0.14
0.25
0
0.13
0.25
0.26
0.27

Us (cm/s)

<|u'x|> (cm/s)

<|u'y|> (cm/s)

qx (cm/s)

qy (cm/s)

0
1.7
5.2
9.4
0
1.7
4.6
10.2
0
1.7
4.6
13.6
0
3.6
13.6
14.5
16.4

0.74
1.42
1.72
2.02
1.74
2.41
2.37
2.17
3.64
3.03
2.69
2.3
5.86
3.21
2.68
3.73
4.94

0.63
1.33
1.81
2.44
1.18
1.84
2.18
2.78
2.28
2.14
2.42
2.82
4.07
2.71
2.62
3.54
4.44

0.74
1.86
2.36
2.62
1.74
3.14
3.14
2.85
3.64
4.06
3.65
3.12
5.86
4.36
3.59
5.23
7.37

0.63
1.72
2.33
3.11
1.18
2.33
2.77
3.53
2.28
2.76
3.11
3.61
4.07
3.49
3.34
4.58
6.04

in Table 1. Another similarly derived wave parameter reported in the table is the surface Stokes drift current,
calculated as
U s ¼ 2πf a2 k:

(8)

The value of wave amplitude was derived from wave elevation measurements by an acoustic altimeter
(ToughSonic TSPC‐15S‐485) mounted in the ceiling of the tunnel at x = 10 m fetch. Waves were absorbed
at the end of the wind‐wave tunnel by a wave dissipation beach designed to minimize wave
energy reﬂections.
The wind speed within the tunnel was set by the frequency of a programmable fan, which operated in an
open‐loop mode, that is, the ambient air was taken from the outside and returned back out after a single pass
through the tunnel. In some cases by design, while in others inadvertently, open‐loop mode allowed for a
variability in the temperature difference between the air and the water. As will be discussed in more detail
further below, resulting air‐sea heat ﬂux can be an important forcing parameter alongside wind and waves.
The most direct wind speed measurement was collected by a sonic anemometer (manufactured by R. M.
Young), mounted 0.58 m above mean water level at x = 10 m fetch. This wind speed is reported as U0.58 in
Table 1. For convenient comparison with other studies, the wind speed is also recalculated at 10 m reference
height and reported in the form of U10, as well as in the form of wind friction velocity, u*. In the presence of
mechanically generated waves, these conversions were made using wave‐dependent formulations given in
equations (1) to (3). In runs without mechanical waves (Runs #1, 5, 9, and 13) values of the drag coefﬁcient
were taken from Donelan et al. (2004), which were obtained in a similar laboratory environment.
For each set of wind‐wave parameters, before any measurements were collected at least 20 min were given to
establish steady‐state conditions within the tunnel. As such, wind and wave parameters reported in the table
are the result of averaging over at least 5 min segment taken after the ﬁrst 20 min. All quantitative data,
mean and turbulent, collected during this experiment were tested to ensure no long‐term trends were
present and the conditions are indeed steady.
In the following sections we describe methodologies behind turbulence visualization techniques used to
resolve turbulence generated by these steady‐state wind‐wave driven conditions. All these techniques were
located within the sampling volume around x = 10 m fetch (see Figure 1). While some of these techniques
were implemented simultaneously, others inherently interfered with each other and had to be done at
different times. For this reason, to accommodate all types of measurements each set of wind‐wave conditions
was repeated multiple times.
SAVELYEV ET AL.
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2.2. Nonintrusive turbulence visualization
In section 1, we alluded to the lack of literature describing measurements of near‐surface turbulence in sufﬁcient detail. The reason for this can be largely attributed to the insurmountable difﬁculty that the wave
motion adds to a standard turbulence microstructure measurement setup. This is in part because the wave
boundary layer is the most energetic and violent part of the water column, in part because the near‐surface
sampling volume rapidly moves with the wave surface, and in part because the mean ﬂow contains constantly rotating wave velocity vector. Perhaps, one of the best attempts at taking on these challenges with
a conventional turbulent microstructure point measurement setup is described in Terray et al. (1996). In
our study, having the luxury of controlled, repeatable, and relatively small sampling volume, we take a different approach and choose to rely on nonintrusive turbulence visualization techniques. These techniques
generally rely on the same following principle. The water ﬂow is seeded with a small amount of tracer, which
does not interfere with studied turbulence, then the displacement or the entrainment of the tracer by the turbulent ﬂow is imaged by a dedicated camera, and ﬁnally the turbulent motions are inferred from the images
of tracer displacement. However, the choice of the tracer, the strategy for its introduction into the ﬂow, and
the imaging system and its orientation vary widely from one technique to another. Among others, passive
and active infrared imaging techniques described in the following subsections proved to be most impactful
in reaching the paper's major ﬁndings and conclusions. More speciﬁcally, passive infrared imagery provided
vivid qualitative view of structural turbulent response to changing wind and wave conditions, whereas thermal marking velocimetry (TMV) provided high‐precision quantitative surface TKE measurements. Other
techniques, such as surface and vertical imaging of dye entrainment, as well as particle image velocimetry
were also implemented and their data rigorously analyzed. The results of these techniques, however, are
only tangential to the main ﬁndings of the paper, therefore their detailed description is placed in Data S1
supporting information.
2.2.1. Passive infrared imaging
Following Melville et al. (1998) and Handler et al. (2001), this technique primarily relies on a high‐grade
infrared camera mounted near the tunnel's ceiling and looking down at the water surface within the
sampling volume. The mid‐wave infrared (3–5 μm) Indium Antimonide sensor within the camera (FLIR,
SC6000, 640 × 480, 60 Hz) is sensitive to relative thermal ﬂuctuations as small as 0.02 K within the ﬁeld
of view. Because water is a highly efﬁcient absorber and emitter of mid‐wave infrared radiation, the observed
signal primarily comes from the top few tens of micrometers of the water column. In other words, the
camera is imaging temperature ﬂuctuations at the top of the water's thermal skin layer. This technique is
an effective turbulence visualization tool because the camera is sensitive enough to detect skin temperature
modulations caused by convergence and divergence of the turbulent motions taking place immediately
below the surface. In a typical thermal skin layer caused by surface cooling, surface ﬂow convergence areas
between turbulent eddies have longer surface residence time and therefore appear cold (color‐coded as
dark), whereas newly upwelled water above divergence zones is warmer (brighter). Hence, effectively water
temperature serves as a ﬂow tracer in this turbulent motion visualization technique. Therefore, the presence
of a continuously supplied air‐sea heat ﬂux (i.e., tracer), such as latent or sensible heat ﬂux, acts to illuminate
subsurface turbulent structures across an infrared image. To boost signal to noise ratio available for passive
infrared imaging, water temperature in Surge Structure Atmosphere INteraction was raised to 35°C,
whereas the air temperature coming from the outside ﬂuctuated within a few degrees around 25°C. One
important limitation of using temperature as a tracer is that it is not entirely passive. A strong air‐sea heat
ﬂux is desirable because it creates high signal to noise ratio within an infrared image, but it can be also undesirable because it acts to either amplify or dampen (depending on the sign of the air‐sea heat ﬂux) subsurface
turbulence due to buoyancy effects. The degree to which air‐sea temperature difference can be neglected in
the presence of strong wind and wave forcing is poorly understood or quantiﬁed and is a subject of a future
study. For this reason, to act on the side of caution, in the following analysis passive infrared imagery was
only used to qualitatively gauge structural surface turbulence response to varying wind‐wave forcing.
Quantitative turbulent measurements obtained by the active infrared technique described in the next section
below were collected in near‐neutral air‐sea temperature difference conditions.
2.2.2. Thermal marking velocimetry
One part of the TMV system is the exact same infrared camera setup, as in the passive infrared imaging
(previous section 2.2.1). The difference, however, is that there are no noticeable thermal turbulent
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features naturally appearing in the
infrared image, because the air‐sea
heat ﬂux is kept near neutral.
Instead, the thermal pattern is
actively marked on the surface by
means of an infrared laser. A high
power (100 W average beam power
output) CO2 infrared laser (Synrad,
Pulstar p100), mounted near the
ceiling above the sampling volume,
emitted radiation in long‐wave
infrared range at 10.6 μm wavelength. Furthermore, a programmable marking head (FH Flyer) used
two consecutive rotating mirrors to
control the direction of the laser
Figure 2. Example of a raw infrared image during thermal marking.
beam and hence the x and y coordinate of the beam intersection with
the water surface. Because long‐wave infrared radiation effectively does not penetrate water, nearly
all of the beam's energy is deposited into heat on the water surface, hence generating a thermal mark
readily visible by the infrared camera. Just 1 ms of the full power laser beam at one location is sufﬁcient to create a spot with ~0.5 cm diameter on the water surface, which on the infrared image at ﬁrst
appears few degrees warmer than the rest on the water surface. The heat rapidly dissipates, but not
before the infrared camera is able to take tens of frames (sampling at 60 Hz) exposing the mark's movements with excellent signal to noise ratio. In this case, the marker serves as a near‐perfect passive tracer
of the water velocity on the water interface. The laser and the marking head were programmed to continuously seed the water surface with a grid of such spots. At ﬁrst, 40 marks were laid in a row in y
direction (cross‐tunnel), before moving on to the next row with a slight offset in x direction. It took
the laser approximately 1/15th of a second to lay each row of marks. Figure 2 demonstrates an example
of a raw infrared image taken while laser marking was in progress. Once the laser reached the end of
the image in x direction, the pattern simply restarted from the other end. As such, the marking and the
infrared imaging continued without interruptions for at least 5 min for each set of wind‐
wave conditions.
The image processing algorithm used to identify, locate, and track thermal marks is described in detail by
Savelyev et al. (2012) and Savelyev and Fuchs (2018). In short, it relies on two major principles: ﬁrst, 2D fast
Fourier transform (FFT2) is used to compute function


F ¼ iFFT2 FFT2ðframeAÞ·FFT2ðframeBÞ* ;

(9)

which peak corresponds to the global shift between two consecutive frames. The shift is then removed
from one of the images to help identify the same marks on two frames. Second, weighted centroid
center of mass is found for each mark to identify its subpixel location with ~1/20th pixel size accuracy.
In physical space, this translates in approximately 3 mm/s marker velocity estimate error.
A ﬂoating calibration checkerboard target was used to convert marker locations in an image into physical space coordinates (x,y), including pixel to cm conversion, as well as lens distortion correction. An
approximate vertical coordinate, z, and corresponding marker velocity correction were also calculated
using wave phase (described below), as well as known wave frequency and amplitude information.
An example of marker velocity vectors resulting from two consecutive infrared frames (e.g., Figure 2)
is shown in Figure 3.
In most wind‐wave conditions it was possible to track each thermal marker for longer than 10 frames
(sampled at 60 Hz). For example, in Figure 3 top row velocity vectors were obtained from marks laid 10–
12 frames earlier. However, for the purposes of this analysis we used only fresh marks, forming the latest
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continuous row of markers in y direction. For example, in Figure 3 only
velocities from the bottom row were used. More speciﬁcally, the requirement was set to use at least 20 freshest marks (not older than three frames)
that fall within ±2 cm range from each other in x direction. This was done
in part to minimize the noise due to erroneously identiﬁed marks, which
is more likely for old marks, and in part to ensure that all marks within a
subset belong to approximately same wave phase of the 3.8 m long
mechanically generated wave.
Once the subset of velocity vectors for a given frame pair was identiﬁed, the next critical step was to calculate the wave orbital velocity
corresponding to the subset. Initially, it was estimated simply as an
average x‐direction velocity component of the subset. Next, the wave
phase needed to be determined corresponding to the mean location
of each subset. For this purpose, a sinusoidal wave was ﬁtted into
the entire time series of this wave orbital velocity estimate. Then the
wave phase was estimated by calculating the angle of the Hilbert transformation of the ﬁtted sine wave. Next, the wave phase value was corrected for each frame with its corresponding subset to account for the
displacement between the center of the frame and the x location of the
subset. As was stated earlier, this wave phase information was used in
conjunction with known wave amplitude and frequency to estimate
Figure 3. Example of velocity vectors derived from the position shift (red vs. the mean vertical elevation of each subset, in turn allowing to correct
black circles) of thermal marks between two consecutive infrared frames,
horizontal velocity for perspective error due to elevation away from the
such as shown in Figure 2.
mean water level. Note that no correction for wave nonlinearity was
done in this analysis, although in some steeper and higher wind cases,
waves did develop slight nonlinearity expressed by sharp crests. We do not expect this to have a significant impact on TMV results. Another manifestation of nonlinearity was the development of wave
groups. This amplitude modulation did not impact TMV analysis, however, it presented an insurmountable obstacle for wave‐turbulent velocity separation within the particle image velocimetry technique,
discussed in more detail in section S4 of Data S1.
Next, turbulent components of velocity vectors were calculated as
<∣u′x;y ∣> ¼ <∣ux;y −<ux;y >∣>;

(10)


2
qx;y ¼ < ux;y −<ux;y > >0:5 ;

(11)

where x and y indexes indicate directional components of the total q. Table 1 reports both quantities
<∣u′x;y ∣> and qx,y calculated using equations (10) and (11). These are essentially similar turbulent
quantities, only the former is based on the ﬁrst and the latter on the second statistical moments.
Reporting both quantities is useful because it provides some measure of the probability density
function's shape within the averaged ensemble. Also, we found the former to be less sensitive to the
presence of noise (i.e., outliers) and to the choice of noise ﬁlter parameters and hence a more robust
output. However, in further analysis and discussion we primarily use qx,y, because of its direct relationship with conventional q and TKE (see equation (4)). Note that because TMV measurements are done
exactly at the water surface, the third (vertical) component qz is heavily suppressed by the free boundary (see Guo & Shen, 2010); therefore, it can be assumed that horizontal components contain nearly all
of the TKE:
q2 ¼ q2x þ q2y :

(12)

Of utmost importance and sensitivity, both for equations (10) and (11), is the procedure for estimating the
mean <ux,y> value. First, for each subset it must include the wave orbital velocity, as well as the overall
mean ﬂow velocity. But we found it is not sufﬁcient to simply compute average velocity for a given subset.
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Figure 4. Sample infrared frames taken over the wave trough (wherever applicable) in various wind‐wave
conditions. Run numbers marked in upper right corners are consistent with Table 1. The ﬁgure demonstrates,
independently, the response of surface turbulent structures to increasing wind (left to right) and to increasing
background wave steepness (bottom to top). Darker color in the infrared imagery corresponds to colder water surface
skin temperature. The mean value of the temperature and its range within each image varies from one image to
another by few degrees K.

Part of the reason is because it takes a ﬁnite amount of time for the row of markers to be created, during
which the wave propagates exiting markers away, resulting in a slight tilt of the row of markers in the x
direction (see slanted rows in Figure 3). This, in turn, places markers of the same subset at slightly
different wave phases with slightly different orbital velocities. If not accounted for, this difference in
orbital velocities will be effectively added to the true turbulent velocity component, which is of similar
magnitude. To account for this effect, Savelyev et al. (2012, their ﬁgure 4) estimated <ux,y> by computing
a linear ﬁt to velocity realizations along the x direction. In this analysis we went one step further and used
a second order polynomial ﬁt to estimate and remove the mean velocity. In addition to the reasons
explained above, this was also done to remove remaining imperfections in surface elevation correction,
lens distortion correction, and to remove large‐scale recirculation currents that might exist within the
tunnel. This way the length scales of turbulent motions accounted for in our estimates are effectively
limited to the length of the thermal marker row (~80 cm) and smaller. A noise ﬁlter was applied after the
removal of the mean, which required that no velocity realization deviated more than three standard
deviations from the rest of realizations within the subset. Note that it is the inability of the particle image
velocimetry technique to cleanly isolate turbulent velocity component, such as described for TMV in this
paragraph, that are inhibiting particle image velocimetry's use for surface TKE measurements (see
additional discussion in section S4 of Data S1).
Finally, turbulent velocities estimated for each subset were grouped and bin‐averaged according to the phase
of the mechanically generated wave. This allowed compiling mean TKE response to a wave shape, given for
a single wave period, but based on the entire several minutes long record collected for a given set of wind‐
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wave conditions. The overall turbulent values for each run, given in Table 1, are an average applied to wave
phase bin‐averages. This was done instead of direct averaging among all subsets to avoid biases that can be
caused due to some wave phases more likely to produce outliers (and be rejected by noise ﬁlters) than others.

3. Results
The output from the passive infrared imaging technique (section 2.2.1) provides a wealth of visually striking
video footage, in which the evolution of turbulent features and their response to wind and waves can be
readily observed with minimal post‐processing necessary. Figure 4 presents one representative sample frame
from 16 combinations of wind and wave parameters. Note that for all cases where the mechanically generated wave was present, the sample frame was taken over the trough of that wave. The number in the top
right corner of each image corresponds to the run number listed in Table 1. The frames are organized such
that the wind is nearly constant in each of the four columns and increases from left to right, whereas the
wave steepness of the mechanically generated wave is increasing from bottom to top row with ak = 0 in
the bottom row, meaning the wave generator did not move.
The calmest wind and no waves case shown in Figure 4 (Run #1) exposes a well‐known “ﬁsh‐scales”
turbulent structure (Handler et al., 2001). As the wave steepness increases, see Runs #1–2–3–4, in addition
to ﬁsh‐scales, larger scale cold streaks appear loosely aligned with x direction, spaced ~10–20 cm apart in y
direction. Colder temperature indicates convergence zones; hence, these cold streaks signify boundaries
between pairs of counter‐rotating vortices, preferentially aligned with wind‐wave direction. Note that the
interpretation of cold streaks as surface material convergence zones is consistent with LES study by Xuan
et al. (2019), where surface particles, released in similar ﬂow conditions, organized in similar narrow
window patterns as seen in Figure 4.
In the direction of wind speed increase, that is, Runs #1–5–9–13, signatures of breaking short wind‐
generated waves become the dominant feature. They generally appear as bright (warm) patches, indicating
that they are effective at disrupting the cool skin layer and bringing the warmer water below to the surface.
Dark (cold) streaks, similar to Run #4, can also be seen as a secondary feature, whenever not masked by a
wave breaking event.
At the highest wind speed (right column), as the background wave steepness increases (Runs #13–14–15–
16), the occurrences of wave breaking events decrease. Note that these breaking events are just as likely,
and perhaps even slightly more so, at the crest of the long wave. But for the most part of the wave, they
disappear, giving rise to the turbulent structures typical in the troughs, as shown in the ﬁgure. The frame
shown for Run #16 represents the most energetic waves and highest wind speed of all 16 cases, yet the
turbulent structures appear to be not so different and in some ways calmers than in other cases. As in other
cases, the frame appears to consist of a combination of small‐scale chaotic eddies and larger‐scale cold
streaks aligned with wind. Also, the dominant length scale of these features appear to be smaller, compared
to calmer cases.
Next, Figure 5 presents the results of the TMV technique (section 2.2.2), more speciﬁcally wave phase dependent results of wave‐phase bin‐averaged turbulent velocity statistics. Here, subpanels are paired in rows
along tunnel (x) TKE component shown on the left and cross‐tunnel on the right. Each pair represents a
ﬁxed wind speed and a number of wave steepness values tested for that wind speed. As such, panels (a,b)
correspond to Runs #1, 2, 3, and 4; (c,d) correspond to Runs #5, 6, 7, and 8; (e,f) correspond to Runs #9,
10, 11, and 12; (g,h) correspond to Runs #13, 15, and 16. Note that Run #14 is excluded from this ﬁgure
and from Table 1 because of a TMV‐related technical problem with that run. On the other hand, TMV results
for two additional Runs #17 and 18 (not shown in Figure 4) are similarly presented in the following Figure 6
and also listed in the table. In the context of the 16 cases shown in Figure 4, these two additional cases can be
thought of as two more panels on the right side of the top row.
There are several important observations that can be pointed out in Figures 5 and 6. First, in all cases with
background waves, TKE in both directions has a prominent peak near the wave crest (i.e., 0° wave phase).
The exact location of this peak ﬂuctuates slightly towards either upwind (negative) or downwind (positive)
wave phase direction. The range of the 95% conﬁdence interval shown for each bin‐averaged value also tends
to be the largest near the wave crest, indicating strong velocity variability at that location. Note that the 95%
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Figure 5. Wave phase bin‐averaged horizontal turbulent kinetic energy components calculated using thermal
marking velocimetry technique (section 2.2.2), as a function of wave phase, wave steepness, and wind speed. Panels
(a,b) correspond to Runs #1, 2, 3, and 4; (c,d) correspond to Runs #5, 6, 7, and 8; (e,f) correspond to Runs #9, 10, 11, and 12;
(g,h) correspond to Runs #13, 15, and 16.

conﬁdence interval given here refers to the statistical conﬁdence with which we can establish the mean TKE
value at this wave phase, given the entire run as an ensemble. Part of the TKE spike at the crest can be
explained by enhanced capillary wave motion, which is not separated from TKE in our analysis. However,
such motion is expected to be primarily in x direction and does not explain y direction peaks, which can
be mostly attributed to cross‐tunnel turbulent velocity ﬂuctuations. Perhaps one of the most intriguing
observations is that in lower wind speeds the overall TKE in all wave phases exceeds the wind‐only TKE
level; however, as wind speed increases it is no longer the case. Already in 4 m/s and more so in 6 m/s
wind speed cases, only the crest level TKE is able to reach wind‐only TKE levels, whereas trough TKE

SAVELYEV ET AL.

11 of 19

Journal of Geophysical Research: Oceans

10.1029/2019JC015573

Figure 6. Same as Figure 5, for Runs #17 and 18 (see Table 1).

falls well below. This tendency will be demonstrated even clearer in the following analysis once the wave‐
phase dependence is averaged over. Note that TKE increase near the wave crest shown in Figures 5 and 6
is consistent and in qualitative agreement with similar laboratory studies by Jiang and Street (1991),
Rashidi et al. (1992), and Thais and Magnaudet (1996), as well as numerical simulations (e.g., Guo &
Shen, 2013). A comparison to Jiang and Street (1991, their ﬁgure 9) allows appreciating the superior
signal to noise ratio of TMV technique over conventional in‐water measurements in a moving frame
of reference.
To arrive at the next step, all wave‐phase bin averages were simply averaged for the entire wave period. One
remark has to be made in regard to incomplete curves (red color) in some cases in Figure 5. TMV encountered technical difﬁculty in the troughs of the steepest waves because the wave orbital velocity at that phase
happened to match the progression speed of the thermal marking that the laser makes in x direction as it lays
down rows of marks. This made multiple rows of markers overlap over the same location and interfere with
precise location and velocity estimates. For this reason, in these cases, based on the shape of the overall curve
that we see in other cases, we simply assumed uniform distribution of TKE along the trough and ﬁlled in
missing points with a linear extrapolation.
Figure 7 shows the result of the removal of wave phase dependence from the TKE data shown in Figure 5. It
shows the progression of directional TKE, qx (panel a) and qy (panel b), their ratio (panel d) and the total
TKE, q (panel c), as a function of wave steepness for four wind speeds. One of the most striking features
in this ﬁgure is that while the TKE (any component) grows with wave steepness in low wind case, the slope
of that curve ﬂattens and eventually becomes negative as the wind speed increases. This plainly indicates
one of the most unexpected and important ﬁndings of this study, which is that in high wind speeds an
increase in background wave steepness has a negative impact on the surface TKE. Other important feature
shown by this ﬁgure is an apparent convergence of total TKE at all wind speeds towards a q = 5 cm/s level at
the highest steepness. This, however, does not appear to be universal, as Runs #17 and 18 show higher TKE
at a similar wave steepness. Lastly, panel d demonstrates for all wind speeds that while initially (at ak = 0)
TKE is primarily stored in the along‐wind direction, it redistributes towards either equal parts or even favorable towards the cross‐wind component as wave steepness is increased.

4. Discussion
4.1. TKE response to wind‐wave forcing
The most signiﬁcant and unexpected ﬁnding of this study is the dependence of surface TKE on wave steepness, ak, as shown for four wind speed cases in Figure 7. A particularly puzzling phenomenon is the reduction of TKE with increasing ak at higher wind speeds. To the best of our knowledge, no existing model or
parameterization of surface TKE accounts for such behavior. Instead, a common reasoning behind existing
formulations is that an increase of wave steepness will cause an increase in the total air‐sea momentum ﬂux,
which in turn increases surface TKE or TKE ﬂux, hence the common practice to scale TKE with u*2. This is
consistent with our observations at low wind speeds (i.e., 2 m/s case in Figure 7). But as the wind speed
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Figure 7. Panels (a) and (b) show the same directional TKE data as Figure 5, only averaged over the entire wave period.
Panel (c) is the total TKE, calculated using equation (12) with dashed lines demonstrating the performance of parameterization given by equation (13), and panel (d) is the ratio between panels (a) and (b).

increases, similar change in ak ﬁrst ceases to increase TKE (4 m/s case) and then switches to causing a
decrease in TKE with increasing ak (6 m/s case). For this highest wind case the value of q was observed
to drop by 30%, while u* increased nearly tenfold. Clearly, these ﬁndings sharply contradict a commonly
used proportionality assumption q–u*, implied in TKE boundary conditions, such as equations (5) and
(6). As for the underlying reason, the sharp buildup of u* with wave steepness is mostly due to the
increase of wind‐wave component of the total air‐sea momentum ﬂux. And since the waves in our wave
tank are young and not ready to release this momentum through breaking, surface turbulence does not
beneﬁt from this increased momentum ﬂux, as it perhaps would in older seas. This is already a good
reason to depart from the q–u* paradigm in application to young (as well as, by analogy, oversaturated)
seas. However, this underlying reason is not sufﬁcient, as it only explains slower increase or perhaps ﬂat
TKE dependence on ak, whereas additional wave‐dependent mechanisms must be considered to explain
the decrease.
In an attempt to explain the TKE behavior observed in this study, we chose to parameterize data points
shown in Figure 7c in the following functional form:


pﬃﬃﬃﬃﬃﬃ
1 U 10
q ¼ q0 þ 2 ak 1−
qlimit ;
3 Cp

(13)

where q0 is the initial value of q for a given wind speed while ak = 0 (i.e., measured in Runs #1, 5, 9, and 13,
per Table 1), and qlimit = 5 cm/s, a defacto limiting value of q at which all curves converge at highest ak, see
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Figure 7c. Our new parameterization given by equation (13) and shown with dashed lines in Figure 7c ﬁts
TMV data points shown in the same ﬁgure with 0.93 correlation coefﬁcient. We expect that the values of
q0 and qlimit are of no practical importance, as they are likely a function of our laboratory setup, image size,
and noise ﬁltering parameters. A follow‐on ﬁeld experiment would be necessary to conﬁrm equation (13)
and establish realistic values of these parameters. What we think is an important ﬁnding of this study,
revealed by equation (13), is the critical value of U10/Cp = 3, or rather the existence of such critical value
in the ﬁrst place, which switches the sign of the impact that wave steepness has on the surface TKE. We
chose the form given in equation (13) among other mathematical functional form possibilities mostly
arbitrarily. The only physics‐based imposed condition was to allow for the wave age parameter to trigger sign
reversal of ak impact on TKE because such behavior is consistent with the underlying physical mechanisms
proposed below.
The fact that there is a critical wave age value that causes the wave steepness to have two opposite impacts on
TKE indicates that there are at least two competing wave‐driven mechanisms, one is positive and dominant
in lower winds, another is negative and dominant in higher winds. Our proposed two candidates are, ﬁrst,
the vortex force, and, second, the airﬂow separation.
4.2. Vortex force and LT
The ﬁrst mechanism is in line with recent mainstream literature (see section 1), which expects steeper waves
to apply stronger vortex force (equation 7) on preexisting vorticity through the action of the vertical gradient
within the averaged Stokes drift current proﬁle. Numerous LES studies, such as MW97, Teixeira and Belcher
(2010), and Xuan et al. (2019), among others, demonstrated how the action of vortex force gives rise to large
coherent counter‐rotating pairs of vortices. This is in line with turbulence visualization employed in this
study, which also indicates the rise of Langmuir‐type structures with increasing wave steepness, observed
primarily through surface imprints left by anisotropic subsurface turbulent structures preferentially elongated in the wind‐wave direction. Passive infrared imagery captured in lowest winds, that is, four images
in the left column of Figure 4, allow tracking the emergence of such structures in addition to initial
smaller‐scale wind‐driven “ﬁsh‐scales” turbulent structures. In the steepest wave cases in two lower winds
(Runs #4 and #8) cold streaks are clearly seen in x direction, spaced ~10 to 20 cm in y direction.
Presumably, these are thermal surface manifestations of convergence zones between pairs of counter‐
rotating vortices, such as expected from Langmuir circulations (e.g., Marmorino et al., 2005). Evidently,
the emergence of these structures is responsible for the sharp TKE increase seen in Figure 7 in lower wind
cases. Similar ~10 to 20 cm spacing is also seen between downward jets of water tracing dye, see Figure S2.
This is in line with the expectation that pairs of counter‐rotating vortices form strong downwards jets below
the surface convergence zones, making them an important mechanism for vertical transport in the upper
ocean mixed layer.
Additional evidence indicating the rising dominance of coherent counter‐rotating vortices in cases with
higher wave steepness can be seen in quantitative TMV results. Most of the total TKE increase from Runs
#1 to #4 is due to the rise in spanwise TKE component (compare magenta curves in Figures 7a and 7b), indicating that as ak increases, the majority of TKE storage is switching from streamwise to spanwise direction
(see corresponding curve dropping below unity in Figure 7d). This is consistent with the expectation that
most of Langmuir cell's kinetic energy should be in spanwise direction (i.e., cross‐wind or y direction).
For example, in another laboratory experiment where turbulence was forced by waves only without wind
(Savelyev et al., 2012), the ratio of qx/qy was measured to be as low as 0.5. Hence, this is the extreme value
we would expect from the curves in Figure 7d, if we were to continue reducing wind and/or increasing
wave forcing.
MW97 introduced turbulent Langmuir number scaling used to evaluate the balance between wind and
wave forcing:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Latur ≡ u* =us :

(14)

Note that in equation (14) it is customary to take the wind friction velocity, u*, on the water side, which is
related to the wind friction velocity reported in Table 1 by a coefﬁcient equal to the square root of the air‐
water density ratio. By this deﬁnition, our highest Latur value with mechanically generated waves present
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was 1.00 (Run #15), and presumably it goes even higher (towards inﬁnity) in wind‐only cases. On the other
hand, the lowest Latur value reached was 0.30 (Run #4), which is a common value in ﬁeld conditions, where
wind is thought to dominate over wave forcing. In contradiction with this notion, our results indicate that
wave forcing is dominant in these conditions. For example, the value of q, as is shown in Figure 7c, increased
four times (thus ×16 increase in TKE) over the case with the same wind speed without waves (Run #1). Since
the only difference between these runs is the addition of waves, they are in fact isolated as the forcing
mechanism responsible for this sharp TKE increase. Here Latur appears to be another victim of bulk scaling
based on u* applied to young sea conditions. Supposedly, Latur is an indicator of wind/wave LT forcing balance. But as we established earlier, in young seas surface TKE does not beneﬁt from the increase of u* caused
by wave steepness (i.e., Run #1: u* = 0.07 m/s for ak = 0, whereas Run #4: u* = 0.25 m/s for ak = 0.21, per
Table 1) because the excess of the total air‐sea momentum ﬂux goes towards the wave growth and advects
away horizontally. Therefore, u* in its standard deﬁnition does not accurately reﬂect the amount of wind forcing directly impacting surface turbulence locally. Instead, in case of Run #4 it would be more appropriate to
use the value of u* from Run #1 (i.e., same wind with no waves), which would result in Latur = 0.16, a lower
number reﬂecting wind‐wave forcing balance more correctly. Note that this correction is already signiﬁcant,
but does not yet account for the airﬂow separation, which is acting to dampen turbulence production by
wind friction (see discussion below), hence further magnifying relative importance of wave forcing. These
argument leads to a conclusion that Latur in its present deﬁnition (equation (14)) can be misleading and
should be revised for out of balance seas.
4.3. The impact of airﬂow separation on surface TKE
We propose that the airﬂow separation mechanism is likely responsible for the reduction of TKE with
increasing wave steepness in higher wind cases (Figure 7, red curves). The concept of airﬂow sheltering
and separation behind steep waves is not new and has been studied extensively using theoretical (e.g.,
Belcher, 1999), numerical (e.g., Shen et al., 2003), and experimental (e.g., Buckley & Veron, 2016, 2019;
Savelyev et al., 2011) methods. Although the exact parameterization has not been pinpointed yet, it is generally agreed that beyond some wind speed and wave steepness, the airﬂow streamlines will no longer be
able to follow wave crest's curvature. Instead, they will separate from the water surface, thus leaving an isolated airﬂow eddy lodged in the wave's trough. The lowest separated airﬂow streamline will follow the upper
boundary of the eddy until it reconnects with the water surface at the windward slope of the next wave's
crest. This phenomenon is thought to be responsible for a slowdown of wind‐wave growth rate at high wave
steepness, and as such is factored in wave growth parameterizations in the form of a sheltering coefﬁcient
(e.g., Donelan et al., 2006). It is reasonable to hypothesize that the airﬂow separation phenomenon will have
a similar dampening effect on the surface TKE production by wind friction. Instead of acting on the entire
length of the wave surface, the full friction force will only be available near crest regions, whereas in the
troughs the water surface will be subjected only to much slower winds of the separated airﬂow eddy. This
hypothesis is further supported by our wave phase dependent measurements of TKE shown in Figures 5
and 6. Indeed, in all cases, and especially in higher wind cases, the disparity between the TKE levels near
the crest and near the trough grows rapidly as wave steepness increases. In cases where the airﬂow separation is expected to be the most extreme (Figures 5g and 5h), only the TKE at the tip of the crest is able to
reach the level seen throughout the surface in no‐wave case for this wind (dashed line), whereas the rest
of the TKE curve drops well below that level. This suggests that the airﬂow streamline is highly separated
and only skims the very tops of the waves, where the water surface continues experiencing the same level
of TKE production as in no‐wave and no separation case.
This ﬁnding has a serious implication for LES models of MW97 type. When wavy air‐sea interface is replaced
with a ﬂat top lid and all remaining wave‐dependent physics is the vortex force, the model has no way of
accounting for the airﬂow separation (or any other wave‐dependent mechanism). Such model is fully dependent on the surface TKE boundary condition (equation (5) or (6)) to make an appropriate correction to u*
reﬂecting the reduction of incoming momentum ﬂux. However, u*, by deﬁnition (equation (1)), is a measure
of the total air‐sea momentum ﬂux lost by the atmosphere. It is not supposed to represent the part of the ﬂux
that makes it below the surface, locally, and impacts the TKE. Granted, in fully matured and balanced seas
these ﬂuxes will be equal, making present formulation applicable. However, in strongly forced young seas,
such as investigated in this experiment, or such as observed in the ocean either during wind increase,
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direction change, or in fetch limited coastal seas, the present formulation will fail. As our results demonstrated, in extreme cases the vast majority of the total air‐sea momentum ﬂux can be going towards wave
growth, while surface TKE is not only not receiving it, but is dampened in the presence of steep waves.
Therefore, we conclude that LES using equation (5) or (6) for the TKE boundary condition might be overestimating surface TKE in young sea scenarios by up to an order of magnitude. Although our studied conditions did not include over‐saturated or decaying seas, we expect a similar reverse problem in cases when
the wind can no longer support existing wave ﬁeld (due to speed decrease or direction change). In such scenarios, the total air‐sea momentum ﬂux and u* with it will not include the momentum being deposited by
the decaying wave ﬁeld, and therefore equations (5) and (6) will underestimate surface TKE.
The airﬂow separation hypothesis proposed here can serve as a motivation for future studies needed to validate the hypothesis and to quantify its impact on subsurface TKE. Experimentally, this can be accomplished
in a similar laboratory experiment with the addition of a co‐located airﬂow turbulence resolving setup (e.g.,
Buckley & Veron, 2019). Numerically, parallel coupled simulations can be setup on both sides of a deforming
wavy boundary (e.g., Yang & Shen, 2011), allowing resolving and investigating wave‐phase dependent
airﬂow features and their imprint on subsurface turbulence. Alternatively, once the airﬂow is resolved
and realistic wave phase dependent boundary conditions have been established, they can be used in somewhat more common water‐only turbulence simulations below a wavy surface (Tsai et al., 2017, or Xuan and
Shen 2019).
4.4. Airﬂow separation versus vortex force balance
One can hypothesize that a turbulence component produced directly as a result of wind friction, that is,
wind‐driven turbulence, will be preferentially oriented in x direction (Figure 7d, low ak cases) and have
smaller scales (Figure 4, high winds), whereas the Langmuir component produced by the vortex force
(expressed more predominantly in large ak and low wind speed cases) will have larger length scales, and preferred y orientation. Note that such hypothesis does not specify the exact boundaries between the two types
of turbulence because they clearly overlap both in directions and in scales and are otherwise interdependent.
If so, a closer examination of the intermediate case (4 m/s in Figure 7) supports such hypothesis. While the
overall TKE remains approximately constant with changing ak (Figure 7c), a closer look at its individual x
and y components (Figures 7a and 7b) reveals simultaneous growth of LT and decay of wind driven turbulence, approximately cancelling each other out. Although competing, at the same time these two production
mechanisms are not separable because vortex force (equation 7) is a function of preexisting vorticity, presumably initially supplied by wind‐driven turbulence. In fact, one of the conclusions and shortcomings of
wave‐only forcing study (Savelyev et al., 2012) was that the TKE growth rate appeared to be a function of
the initial seed turbulence, which was not controlled for in nearly (but not perfectly) quiescent initial conditions. In fact, a similar wave‐only numerical modeling study (Teixeira & Belcher, 2002) followed a rigorous
procedure for introducing small amounts of homogeneous turbulence as initial conditions in their simulations, without which wave‐driven turbulence does not start developing. However, both of these studies
focused on the initial development of the turbulence within just several wave periods from rest. On the other
hand, the present study investigates steady‐state conditions (20+ min later), in which the LT already
developed and leveled off. Therefore, it is not clear to what extent LT relies on continuous resupply of
new vorticity generated by wind friction and to which extent it can rely on itself. Likewise, to what extent
LT dampens or, perhaps, beneﬁts wind driven turbulence remains an open question.
4.5. Limitations, uncertainties, and future work
An underlying assumption behind much of the discussion above is that surface TKE measured by TMV technique (section 2.2.2) represents surface TKE production ﬂux, which is ultimately of practical interest for turbulence closure models. Such assumption is also effectively made by models using TKE boundary condition
in the formulation given by equation (5) and is sometimes referred to as TKE production‐dissipation balance
assumption. Meanwhile, the dissipation rate was not measured, and we do not know how much it varied as a
function of wind‐wave forcing conditions. Given that the dominant turbulent scales appear to be decreasing
with wind speed (Figure 4), it is possible that the dissipation rate was higher in higher winds (an assumption
supported by Thais & Magnaudet, 1996, measurements). Another indirect evidence supporting this possibility can be seen in the crest‐trough TKE difference (seen in Figures 5 and 6) relative to the respective total
TKE level. The increase of this relative TKE difference in higher winds can be caused by higher
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dissipation rates, allowing for a deeper TKE drop in the wave trough. Both of these indirect observations
indicate a dissipation rate increase with wind speed thus pointing towards a possible underestimate of
TKE production increase with wind when using TKE measurement as a proxy.
For completeness, we note that other terms of the TKE budget can have wind‐wave dependence and
should be observed or controlled for. This includes not only production and dissipation terms, but also
horizontal and vertical advection and time derivatives. While the latter is assumed to be zero by settling
into the steady state, it is possible that TKE advects either into or out of the sampling volume.
Consequentially, it is likely that our TKE measurements have strong fetch dependence, even before
approaching the wave beach, where TKE and dissipation levels are expected to be orders of magnitude
larger due to full wave energy dissipation. We operate under the assumption that none of the dissipated
wave energy advects back to the sampling volume and inﬂuences surface TKE, but it has not been
quantitatively veriﬁed. Furthermore, the results that we were able to obtain from particle image
velocimetry (see Data S1) indicate extremely sharp vertical gradients in TKE near the surface. This is
associated with either strong downward TKE ﬂux or strong TKE dissipation or both in the top few
centimeters of the vertical proﬁle. This motivates resolving not just TKE, but the entire left hand side
of equation (6) in future experimental studies, and also serves as a warning that the results are likely
to be strongly sensitive to the bin size of vertical measurement increments.
Among other challenges revealed by this investigation, but left for future studies, is the dependence of surface TKE on the air‐sea heat ﬂux. While not controlled for in this experiment, cases with present air‐sea heat
ﬂux indicated its non‐negligible impact even in conditions with strong wind and wave forcing. This urges its
inclusion as a third controlled input parameter in future laboratory studies, alongside other terms of the full
TKE budget, such as dissipation rate, vertical gradients, and eddy viscosity, among others, all of which might
be responding to varying wind‐wave and heat ﬂux forcing conditions differently. Another challenging aspect
left outside of the scope of this study is the effect of breaking waves on near‐surface turbulence. The importance and a complex interaction between LT and surface breaking waves has been established by Sullivan
et al. (2007), Noh et al. (2004), and Sullivan and McWilliams (2010). The intention of this study was to focus
only on nonbreaking wave effects, leaving the additional complexity of breaking waves to follow‐on investigations. And while the dominant wave was, indeed, nonbreaking in all investigated conditions, the surface
was not completely free of breakers. Short wind generated waves (~10 cm long), in fact, did break within the
sampling volume, especially clearly visible in higher wind speed runs. Our measurements or analysis were
not equipped and did not make any special provisions to deal with these instances any differently than other
cases. In terms of the airﬂow separation, this can be of relatively low importance, based on the fact that short
wave breaking (or even spilling breaking) is not expected to signiﬁcantly impact the airﬂow pattern over the
dominant wave (Yang et al., 2018). However, there is no doubt that these small breakers impose some
additional vortex force near the surface, as well as dissipate their energy through breaking, and thus make
an impact on the turbulence investigated in this study.
In regard to future work already accomplished since this writing, this study served as a starting point for a
follow‐on ﬁeld experiment motivated, in part, by the considerations above. This lab study provided valuable
insight and helped design and ﬁne‐tune measurement techniques, set expectations, and narrow down scientiﬁc objectives for an experiment that took place onboard Research Platform FLIP as a part of a larger
CASPER‐West ﬁeld campaign (e.g., Ortiz‐Suslow et al., 2019). The data analysis of the surface turbulence
aspect is currently in its early stages and is being guided by the ﬁndings of the laboratory study described
in this paper.

5. Conclusions
The primary conclusion of this idealized laboratory study is that the wave‐driven vortex force accounts for
some, but not all, wave‐dependent effects on upper ocean turbulence. Particularly, the results clearly demonstrate that under stronger wind forcing and steeper waves, that is, conditions typical in young seas, waves
can act to dampen TKE on the water surface. This phenomenon is thought to be caused by the airﬂow
separation, known to form behind strongly forced steep waves. The separated eddy is sheltering parts of
the wave surface from the full impact of wind friction, thus causing the observed decrease in TKE. The
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competing effects of the vortex force and of the airﬂow separation are comparable in magnitude and are
quantiﬁed in Figure 7c, and in equation (13).
These ﬁndings have problematic implications for the common practice of using wind friction velocity to scale
surface TKE, that is, q–u*. While maybe appropriate for balanced seas, our investigation reveals its inadequacy in young sea conditions. Meanwhile, this assumption is commonly used in LES and in turbulence
closure models, which is likely causing a signiﬁcant overestimate of TKE in young seas by those models.
Turbulent ﬂow visualization techniques employed in this study revealed the ability of wind and wave forcing
to generate Langmuir‐like turbulent structures (i.e., material surface convergence streaks accompanied by
downward jets) within a laboratory wind‐wave tunnel. An increase in wave steepness within a constant
wind forcing was found to signiﬁcantly energize these structures, slightly favoring spanwise velocity direction. These observations are qualitatively consistent with commonly expected effects of the vortex force
and associated LT. The turbulent Langmuir number (equation (14)), however, was found inadequate to
gauge the balance between wind‐driven and Langmuir turbulence. This is likely due to its reliance on wind
friction velocity, which is unable to appropriately reﬂect local supply of momentum ﬂux via wind friction in
the young seas environment of a laboratory wave tank.
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