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Abstract

Velocity gradients are critical drivers of turbulent and scalar exchange processes within fluids. Calculating these gradients
at a wavy air-water interface presents significant challenges, requiring simultaneous spatially distributed measurements of
velocity fields across an undulating interface. In this study, we employ thermal marking velocimetry (TMV), an unobtrusive
active velocimetry technique, to capture the surface velocity field over an unstructured grid. The surface velocity field is
then used to compute the horizontal surface velocity gradient; together, these enable calculation of the wave orbital velocity,
surface strain, vertical vorticity, and turbulent kinetic energy (TKE). Furthermore, a structure function-based approach is
employed to estimate the TKE dissipation rate at the wavy interface. Finally, we calculate the Eulerian vortex force field
at the surface, providing a quantitative experimental connection between regions of surface convergence and divergence to
spanwise variation in the vertical vorticity. These measurement capabilities are important for deepening our understanding of
the physical processes governing energy flux across the air-sea interface.

1 Introduction

A turbulent structure’s formation, evolution, and dissipation
near the surface of a gravity wave ruffled by wind forcing
is a result of competing effects between kinematic surface
constraints (Guo and Shen 2010), the strain induced due to
propagating surface wave, and the mean shear current (Teix-
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eira and Belcher 2002). Kinematic constraints of the free
surface lead to the “blockage" effect. As the influence of the
free surface grows, the blockage effect amplifies the vertical
and horizontal velocity gradient. Turbulent velocity fluctua-
tions near the surface relative to homogenous and isotropic
conditions are damped in vertical direction and amplified
in the horizontal direction (Guo and Shen 2010). Surface
waves interact with turbulent structures through two main
mechanisms: (1) direct straining due to the wave’s orbital
velocity O (ako), due to correlation between wave strain and
turbulent fluctuations, and (2) by the action of Stokes drift,
O (a*k?0), which has a second-order effect in wave slope.
However, the cumulative effect of the second-order Stokes
drift over multiple wave cycles is O (a’k*o't), which acts to
tilt a near-surface vertical eddy along the wave’s propagating
direction (Teixeira and Belcher 2002; Guo and Shen 2013),
where ¢ is time. The presence of wind above the free surface
imparts non-zero surface stress. The momentum transferred
from wind to growing waves is partitioned between wave
growth (Donelan et al. 2006) and surface current via vis-
cous stress (Banner and Peirson 1998). Wave breaking has
a significant impact on surface dynamics as it limits wave
growth by depositing wave energy into the turbulent current
field (Zappa et al. 2007; Hogan et al. 2025). A breaking wave
adds a significant fraction of turbulent energy into the flow
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field, which remains localized within the upper few meters
of the surface (Sullivan et al. 2007; Noh et al. 2004). Fur-
thermore, wave breaking generates strong surface normal
vortices, which interact with Stokes drift to transfer stream-
wise momentum in the spanwise direction (McWILLIAMS
et al. 1997; Skyllingstad and Denbo 1995; Sullivan et al.
2007). In the absence of wave-breaking, shear production
dominates the turbulence generation mechanism near the sur-
face (Teixeira 2018). Lastly, a finite amplitude surface wave
modulates the wind flow, which then modulates the wind
imparted tangential viscous stress to be a function of the sur-
face wave’s phase profile (Kawai 1982; Buckley et al. 2020).

Sub-surface and near-surface turbulence has been exten-
sively investigated in numerical, lab, and field studies.
(Sullivan and McWilliams 2010) The lift-off and breakdown
of portions of low-speed, streaky structures near a sheared
boundary wall or interface are considered as burst events.
Each burst consists of several weaker ejection events (Kline
etal. 1967), which have a higher likelihood of forming under
wave crests. Further, the elevated local generation of vorticity
near the wave crest is a result of peak tangential stress at the
wave crest, which thickens the vorticity layer(Okuda 1982)
and is consistent with increased TKE (Rashidi et al. 1992;
Thais and Magnaudet 1996) and normal, streamwise, and
vertical components of the Reynolds stress tensor (Jiang and
Street 1991) at wave crests. Turbulent energy flux below a
surface wave is observed to be a function of time scale deter-
mined by wave strain (Thais and Magnaudet 1996). Energy
spectra calculated below a monochromatic surface wave field
show that the energy transfer in the inertial subrange is gov-
erned by the k—>/3 scaling law away from the spectral energy
peak at the wave frequency.

Exchange of momentum, heat, and gas is limited by its
transfer through the viscous sublayer and the molecular dif-
fusive sublayer. This necessitates an understanding of surface
flow field dynamics. The inherent non-stationarity of an
undulating measurement plane makes surface measurements
logistically challenging. Melville et.al. (1998) imaged tiny
glass microspheres with a visible camera, alongside a laser
slope gauge, and observed that the generation of streamwise-
oriented streaky cells on a wind-driven surface current was
closely followed by the appearance of surface waves start-
ing from rest. The organization of the microspheres on the
surface was qualitatively similar to the thermal structures
observed in surface infrared imagery (Veron and Melville
2001). Passive surface thermal images show features orga-
nized as streamwise, stretched, and buoyant “overlapping
laminae" plumes, with an upstream head followed by a tail in
their thermal wakes at low wind speeds and in the absence of
wind waves. These surface thermal structures show signifi-
cant modulation due to the wave strain upon generation of
wind waves (Handler et al. 2001). Breaking of very short
wind waves without air entrainment are know as“micro-
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scale" breakers. These micro-breakers are first observed in
infrared images as capillary-gravity wave packets (bore-like
crests) on steep wind waves, before evolving into micro-
breakers that disrupt the water’s thermal boundary layer.
The disruption in the thermal boundary layer travels at the
dominant wave’s phase speed, leaving decaying turbulence
in its wake (Zappa et al. 2001). A higher fraction of the
water surface covered by the wakes of micro-breaking waves
increases the flux of weakly soluble gas across the aqueous
mass boundary layer (Zappa et al. 2004).

Leveraging the opacity of water to longwave infrared
radiation, Veron et al. (Veron et al. 2008) introduced active
thermal marking velocimetry to study the kinematic behavior
of a surface wave field in the ocean. A C O, laser “printed"
seven spots on the ocean surface, which were tracked in time
to obtain surface velocity measurements. The study showed
that the temporal evolution of surface vorticity and diver-
gence can be tracked by analyzing the distortion of point
triplets. Following the demonstration of active thermal mark-
ing velocimetry, Veron et al. (2009) further reported that
the maxima in turbulence intensity and vorticity slightly
lag the maximum surface displacement, a consequence of
the shearing effect on turbulence and local stretching of the
vortex lines by waves. Savelyev (2018) extended TMV to
two-camera stereo thermal marking velocimetry (TMV) to
reconstruct the wave shape and study the motion of fluid
at the surface. Savelyev et al. (2020) used a planar TMV
setup to measure surface dynamics and reported a negative
correlation of surface TKE with wave slope at high wind
speeds, while a positive correlation at low wind speeds. They
hypothesized that the rise of airflow shelters much of the
water surface from turbulence produced by wind beyond a
critical wave slope. Infrared images of the air-water inter-
face show multiscale coherent thermal structures that can
be tracked using normalized cross-correlation between suc-
cessive frames to obtain uniformly gridded velocity vectors.
Chickadel et al. (2011) calculated the TKE dissipation rate
using cross-correlation between successive infrared images
of the surface thermal structure at a river channel flow via the
velocity spectral fitting technique. Sutherland et al. (2015)
performed thermal stereo imaging of the undulating inter-
face and partitioned the velocity field into rotational and
irrotational components. They inferred the TKE dissipa-
tion rate at the interface by fitting the vorticity spectrum
of the rotational velocity field to a classic vorticity spec-
trum. Advection of thermal structures can be used to obtain
three-dimensional wave-number-frequency spectra of sur-
face temperature fields. The advection of “frozen" turbulent
eddies shows up as a linear surface in the wave-number-
frequency spectrum, discernible from the dispersion relation
surface. The slope of the linear feature in the wave number
frequency domain gives the velocity and direction of advec-
tive turbulent thermal features (Dugan and Piotrowski 2012;



Experiments in Fluids (2026) 67:50

Page3of23 50

Brumer et al. 2016). Laxague et al. (2020) used advecting
thermal features to obtain the mean velocity at the ocean sur-
face in an interface-following reference frame. Together with
a depth-varying mean velocity profile below the surface as
obtained by short-wave Doppler shift, they obtained a com-
plete mean velocity profile within the upper few centimeters
of ocean.

In this work, we utilize the opacity of water for long-
wave infrared radiation to make non-intrusive thermal tracers
arranged horizontally as a uniformly spaced grid within the
interface’s viscous sub-layer (O ~ 20 — 35um) from the
surface (Downing and Williams 1975). We present experi-
mental design and conditions in Sect. 2. Further, we report our
analysis method for tracking the evolution of thermal mark-
ers in the viscous sublayer. This tracking technique yields
an unstructured grid of Lagrangian velocity measurements
at the air-water interface. The unstructured nature of this
measurement necessitates a novel approach for determining
velocity gradients and for estimating the TKE dissipation.
In Sect. 3, we present the phase conditional ensemble, span,
and time-averaged surface velocity, strain, turbulent kinetic
energy intensity, and dissipation rate as a function of the dom-
inant gravity wave’s phase. In Sect. 4, we identify the effect
of vortex force on the organization of thermal structures on
the air-water interface.

2 Method
2.1 Experiment overview

We conducted the laboratory observations for this work
in the Surge-Structure-Atmosphere-Interaction (SUSTAIN)
facility at the University of Miami Rosenstiel School of
Marine and Earth Atmospheric Science. The working sec-
tion of the wind-wave tunnel spans 18 m long (streamwise
or x direction), 6 m wide (spanwise or y direction), and 2 m
high (vertical or z direction). The tunnel was filled with fresh
water up to 70 cm. The upstream end of the wind-wave tun-
nel houses a mechanical wave generator in the lower half of
the vertical span that generates surface gravity waves under a
range of conditions. The top half of the upstream end served
as an inlet for wind in the tunnel’s test section. The down-
stream end of the tunnel is fitted with a beach in the lower
half, minimizing any residual reflections, while the exit vents
(an open-loop wind tunnel system) allow the oncoming wind
to be ejected.

2.1.1 Sensors used
Measurements relevant to this work were performed using

an active thermal marking system, a three-dimensional sonic
anemometer manufactured by Campbell Scientific, which
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Fig. 1 SUSTAIN wind wave tank schematic and a zoomed view show-
ing placement of the TMV camera and thermal marking laser.

measured wind speed 65 cm from the interface at 20 Hz, and
an Ultrasonic Distance Measure (UDM). The active thermal
marking system consists of a cooled mid-wave infrared cam-
era (FLIR X8500sc) and a CO; laser (Synrad, Pulstar p100)
fitted with a programmable marking head (FH Flyer). The
CO; laser emits radiation with an average power of 100 W
in the long-wave infrared range of 10.6 wm. This operating
wavelength makes the water surface opaque to the emitted
laser beam. The laser deposits its energy as heat within the
top few microns (O ~ 20 — 35um) of the water column for
the IR camera to detect. A cooled mid-wave (3.0 — 5.0um)
infrared camera (FLIR X8500sc) was used to track the advec-
tion and distortion of thermal markings. The camera was
oriented nadir to the air-water interface at quiescent condi-
tions, as shown in Fig. 1. The infrared camera had a sensor
resolution of 1280 x 1024 pixels, thermal sensitivity < 20
mK, and an integration time of 3 ms (Savelyev and Fuchs
2018). We used a 17 mm focal length FLIR infrared lens
for this work, which, at 1.3 meters from the measurement
plane, had a field of view covering 1.023 m in the stream-
wise direction and 1.28 m in the spanwise direction at the
calibration plane. The laser housing has two lightweight scan
mirrors that can change the 2D beam angle orientation at a
rate exceeding 1 kHz. These programmable mirrors are con-
trolled using WinMark Pro v6, which allows users to create
laser patterns or import externally created patterns in image
format (Savelyev and Fuchs 2018). For this work, we used
an evenly spaced grid of dots, with the heated spot’s diame-
ter averaging about 1.35 cm at the air-water interface and the
neighboring spot’s centroid separation averaging 5.5 cm. The
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thermal spots were marked using the CO; laser, which acted
as tracers to obtain surface velocity measurements at the air-
water interface. Additionally, three Senix Tough sonic-50
UDMs at 15 m fetch provided independent surface eleva-
tion measurements of the wavy interface. The UDM had
a maximum range of 15 meters and a dead band of 3 cm.
The UDMs recorded water surface elevation at 20 Hz. Wind
velocity measured by the sonic anemometer at 65 cm was
extrapolated to 10 m reference height and reported as Ujg
assuming the logarithmic profile and neutral thermodynamic
conditions for every run in Table 1.

2.1.2 Experimental conditions

The experiments were conducted over seven days in Fall
2022. The open-loop wind tunnel system used ambient wind,
thus rendering surface heat flux from the air-water interface
a function of time. On days 2, 4, and 6 of the experiment,
the water was heated to 34 °C at the start of the experiment,
which, due to natural convection and conduction, cooled to
25 °C during the day’s proceedings. At the beginning of day
3, we cooled the water to 16 °C, which, during the day’s
measurements, heated back to 20 °C. On days 1, 5, and 7,
measurements were started at the equilibrium temperature
and showed no significant deviation in water temperature
throughout the day.

Mechanical waves of amplitude 2 cm, 4 cm, and 6 cm
were generated using an array of mechanical pedals at 0.58
Hz (o). These surface-propagating gravity-scale waves had
a wavelength (A = 3.8 m), wavenumber (k = 1.65 rad/m), and
group velocity (Cy = 1.61 m/s). For each wave amplitude, the
wind fan was operated at three different variable-frequency
drives, which generated mean reference wind speed (Ujg)
of 5.3 m/s, 8.05 m/s, and 10.2 m/s. Deviation from the small
amplitude (or slope) assumption from the mean water level of
the surface on which the cylindrical wave’s governing equa-
tion is being solved necessitates the inclusion of higher-order
correction terms to the first-order solution. Figure 2 shows the
classification of all experimental conditions plotted on top of
the validity regime of different orders (including higher order
terms) solutions to the cylindrical wave equation (Méhauté
1976). Figure 2 suggests a third-order weakly non-linear the-
oretical solution can appropriately represent the gravity scale
waves considered in this study.

A summary of environmental conditions for all runs stud-
ied in this work, alongside relevant bulk environmental and
flow parameters are presented in Table 1.

2.2 TMV data processing
Each recording of the spatiotemporal evolution of the inter-

face was six minutes long, split into one minute of passive
infrared recording followed by five minutes of active thermal
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marking records. The FLIR8500sc thermal imaging camera
recorded oncoming mid-wave infrared radiation as 14-bit
grayscale intensity for each of 1023 x 1280 pixels in the
focal plane array.

2.2.1 Spatial calibration and lens distortion correction

A floating checkerboard calibration target was placed on the
water surface within the camera’s field of view in quiescent
conditions. Slight drift of the calibration target during acqui-
sition was corrected via a two-dimensional cross-correlation
of the checkerboard pattern between consecutive images. The
drift-corrected images were then checked for possible rota-
tion of the checkerboard during acquisition. A sensitivity
study was conducted to test for possible checkerboard rota-
tion. The study involved rotating an image within a fixed
range of [—2°, 0.1°, 2°]. The results indicated that the small-
est pixel count for the checkerboard size was observed at a 0°
rotation angle. This suggests that the calibration plate did not
rotate relative to the camera during calibration image acqui-
sition. The resulting images were averaged over ten frames.
Comparing the number of camera pixels required for ther-
mal imaging of a single checker directly provided a spatial
calibration of 1 mm per pixel at the still-water level. This
process was repeated at the frame’s center and fringes, and
the calibration factor was found to be remarkably consistent.

2.2.2 Spot detection

The 14-bit grayscale thermal images had multiple noise
sources, and the use of a decaying tracker (actively marked
thermal spots) to obtain surface velocimetry introduced sev-
eral propagative errors. The two broad categories of potential
measurement error sources were treated in a two-step qual-
ity control process. First, a preprocessing filter was designed
to treat sources of noise and contrast stretch actively marked
spots from background thermal noise and subtract reflections
from stationary sources, as discussed in Sect. 2.2.3. In the
second step, a velocimetry quality control was performed to
remove sources of error due to the dissipative nature of the
actively marked spots discussed in Sect. 2.2.4

2.2.3 Image pre-processing

The observed noise in the grayscale images was caused by
static thermal sources and reflectors in the vicinity of the
measurement plane and a temporally evolving surface ther-
mal signature that advected in time. Additionally, significant
variation in water temperature across different runs necessi-
tated pre-processing to isolate the actively marked spots.
The primary motivation for pre-processing is to suppress
background radiation and enhance the contrast of the actively
marked spots relative to it. The minute-long passive infrared
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Table 1 Summary of all processed runs with third (ag{d), second (a%{‘d ature (7 ), air temperature (7} ), relative humidity (R H), and turbulent

and first (") order amplitude fit of the Stokes solution to measured kinetic energy (¢2, qu )-

velocity, wind speed (U1o) , air friction velocity (u};.), interface temper-

Run g [em]  affd [em]  afif® [em]  Uio [m/s]  wiur [/s] Ty [°C] To[°Cl RH[%] g} [em?/s’] g3 [em?/s?]

001  6.27 6.19 5.80 11.241 4.971
002  4.05 4.02 3.85 13.547 5.106
003  2.46 245 2.18 13.285 4.947
004  4.10 4.05 3.79 7.297 2.434
005  1.95 1.95 1.97 8.636 2.118
006  6.47 6.34 5.65 3.799 1.602
007  4.11 4.08 3.75 4.765 0.899
008  1.96 1.95 1.89 2.794 0.430
009 0 0 0 8.0 0.180 30.47 75.2 8.970 2.737
010 0 0 0 5.2 0.070 31.21 71.6 4.199 0.117
011 0 0 0 10.3 0.303 31.25 82.0 23.728 10.129
012 0 0 0 8.1 0.178 31.60 87.2 8.814 2.271
013 0 0 0 53 0.069 31.64 87.0 10.155 0.178
014 0 0 0 5.4 0.069 30.11 68.2 2.356 0.057
015 0 0 0 8.2 0.176 33.45 30.76 67.2 20.367 1.712
016 0 0 0 10.4 0.304 33.12 31.16 68.2 48.938 8.395
017 197 1.97 1.89 10.3 0.303 33.05 31.18 72.2 10.823 3.092
018  4.14 4.09 3.78 10.2 0.300 32.47 31.06 76.0 8.597 2.731
019 0 0 0 53 0.069 16.3 30.88 75.0 36.221 0.547
020 O 0 0 8.0 0.178 16.5 30.87 75 22.495 2.374
021 0 0 0 10.2 0.304 16.9 30.24 75.0 54.223 9.941
022 1.99 1.98 1.83 10.3 0.306 17.3 29.64 75.2 14.705 3.786
023 4.12 4.09 3.78 10.3 0.304 18.2 29.41 71.0 8.841 3.552
024 197 1.97 1.89 10.4 0.302 19 31.29 74.8 11.026 6.978
025 4.13 4.09 3.78 10.4 0.302 19.4 31.94 75.0 9.461 5.620
026 197 1.97 1.89 8.1 0.035 19.8 31.62 76.0 5.443 2.286
027  4.13 4.09 3.78 8.2 0.176 19.8 31.86 76.2 5.339 2.253
028 197 1.97 1.89 10.4 0.302 34.1 31.88 71.6 12.464 6.568
029  4.13 4.09 3.78 10.4 0.302 333 31.92 76.4 10.643 5.333
030 197 1.97 1.89 7.8 0.178 32.7 30.54 752 4.955 1.982
031  4.13 4.09 3.78 8.1 0.178 324 30.83 76.2 5.759 2.373
032 0 0 0 9.0 0.275 323 31.05 75.40 32.833 8.109
033 0 0 0 8.1 0.176 32 30.95 77.80 12.669 2.029
034 0 0 0 53 0.069 31.7 30.96 78.0 11.511 0.198
035 197 1.97 1.89 10.3 0.300 314 31.13 78.8 11.521 4.268
036  4.13 4.09 3.78 10.3 0.300 30.8 31.14 71.4 9.832 3.968
037 197 1.96 1.89 8.1 0.175 22.3 30.93 71.0 6.807 1.935
038  4.11 4.08 3.78 8.2 0.177 22.7 30.55 76.8 6.901 2252
039  4.12 4.08 3.79 5.2 0.065 22.3 29.85 79.2 1.512 0.635
040 197 1.97 1.89 5.2 0.065 224 29.29 80.0 0.755 0.357
041 1.97 1.97 1.89 5.4 0.069 22.7 30.40 71.8 1.783 0.391
042 197 1.96 1.89 53 0.070 23 31.17 73.8 1.416 0.352
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Table 1 continued

Run  a}®fem] M [em]  aff [cm] Ui [m/s]  wsg [mis] Ty [°C] T, [°Cl  RH[%] g2 [cm?/s’] g? [cm?/s?]
043 4.12 4.08 3.78 53 0.068 335 31.36 76.0 2.671 0.994

044 6.50 6.36 5.67 10.4 0.300 32.8 31.51 76.6 10.103 4.996

045  6.42 6.30 5.68 8.2 0.177 32.8 31.89 78.6 4.936 2.755

046  6.36 6.26 5.68 53 0.068 32.6 32.00 76.0 2917 1.282

047 1.97 1.97 1.89 54 0.068 324 32.34 74.6 1.975 0.415

048  4.12 4.08 3.78 54 0.069 31.9 32.02 76.2 4.628 0.967

049  6.50 6.36 5.67 31.8 9.492 4.739

050  6.47 6.34 5.68 8.2 0.177 31.6 30.43 78.0 6.121 2.610

051  6.50 6.35 5.68 53 0.069 31.6 30.31 77.6 2.525 1.114

052  6.47 6.34 5.53 10.4 0.303 31.5 31.00 72.2 9.976 3.952

053  6.46 6.33 5.63 8.2 0.178 31.1 31.10 73.8 6.916 2.793

054  6.47 6.34 5.60 53 0.069 31 30.82 72.2 3.064 1.315
recordings at the beginning of each run provided back- 107

ground mid-wave infrared intensity. A 200-frame median

of passive infrared images was subtracted from the original 6cm
grayscale images to reduce background radiation and reflec- 102

tion from stationary bodies. For measurements performed in
warm water, it was necessary to further to contrast-stretch
the actively marked spots from the background radiation
for the range of heat flux conditions measured. A three-
step process was implemented to contrast-stretch the actively
marked grayscale images (say image Igrayscale). In the first
step, a diamond-shaped structuring element was used to
first dilate and then erode the original grayscale image.
The result of the morphological operation was then sub-
tracted from the original grayscale image to obtain image
I (It = Igrayscale — erosion(dilation(/grayscale))) using Mat-
lab’s morphological filter toolbox’s imtophat. In the second
step, the same structuring element was used to first erode
and then dilate the original grayscale image. The result
of the morphological operation was then subtracted from
the original grayscale image to obtain image I, (I, =
Igrayscale — dilate(erode(Jgrayscale))) using Matlab’s morpho-
logical filter toolbox’s imbothat. The final contrast-stretched
image was prepared by adding the top-hat filtered image to
the grayscale image and subtracting the bottom-hat-filtered
image from the added image (Icontrast stretched = Igrayscale +
I1 — D). Figure 3 shows the effect of the above contrast
stretching operation. The image on top left shows an unfil-
tered grayscale image ([grayscale) While the image on top
right shows the contrast-stretched image (/contrast-stretched) 1
logarithmic scale. Binarized result of the grayscale image
({grayscale) (binarization threshold was 3 x Ig9, where Igg
is 99th percentile intensity of the median frame) is shown
in bottom left panel while the binarized result of the con-
trast stretched image is shown in bottom right panel. Visual
inspection of the binarized image shows a significantly
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Fig. 2 Classification of mechanically generated wave of wave ampli-
tude2cm,4cm,and6cmato = 0.58 Hz for different order cylindrical
wave solution’s validity regime (Méhauté 1976). Here, H represents
wave height, h represents water depth, T represents wave period and g
is gravitational acceleration.

higher number of actively marked spots (marked by red
and blue circles; categorization criteria for the red and blue
circles are presented in section 2.2.4). The binarized and
contrast-stretched grayscale images (Icontrast-stretched) Were
used to extract the weighted centroid, area, perimeter, and
mean intensity of individual spots using MATLAB’s stan-
dard feature-detection algorithm regionprops.

2.2.4 Velocimetry quality control

Even with contrast stretching, the intensity of thermal marks
decayed over time. While the surrounding fluid was cooler
than the location of actively marked spots, the air-water
interface still had its own spatially varying background ther-
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Fig. 3 Figure on top left shows the original grayscale image, and on
top right shows the image post sequential top hat filtered image addition
and bottom hat filter image removal. The grayscale color map for the
top plots is log1o(/). A visual inspection of grayscale images shows
suppressed background features (top right) compared to the original
image (top left). Bottom left panel shows the binarized version of the
original grayscale image shown on top left, while the bottom right panel
shows the binarized version of the contrast-stretched image shown on
top right. Detected bright features in the binary image are encircled.
Accepted spots after implementing quality control are circled in blue,
while rejected spots are shown in red.

mal features and signature. Thermal features at the air-water
interface advect and evolve due to interface hydrodynam-
ics. These naturally occurring thermal patterns are sustained
because the sensible, latent, and longwave radiative fluxes
resultin a “cool skin” within the upper few microns of the sur-
face, which can be ~ 0.2—0.5°C cooler than the water below
it (Fairall et al. 1996). An actively marked spot on the water
surface loses its thermal energy to the surrounding fluid due
to turbulence and thermal diffusion. A nearby cool skin bright
feature can produce a false spot detection as a spot’s grayscale
intensity decays due to loss of its thermal energy. These false
detections resulted in spurious centroid jumps and extreme
velocity magnitudes in a spot’s otherwise smooth Lagrangian
velocity time series. Each spot’s Lagrangian time series was
analyzed using three criteria to eliminate the transient noise
sources. First, spots with a lifetime of 120 ms or less were dis-
carded. Further, the spot lifetime was limited to one second,
as the decay of a spot’s grayscale intensity increased sus-
ceptibility to false detections. Second, an “intensity-based”
tracking was performed for every detected spot. In this track-
ing, the intensity of each spot’s first frame of appearance

1201 (a) | O Spotin current frame
'g‘ O Spot in next frame 'g b)
S.100 *_Velocity node 5301 ® 6. ® ;é
S 3
g 80 §%5| -0~ 60— @ @
2 k7]
E 60 ® 3 20 ® o—
§ §
37 emo- oo
8 20 510
< < G&—0- o —B.
0 20 30 40
0 50 100 Along tank distance [cm]

Along tank distance [cm]

Fig. 4 Panel (a) shows the spot location in two consecutive frames.
Panel (b) shows a zoomed-in view of the region marked by the red box
in the top panel. Red circles mark a spot’s location in the frame, and a
blue circle represents the spot’s location in the next frame. The vectors
represent the magnitude and direction of the spot’s velocity. The green
cross represents the location of the node where velocity information is
stored.

was clustered into three bins using the K-means clustering
algorithm (which partitions the dataset into groups by mini-
mizing the distance between data points and their centroids),
along with all other detected spots in that frame. An actively
marked spot in its first frame of appearance was part of the
highest-intensity K-means cluster and exhibited exponential
decay over time. Whereas throughout its evolution, the noise
remained in the lowest K-means cluster. Finally, for the third
criterion, each spot’s Lagrangian velocity time series was
trimmed at the first occurrence where the spot’s instantaneous
Lagrangian velocity exceeded three times the standard devia-
tion of the Lagrangian velocity time series. A demonstration
of velocimetry quality control is shown in the bottom-right
panel of Fig. 3. In this plot, the blue circles mark all accepted
spots, while the red circles mark all rejected spots in a frame
following the velocimetry quality control discussed above
Panel a of Fig. 4 shows the locations of spots in two subse-
quent frames and its velocity vector, panel b shows a zoomed
in view of the region marked with solid black line in panel a.

2.2.5 Surface elevation and slope correction

Planar calibration in quiescent conditions inherently assumes
a measurement plane at a fixed distance from the camera.
However, the elevation and slope of a wavy measurement
plane evolve as a function of space and time. The deviation
from the quiescent condition for a 6 cm amplitude wave will
over and under-estimate streamwise and spanwise velocity
by £4.616% at the wave crest and wave trough, respectively.
While at the steepest positive and negative slope, the velocity
vector will be over-and under-estimated by +0.72%. Planar
measurements from a single camera pointed directly at the
measurement plane cannot estimate the vertical elevation of
the wavy measurement plane. However, the first-pass veloc-
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Fig.5 Frame center velocity measurement and theoretical fit for first,
second order and third order velocity fit for experimental condition 6
cm paddle amplitude, 0.58 Hz wave frequency and Ujp ~ 10.2 m/s.

ity measurement on a wavy surface will be dominated by
contributions from the surface gravity wave field. Velocity
measurements calibrated for quiescent conditions were fit-
ted to the theoretical first, second, and third-order Stokes
solution of the cylindrical wave equation (Dingemans 1997).
The Eulerian velocity time series was constructed by sam-
pling velocity within a 20 cm window at the frame center.
This Eulerian time series was then fitted to the first, second,
and third-order theoretical solutions using the least-squares
method. The least squares method uses the functional rela-
tionship between the fit parameters, as given by the Stokes
solution, and iterates over the parameter values to mini-
mize the difference between the theoretical estimates and
the observed values. The parameters of the least square
fit were wave amplitude (agth ordery " frame center phase off-
set (0é?°rder) for first-order fit, while amplitude corrected
frequency (alﬁhorder), and wave number(k’ lh"rd‘”'r) were addi-
tional fit parameters for second and third order (where, i = 1,
2 & 3). Figure 5 shows a snippet of the frame center Eule-
rian velocity time series and its theoretical fit. Using the fit
parameter, surface elevation, and slope were estimated for
the measurement field and for the recording duration.

/ Elevation correction, 7¢orr, and surface slope correction,

Neorrs 18
_ Zeamera — (h + ntsp()t)_
TNcorr Zeamora — h ;
—1
, i
Neorr = {cos (arctan( o (1)

@ Springer

streamwise and spanwise correction in the velocity field
is then given by

’
Ucorrected = U X Tcorr X MNeorr @

Ucorrected = UV X Tcorr 3)

A sensitivity analysis investigating the effect of these correc-
tions at increasing wind speed and wave amplitude showed
that the root mean square error (RMSE) between the the-
oretical streamwise velocity gradient and observed du/dx
(du/dx RMSE; Sect. 2.2.6 describes calculation of TMV-
derived velocity gradient) improved only slightly relative to
the uncorrected measurement. The du/dx RMSE of a 2 cm
amplitude wave increased from 0.45 [s~'1at5.3m/s (U 10), to
0.55 [s~!] at 8.05 m/s (Uyp), to 0.8 [s~!] at 10.2 m/s (Up).
At the highest wind speed 10.2 m/s (Ujp) change in wave
amplitude from 2 cm to 4 cm increased the du/dx RMSE
from 0.8 s~! t0 0.9 s~!, but reduced to 0.65 s~! for 6 cm
amplitude waves.

2.2.6 Unstructured grid velocity gradient

The relative displacement of two adjacent particles in any
flow field is given by

ou;
du; = (#) dx; )

The velocity gradient tensor within parentheses of equa-
tion 4 can be further decomposed into symmetric strain rate
S;; and skew-symmetric rotation rate R;; tensors:

L =S, +R;; (3)

1 [/ 0u; ouj 1 [/ 0ou; ouj
where S;; = - + , and Rj; = ~ —
2 \ dx; 0x; 2 \ dx; dx;

(6)

The relative motion of adjacent fluid elements may be
described through linear combinations of the velocity gradi-
ent tensor components, which can be chosen such that (Rascle
et al. 2016):

. ou av .. v ou
divergence : — —  vorticity, : — - —
dx y ' ax ay
N
trai du v h v ou ®
strainy : — — —  sheary : — -
y ox dy * ox ady

Calculating the velocity gradient of an unstructured-grid
velocity field evolving continuously in time required the use
of the nearest-neighbor approach. Where each detected spot
and its neighboring spots were individually analyzed using
two velocity gradient calculation schemes. First, the central
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difference approach was implemented, in which spots within
a circular neighborhood of a central spot were divided into
eight bins; the median velocities of opposing bins were sub-
tracted, divided by their separation, and averaged to estimate
velocity gradients in the streamwise and spanwise direc-
tions. However, the central difference approach performed
poorly, achieving 50% of the theoretical estimates. This
under estimation is a result of averaging operation in the
central difference approach. A different approach was nec-
essary to obtain a reliable surface-velocity-gradient result.
“Nearest neighbor velocity linear fit’s projection” is used to
calculate the first-order surface velocity gradient. The projec-
tion method uses the fact that, at any given time, the surface
normal vector points in the direction of the steepest change.
A linear two dimensional surface may be represented as:

¢ = f(x.y) = Ax+By+D ©)

with the surface normal vector at (x,, v,), is given by

0 f (X0, Yo)
ox A
N =|0f&oY)|=| B (10)
ay _1
—1

A direct comparison between the middle and the right-
most term in equation 10 gives

ad a
—f = A and —f =B (1D
ox ay

Using the least-squares method, a linear two-dimensional fit
was calculated about a center spot using the streamwise and
spanwise velocities of its nearest neighbors as marked by red
circle shown in left panel of Fig. 6. The streamwise veloc-
ity fit’s surface normal vector was calculated by replacing
f(x,y) with i (x, y) to get g—ﬁ and g—’\‘, as shown on the right
panel in Fig. 6. While, replacing f(x, y) with v(x, y) gave
g—)’j and g—; Figure 7 shows instantaneous surface divergence
(panel a), vorticity(panel b), shear (panel c), and strain (panel
d), which were calculated using observed velocity gradient.
The magnitude of the surface velocity gradient-derived quan-
tities is normalized by their 99th percentile value. The dashed
green line marks the location of the mechanically-generated

wave’s crest.

2.3 Surface turbulent kinetic energy

Total turbulent kinetic energy (¢?) at the surface can be writ-
ten as the sum of streamwise velocity variance (q%) and
spanwise velocity variance (qyz) as shown in Eq. 12 since

the turbulent vertical velocity component at the TMV mea-
surement plane is suppressed due to free boundary, where,
the streamwise and spanwise TKE is given by equation 13.

1

¢ =3 (d+a}) (12)
1 1

2 _ 2 2 _ ”

qx_§<u> and qy—§<v) (13)

Calculating the turbulent velocity fluctuation u’(x, y, 1)
of the spatial measurement requires removal of the mean
i(x) and orbital u(x, ) contributions of the velocity from
the instantaneous velocity measurements u(x, y,t). The
orbital velocity is a consequence of the surface propagating
gravity waves. These orbital velocity components are irro-
tational; however, rotationality is an essential characteristic
of turbulent flows. Thus, for a unidirectional wave, the sur-
face turbulent velocity fluctuation is given by u’(x, y, 1) =
ulx,y, t)—u(x)—u(x,t)andv'(x, y, ) = v(x, y, 1) —v(x).
Where u(x,y) (or v(x,y)) is the spatial mean, whereas,
the u(x, t) is the surface wave orbital velocity. Due to the
unidirectionality of the mechanically generated waves, the
orbital velocity has a non-zero contribution to the stream-
wise current while no contribution in spanwise direction. The
nodes of the unidirectional two-dimensional velocity field at
any fixed time vary in phase, dependent on the streamwise
coordinate. Following Laxague (2020), velocity nodes were
sorted within 5° bins according to the node’s phase over one
wave period [0, 277). The sorting operation is based on the
node’s phase obtained by fitting frame center velocity to the
third-order Stokes solution. At each time stamp, every spot
was categorized into 72 phase bins (each with a 5° phase
discretization) (Laxague et al. (2020) called these three-
dimensional phase-sorted temporal stacks “phasograms”).
Within each phase bin, subtraction of the phase bin’s mean
velocity removed the average and the orbital velocity com-
ponent from the instantaneous velocity. A similar procedure
was used to calculate spanwise velocity fluctuations, in which
the mean contribution was removed by subtracting the bin’s
mean spanwise velocity. Inspection of the spanwise velocity
fluctuation showed phase-locked periodic oscillation. This
spanwise periodic oscillation could have resulted from two
non-operating wave pedals at the edge of the tank, which
remained non-operational throughout the experiment. To
correct for the phase-locked, periodic, spanwise fluctuating
component, a second-order polynomial detrend was applied
to the fluctuating velocity field within each phase bin. To
maintain uniformity, a second-order polynomial detrend was
also applied to every streamwise and spanwise fluctuating
velocity phasogram. The phase-sorted velocity fluctuations
were then squared and averaged in time to obtain directional
turbulent kinetic energy response to the wave shape as a func-
tion of varying phase over one wave period for the entire run.
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Fig.6 Panel on left shows a zoomed-in view of the region of interest in
a frame. The shaded area shows the region of the nearest neighbor. The
panel on the right shows the linear-velocity fit surface and its surface

The second-order detrend operation changed the skewness
(~ 28%) and kurtosis (~ 19%) of the fluctuating velocity
probability density function distribution relative to simple
mean (zeroth-order) subtraction.

2.4 Surface turbulent kinetic energy dissipation rate

Direct estimates of the turbulent kinetic energy dissipation
rate from velocity derivatives require measuring the velocity
field with spatial resolution down to the Kolmogorov scales
in the flow of O(<mm). As discussed in section 2.1.1, the
spots in actively marked grids were separated by 5.5 cm in
the spanwise and streamwise direction. The separation of the
actively marked spots limited the smallest resolvable scale
in this study to ~ 10 cm. Frequently, experimental estimates
of dissipation rates from the velocity field can be obtained
by fitting the observed velocity-wave number spectrum to the
theoretical wave number spectrum within the constant energy
transferring inertial sub-range of semi-empirical homoge-
neous, isotropic turbulence. However, once marked, the
Lagrangian evolution of the actively marked tracers dis-
torts and advects the measurement node’s relative position,
leading to inconsistent spatial resolution between frames.
The unstructured grid limits the use of the spectrum fitting
technique for an actively marked dataset. A second-order
structure function approach has been successfully used in
the past for estimating the near-surface vertical profile of
TKE dissipation rate using an Acoustic Doppler Current
Profiler (ADCP) (Wiles et al. 2006; Thomson 2012; Guerra
and Thomson 2017) and two-dimensional surface turbulence
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normal in black. The surface normal’s projections along and across the
tank direction give the velocity gradients in those directions, shown by
the blue and red vectors, respectively. Center spot is marked in red.

statistics measurements (Baker et al. 2023). Adopting the
second-order 1D structure function methodology for the hor-
izontal turbulent velocity field («'(y) & v'(y)) within every
5° phase bin was investigated at every time stamp.

Our measurement depth ~ 20 — 35um from the interface
places our measurement plane within the viscous sublayer
of the marine boundary layer. The surface kinematic con-
straints suppress the vertical turbulent velocity and transport
term in the energy equation within the viscous sublayer
of the aqueous boundary layer. The absence of the tur-
bulent stretching term within the viscous sublayer (Guo
and Shen 2010), make surface turbulence statistically and
mechanistically two-dimensional. Dimensional scaling argu-
ments (Kraichnan 1967; Batchelor 1969; Kraichnan 1971),
numerical(Boffetta 2007) and ocean surface laboratory mea-
surements within surfzone (Baker et al. 2023) and open ocean
(Sutherland and Melville 2015) show the existence of two
inertial subranges; first at scales smaller than the forcing
scales due to direct enstrophy cascade and second an inverse
energy cascade at scales larger than the forcing scales. Simul-
taneous observations of thermal features and surface slope
show that the microbreakers disrupt the skin layer and their
propagating front typically spans O ~ c¢m and advects
faster than the surrounding fluid, under mild wind forcing at
a fetch comparable to that of this study (Zappa et al. 2001,
2004). The grid markers used in the current work restrict mea-
surements of the direct enstrophy cascade inertial subrange,
but are suited for measurements within the inertial subrange
of the large-scale inverse cascade range. The second-order
structure must have a range of scales uniquely defined by
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Fig. 7 Panel (a) shows instantaneous normalized surface divergence.
The dashed green line marks the wave crest. The vector arrow repre-
sents the spot’s instantaneous velocity. Panel (b) shows instantaneous
normalized surface vorticity. Panel (¢) shows the instantaneous normal-
ized streamwise surface shear. Panel (d) shows the instantaneous scaled
streamwise surface strain. The color scheme indicates normalized gra-
dient magnitude.

the dissipation rate and separation scales. Thus, a r/3 scal-
ing may be expected for the structure function of turbulent
velocity measurements made within the surface viscous sub-
layer.

Kolmogorov’s hypothesis of local homogeneity implies
that the structure functions depend only on separation, not on
position. The unidirectional nature of the flow field (aligned
wind and wave direction) and a fetch distance of 10 m
makes the flow field unsteady in the streamwise direction,
which implies that at a given time, the structure-function in
the streamwise direction will be dependent on its location.
However, this unidirectionality of the flow field’s evolu-
tion implies local statistical homogeneity in the spanwise
direction (independent of the location where the probabil-
ity density function (PDF) is calculated). A second-order
structure function D;; (r) is defined as the covariance of the
fluctuating velocity difference between points separated by
a distance r (Pope 2000).

Dii(r) = (uj(y) — uj(y +1r))? (14)

squares fit to the observed D) (r, ¢), based on the relation provided
in Eq. 15. Panel b shows the compensated structure function. Inertial
subrange was identified by inspecting the compensated structure func-
tion for the smallest slope and over a sliding window of different sizes.
The least squares fitting to infer dissipation rate was performed over the
identified window of scales as shown in panel a.

Using similarity hypotheses, for homogenous and isotropic
conditions and assuming an infinitely long inertial sub-
range, Kolmogorov 1941 predicted the relationship between
dissipation rate (¢), r, and Dy; . The scaling argument
presented by Kolmogorov for the three-dimensional homoge-
nous and isotropic case with infinitely long inertial subrane
was extended to a two-dimensional system given by Eq. 15
(Lindborg 1999).

Wit
Wit

Di1(r) = Cy,e3r (15)
where, C, =~ 6.3 for two-dimensional turbulence (Boffetta
and Ecke 2012).

For wind-only cases, horizontal isotropy of the flow field
at the surface was investigated by computing the longitudinal
and transverse structure functions (D11 & D2y, respectively)
for fluctuating streamwise velocity. A clear region of r*/3
scaling was observed in both Dj; and Djy; however, the
magnitude of change of the slope within the inertial sub-
range was observed to be significantly larger for D relative
to Dy,. This indicate that the flow field for wind-only cases
is horizontally anisotropic. This led us to conclude that
the transverse and longitudinal structure functions must be
examined separately for r>/3 scaling, which will indicate the
existence of a range of scales where the structure function is
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independent of viscosity and depends only on €, which in turn
is dictated by large scales of the flow field in the transverse
and longitudinal directions. For cases with surface gravity
waves, we investigated Dy, for the streamwise fluctuating
velocity and Dy for the spanwise fluctuating velocity (i.e.,
our scale vector is oriented in the spanwise direction (r3)).
We did not find any discernible trend in Dy of streamwise
velocity fluctuation and Dj, of spanwise velocity fluctuation
in the presence of surface gravity waves (in these cases the
scale vectors were directed in the spanwise direction (rx),
however, these structure functions are not considered in this
study). Span and time-averaged phase conditional observed
Dy of streamwise velocity fluctuation is shown as filled cir-
cles in panel a of Fig. 8.

The observed velocity structure function was averaged
in time for every 5° phase bin, which produced a structure
function between rpjn < ¥ < rmax at 5 cm intervals in the
spanwise direction for each phase bin. The time-averaged
structure function was then inspected to identify a window
within which the compensated structure function had very
small slope magnitude (akin to identifying a k—>/3 scaling
window of wave numbers in spectral techniques). The win-
dow size was kept flexible and chosen based on a weight
function that selected the largest window with the small-
est compensated structure-function slope. The compensated
structure function is shown in panel b of Fig. 8. The solid
flat line marks the range of scales where the r/3 scaling
was observed and the prescribed structure function model
given in equation 15 was fitted to the observed time aver-
aged velocity structure using least squares fit for linear model
D(r)y = N + Ar3 to obtain the dissipation rate esti-
mates (¢), where, A = C, e% and N is the offset from
the measurement noise. The unstructured and sparse nature
of the phasogram prohibited the calculation of the integral
length scale via autocorrelation. TKE dissipation rate esti-
mates with R? value less than 0.5 were rejected for quality
control of the model’s fit to the observed structure function.
Previous studies show the short-scale wind waves typically
have a wavelength of roughly 10 cm (Zappa et al. 2008). This
motivated selecting the smallest length scale, 1,,;, = 10 cm,
for computing the fluctuating velocity correlation, while the
largest scale was restricted to ryax = L/2, where L is the
length of the thermal grid. The intermediate resolution of the
scales was 5 cm, as shown on the horizontal axis of Fig. 15.

3 Results
3.1 Phase-resolved surface velocity and elevation

Figure 9 shows orbital velocity (i) for 2 cm, 4 ¢cm and 6
cm amplitude waves at Ujg &~ 5.3 m/s in panel (a), Ujg &
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Fig. 9 Panel a through ¢ are streamwise surface velocity of spots at
Uyp =~ 5.3 m/s, 8.05 m/s & 10.2 m/s respectively for wave of 2 cm, 4
cm, and 6 cm amplitude. A representative, scaled wave shape is shown
in a thin, gray, solid line. Wind and waves propagate from left to right.

8.05 m/s in panel(b) and U1y ~ 10.2 m/s in panel (c). The
phase-conditional averaged wave orbital velocity varies with
wave amplitude and shows no appreciable change with an
increase in wind speed. In Fig. 9 and all subsequent phase
conditional time averaged results (Figs. 10, 11, 13, 14 and
15) are plotted such that wind and waves propagate from left
to right and wave’s crest are located at 0 and =+ 2w, while
the troughs are located at £.

As summarized in Sect. 2.2.5, the theoretical surface ele-
vation for each spot was calculated using a third-order Stokes
wave solution. Figure 2 shows the third-order solution of the
wave equation is an appropriate choice for a 0.58 Hz wave
at all wave amplitudes (2 cm, 4 cm, and 6 cm) analyzed
in this work. The theoretical surface elevation of each spot
was averaged conditioned to the spot’s phase. The phase-
conditional averaged theoretical surface elevation and its
comparison with independent water surface elevation mea-
surement from the downstream UDM are shown in Fig. 10.
Phase information of the independent water surface eleva-
tion was calculated via wavelet transform following Laxague
et al. (2020). Figure 10 panel-a shows theoretical 1st, 2nd
and 3rd order elevation with phase conditional UDM ele-
vation measurements. Panels b through d of Fig. 10 show
phase conditional averaged UDM measurements along with
their theoretical third-order elevation at reference wind speed
Uio &~ 5.3 m/s, 8.05 m/s & 10.2 m/s srespectively.
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Fig. 10 Panel (a) UDM and wave-wire measurements for a 6 cm
amplitude wave at 9 Hz fan VFD plotted alongside 1%/, 2"¢ and 3"¢
order Stokes surface elevation fit. Panels (b) through (d) are UDM and
wave-wire surface elevation at Ujg ~ 5.3 m/s, 8.05 m/s & 10.2 m/s
respectively. Line plots represent 3¢ order elevation fit of 2, 4, and 6
cm. Wind and waves propagate from left to right.

3.2 Velocity gradient from unstructured velocity
fields

Surface velocity gradient results obtained by projecting the
surface normal of a linear fit to the local velocity field, as
summarized in section 2.2.6, are presented here. A compari-
son between the measured streamwise velocity gradient and
the expected theoretical third-order velocity gradient using
Stokes solution is shown in Fig. 11. Since wind and waves
are unidirectional, only the observed streamwise gradient of
streamwise velocity (g—fﬂobs) is shown and compared to its
third-order theoretical counterpart (g—z |theory)- Panel-a in Fig.
11 shows g—z|0bs as scatter while g—ﬁhhemy as thick colored
solid lines for the lowest wind speed of Ujp & 5.3 m/s. The
representative wave shapes for the 2cm, 4cm, and 6cm waves
are plotted in thin gray lines. Panel-b, ¢, and d in this figure
show a direct comparison between g—)’: lobs and g—)’j [theory at ref-
erence wind speed Ujg ~ 5.3 m/s, 8.05 m/s, and 10.2 m/s,
respectively. The dimensionless streamwise velocity gradi-
ent of streamwise velocity g—ﬁz*, is given by equation 16

d
ou* _ a_)l:|obs ou*

dx lobs o 0x lItheory

a
max(|| ﬁ |theory! )

| 2cm 4 4cm * 6cm—3d orderl
0.6 N N N N . . .

du/dx [s]

du/dx’

*

du/dx

*

du/dx

¢ [rad]

Fig.11 Panel (a) streamwise velocity gradient calculated by projecting
surface normal of the local velocity field for 2, 4, and 6 cm wave at 3
Hz fan VFD. Panel (b) through (d) shows the velocity gradient for 2
cm, 4 cm and 6 cm amplitude waves scaled using maxima of theoret-
ical streamwise velocity gradient at Ujgp ~ 5.3 m/s, 8.05 m/s & 10.2
m/s respectively. The solid line represents the normalized theoretical
streamwise velocity gradient. Wind and waves propagate from left to
right.

o lih
eor
Bxau y (1 5)
max(|| ox |theory||)

The scaled velocity gradients shown in panels b, c and d of
Fig. 11 show good agreement between g—)’ﬁ* and g—)‘z*‘
obs theory
at all wind speeds. This agreement between the observed and
theoretical velocity gradients validates our approach to calcu-
lating the unstructured-grid velocity gradient, as summarized
in section 2.2.6.

Next, Fig. 12 shows the temporal evolution of normalized
streamwise surface wave strain over two wave periods (2 x 3
seconds). Wind and waves propagate from left to right, and
the dashed purple line represents wave troughs, while the
dashed green line represents wave crests. The magnitude of
strain is normalized by its 99th percentile value. Positive
values of strain represent streamwise stretching and span-
wise compression, while negative values represent spanwise
stretching and streamwise compression. The upwind face
shows surface stretching in the streamwise direction, while
the downwind face shows compression in the spanwise direc-
tion, and the inflection points are the wave nodes [+ n 7

(n=0dd-troughs n=even-crests)].
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Fig. 12 Instantaneous variation of scaled streamwise surface strain in
streamwise direction over two wave periods for a 6 cm amplitude wave
at reference wind speed Ujo &~ 5.3 m/s. Green dashed line marks wave
crests at 0, 2, and 47, while purple dashed line marks wave troughs
at 7 and 2. Wind and waves propagate from left to right.
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Fig. 13 Panel (a) shows the streamwise surface strain as calculated by
projecting the surface normal of the local velocity field for 2, 4, and 6
cm waves at 3 Hz fan VFD. Panel (b) through (d) shows streamwise
surface strain for 2 cm, 4 cm and 6 cm amplitude waves scaled using
maxima of theoretical streamwise velocity gradient at reference wind
speed of Ujp ~ 5.3 m/s, 8.05 m/s & 10.2 m/s respectively. Wind and
waves propagate from left to right.

Figure 13 shows wave phase conditional ensemble-
averaged surface wave strain on the entire run. Panel a in Fig.
13 shows wave phase conditional ensemble averaged strain
over the entire run at reference wind speed Ujp &~ 5.3 m/s
for 2 cm, 4 cm, and 6 cm wave amplitude. The solid gray
line in this plot represents a scaled wave shape. The magni-
tude of surface strain shows a strong correlation with wave
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amplitude. As the instantaneous surface strain plot in Fig. 12
suggests, the surface wave strain is negative on the downwind
face (surface gravity wave’s leading front). Panel-b, ¢, and d
of Fig. 13 show scaled surface strain at increasing reference
wind speeds Ujp ~ 5.3 m/s, 8.05 m/s and 10.2 m/s, respec-
tively. The surface strain was scaled by max(]] g—z [theory])
since, for aunidirectional wave, the most significant contribu-
tion to irrotational wave strain will come from the streamwise
gradient. Further, an examination of Fig. 13 shows that the
observed surface strain closely agrees with g—)’j [theory- A rela-
tive comparison of surface strain at Ujg =~ 5.3 m/s (panel-b
Fig. 13) and U;p ~ 10.2 m/s (panel-d Fig. 13) highlights the
effect of increased wind stress on wave strain. At the highest
wind speed (cases for which the wind stress is particularly
high on the upwind face), surface strain varies strongly on
the upwind face and weakly on the downwind face. Further-
more, the phase of maximum strain moves windward to the
upwind face of the wave.

3.3 Phase conditional averaged surface TKE and
dissipation rate

Figure 14 shows the ensemble phase conditional time-
averaged surface TKE response to the mechanically gen-
erated wave’s shape. Kinematic constraints of the interface
suppress vertical velocity fluctuations at the surface (Guo
and Shen 2010), and the total TKE (g?) is defined as the
sum of directional streamwise and spanwise TKE (qf and
q%). Panels a, ¢, and e in Fig. 14 show qf, and panels b,
d, and f show q% where wind speed increases down the
row. The grid spacing (~ 5 cm) prevents the isolation of
short wind waves; hence, these motions are erroneously
included in the surface TKE measurements of this study. At
all wind speeds, the ensemble-phase-conditional-averaged
TKE exhibits apparent wind-speed- and phase-dependent
behavior. Across all wind speeds, TKE is observed to be
greatest at the crests of the dominant waves, a finding consis-
tent with other experimental studies (Jiang and Street 1991;
Rashidi et al. 1992; Thais and Magnaudet 1996). However,
spanwise TKE appears independent of the wave phase, with
no substantial peaks at any wind velocity.

At low wind speeds, the airflow streamlines follow the
wave’s waveform and, on the leeward side of the wave, impart
stress and drive the mean surface current (Kawai 1982). The
observed behavior of streamwise TKE for Ujg ~ 8.05 m/s &
10.2 m/s is in qualitative agreement with the values reported
in Savelyev (2020), and both results are of similar orders
in magnitude. However, the point of departure for stream-
wise TKE agreement from those reported in Savelyev (2020)
is at Ujp =~ 8.05 m/s, which shows a secondary peak at
wave troughs. Spanwise TKE reported in this study shows
no discernible response to wave shape and increases with
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Fig.14 Panels (a), (c), and (e) show streamwise surface TKE, while the
panels (b), (d), and (f) show spanwise TKE. Reference wind velocity
increases down the row Uyg &~ 5.3 m/s, 8.05 m/s & 10.2 m/s respectively
for waves of amplitude 2 cm, 4 cm, and 6 cm. A representative, scaled
wave shape is shown in a thin, gray, solid line. Wind and waves propagate
from left to right.

increasing wind speed. This contrasts with the findings of
Savelyev (2020), who reported a peak in the spanwise TKE
magnitude at the wave crest across all wind speeds.

The dashed line in Fig. 14 represents phase conditional,
space and time-averaged directional TKE for wind-only
conditions. This wind-only directional TKE magnitude pro-
vides a reference for identifying the mean and phase-varying
impact of surface gravity waves. At the lowest wind speed,
the TKE at all wave amplitudes exceeds the wind-only case
TKE; however, at Ujo &~ 8.05 m/s, the wind-only TKE mag-
nitude is exceeded only at regions close to the wave crest, and
at 9 Hz wind fan VFD, only the TKE magnitude at the wave
crest matches the wind-only case magnitude. A similar trend
is observed for spanwise TKE where the relative magnitude
between the wave with wind and wind-only cases decrease
between Ujg ~ 5.3 m/s to Ujg &~ 8.05 m/s before the wind
only TKE attains magnitude similar to the magnitude of wind
and wave case runs at Uy &~ 10.2 m/s. The decrease in the
relative magnitude between TKE in the wave case and TKE
in the wind-only case with increasing wind speed aligns with
the observations made by Savelyev (2020) and was identified
to be the result of sheltering.
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Fig. 15 Panels (a), (c), and (e) show the streamwise surface TKE
dissipation rate, while the panels (b), (d), and (f) show the tank
TKE dissipation rate. Reference wind velocity increases down the row
Uip =~ 5.3 m/s, 8.05 m/s & 10.2 m/s respectively for waves of ampli-
tude 2 cm, 4 cm, and 6 cm. A representative, scaled wave shape is shown
in a thin, gray, solid line. Wind and waves propagate from left to right.

Figure 15 shows streamwise and spanwise TKE dissipa-
tion rate inferred using D»; for streamwise velocity fluctua-
tion and Dy for spanwise velocity fluctuation. Streamwise
TKE dissipation rate (¢, ) is shown in panels a, ¢, and e while
spanwise TKE dissipation rate (€,) is shown in panels b,
d, and f, with reference wind speed increasing down the
rows Ujp ~ 5.3 m/s, 8.05 m/s and 10.2 m/s respectively.
Spanwise turbulence dissipation rate €, does not show any
dependence on long wave phase. At all wind speeds, stream-
wise TKE dissipation rate €, exhibits absolute maxima at
the wave crests for all wind speeds. This follows the behav-
ior observed for the TKE. The phase dependence of € aligns
with the structure-function dependence within the identi-
fied inertial subrange on the wave phase shown in Fig. 8,
where steeper slopes (higher €) are observed at wave crests,
while milder slopes at wave troughs (lower €). At low wind
speeds, there is substantial separation of mean ¢, relative to
wind-only cases; this difference gets progressively smaller
for increasing wind speed.

3.4 Effect of vortex force

The mean flow motion of wave current interaction can be
approximated by applying an appropriate higher-order cor-
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rection term. The correction term (vortex force) transfers
streamwise momentum in the spanwise direction and arises
from the first-order straining of the surface vertical vor-
ticity vector due to irrotational surface waves. The vortex
force correction term provides necessary momentum to per-
turb vertical stability, which could lead to the generation of
spanwise-oriented counter-rotating eddies (Leibovich 1977,
1980). The instantaneous second-order effect of vortex force
is overshadowed by the first-order direct straining due to
the wave’s orbital motion. However, the cumulative effect
of the second-order vortex force is identified as a key param-
eter that provides the necessary spanwise momentum at the
surface to initiate and maintain the vertical counter-rotating
eddy pairs (Noh et al. 2004; Sullivan et al. 2007). The sur-
face signature of these eddies is downwelling regions where
cooler water converges (convergence zone) and upwelling
regions where relatively warmer water is transported from
below the surface by the vertical eddy (divergence zone). In
a grayscale infrared image of a surface, the convergence and
divergence zones show up as regions of low (dark) and high
(bright) intensity, respectively. In this section, we quantita-
tively investigate the effect of vortex force on the location
and size of vertical eddies by simultaneously tracking the
locations and diameters of surface convergence and diver-
gence zones using grayscale thermal images and the spatial
distribution of the vortex force field.

Visual inspection of the infrared images showed sustained
dark convergence and bright divergence zones across a hand-
ful of runs in cases with a 6 cm wave amplitude (or steepest
slope), high wind velocity (Ujo > 8 m/s), and warmer water.
Table 2 entries list the run and their experimental param-
eters for cases that showed prominent surface convergence
and divergence zones. The surface vorticity field was first
calculated from the active thermal markers as summarized
in section 2.2.6. Following this, the active thermal mark-
ers we filtered out of the grayscale image (say Ibackground)
using morphological operation (in context to the nomen-
clature used in section 2.2.2, the filtered image is given by
(Ibackground = Igrayscale — 11)). The columns of the back-
ground image were arranged in a phasogram according to the
gravity wave’s phase. Stacking of the images in the phaso-
gram was initiated when the long-wave phase(¢) of 7 /8 was
close to the right edge of the frame. This ensured continuity
in the allocation of filtered images and vortex force in the
phasogram at ¢ = 0 and 47 (i.e., for two wave periods (167
frames)). The resulting phasogram image stack was averaged
in time and is shown in the top-left panel in Fig. 16, show-
ing sustained convergence and divergence zones across two
wave periods. The plot in the top-right panel of Fig. 16 shows
the polynomial fit to the phase-averaged grayscale intensity
fluctuations. The dashed line marks the location of the min-
ima (convergence zone) and the maxima (divergence zone)
in the flow field over two wave periods. The location of con-

@ Springer

vergence and divergence zones was identified using an image
intensity polynomial, along with the individual eddy diame-
ter, which was calculated at every two wave period intervals
(167 frames) for four runs listed in Table 2.

The Craik-Lebovich (CL) equation for Langmuir circu-
lation in the Eulerian frame of reference for constant eddy
viscosity is given by equation 17 (Leibovich 1980).

7 L=
a—b;+u~Vu+V(P+u-us)
=u x (V x i) + vV (17)

where 1 is the wave averaged Stokes drift velocity given by
equation 18 (Mascheck 1979)

- wka®cosh(2k(z + d)) (18)
u fr—
2sinh? (kd)

The first term on the right in equation 17 is the vortex
force in the Eulerian frame of reference. The long-wave
phase-conditioned spanwise distribution of vortex force
was arranged in a phasogram and averaged over the same
two wave-period intervals as the filtered images. The two-
dimensional unstructured grid time-averaged vortex force
array was uniformly gridded using linear interpolation, and
its contour distribution is shown in the bottom left panel of
Fig. 16. The smallest resolvable scale of vortex force depends
on the smallest resolvable scale of vorticity. The smallest
resolvable scale of the velocity gradient-derived quantities
depends on the spacing of the unstructured grid and on our
velocity gradient calculation methodology (detailed in Sect.
2.2.6), which requires at least three points for surface vortic-
ity estimates. The smallest resolvable scale of freely evolving
unstructured grid vortex force (or vorticity) measurement
thus varies, depending on space and time, from an initial
scale of 11 cm. The wave-phase-conditioned vortex-force
distribution was then divided into a phase window of width
/4. The location of the bin edges is shown as a thin gray
solid rectangular box overlaying the vortex force contour map
in the bottom left panel of Fig. 16. The width of the first and
last windows is reduced to /8 for maintaining continuity
of phase windows at long wave phase of ¢ = 0 and 4x. In
further analysis, the first and last phase windows were com-
bined into a single window. Vortex force within each window
was averaged along phase, and the location of the conver-
gence and divergence zones was identified by zero crossing
of the piecewise linear fit to the windowed phase average
distribution. Zero crossing with a negative slope of the fit
marks a convergence zone, while a positively sloped zero
crossing marks the location of divergence zones. The loca-
tion of the zero crossing within each phase window is shown
as a black dashed line spanning the width of the window.
All the identified zero crossings within every phase bin were
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Fig. 16 Top left panel shows phase-conditional averaged grayscale
thermal background intensity (Igrayscaie)- The top-right panel shows
the phase-averaged grayscale 25th- order polynomial fit (solid line).
The dashed markers are the locations of the fit polynomial’s maxima
(divergence zones) and minima (convergence zones). The blue’*’ shows
the phase averaged mean spanwise velocity distribution over two wave
period considered. The bottom-left panel shows a contour plot of the
Eulerian distribution of vortex force, scaled by its 99th percentile. The
overlaying solid gray rectangular box indicates an individual investiga-
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tion window. The dashed black lines within the investigation window
mark zero crossing of the piecewise linear fit to the phase-averaged vor-
tex force within the investigation window. The bottom-right plot shows
a collection of zero crossings from all investigation windows, shaded as
regions. Using a distance-based clustering algorithm (K-means), vortex
force node clusters were identified. The centroid of these zero-crossing
clusters is chosen as an effective vortex force node. Wind and waves
propagate from left to right.

Table 2 Run number along with

3rd * o o
their experimental parameters Run ayy [cm] oy [Hz] Fan [Hz] Ujo [m/s] ur.. [m/s] Tw [°c] Ta [°c]
and water temperature used in 44 6.50 0.58 9 10.4 0300 32.8 31.51
analyzing the effect of vortex
force on the arrangement of 45 6.42 0.58 6 8.2 0.177 32.8 31.89
thermal structures on the 49 6.50 0.58 9 10.3 0.300 31.8 31.00
interface.

50 6.47 0.58 6 8.2 0.177 31.6 30.43

collected and clustered using the k-means algorithm. Cluster-
ing of all identified nodes from the phase bin was motivated
by the objective of the intended analysis, wherein we com-
pared the location and diameter of sustained convergence
and divergence zones obtained from the grayscale image to
the predictions obtained from the cumulative effect of vortex
force over the same two wave periods. The centroid of the
clustered nodes was selected as a sustained convergence and
divergence location identified using vortex force distribution
over two wave periods. The bottom-right panel of Fig. 16
provides a qualitative visualization of the clustering process.
A broad shaded region of partial transparency is plotted at the
node location collected from every phase window. The darker
region marks the location of high node density. The overlaid
dotted line marks the location identified as the centroid of
the clustered node locations obtained from the k-means algo-
rithm. The predicted node location and eddy diameter were
obtained at every two wave period interval (167 frames) for
four runs listed in Table 2.

Before making a direct comparison of eddy diameters
calculated from a grayscale image with predictions from
vortex force, the accuracy of individual measurements and
the smallest comparable scales of eddy diameter need to be
addressed. The high-resolution grayscale image can detect
eddy diameter accurately down to O ~ mm, while vortex
force nodes are dependent on the smallest resolved vorticity
scale, which is accurate down to O ~ 11 cm. The RMSE
between the identified zones of convergence/divergence in
the grayscale images-over two wave periods-and the pre-
dicted locations from vortex force measurements, across
all four runs, ranged from 8 cm to 10 cm. This motivated
excluding grayscale eddy diameters smaller than 11 cm,
as well as the corresponding predictions from the vortex
force measurements. Figure 17 shows the mean (solid line)
of a 1:1 comparison for every 10 measurements between
the eddy diameter as observed from the image intensity fit
and the eddy diameter predictions derived from the sus-
tained vortex force zero crossing nodes. The shaded region
shows the 95% confidence interval bounds for the mean. The
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Fig. 17 1:1 comparison of eddy diameter obtained from spatial distri-
bution of vortex force and image intensity. The shaded region indicates
the 95% confidence interval bound of the mean value.

results show agreement between the observed grayscale eddy
diameter and the predicted diameters from vortex-force mea-
surements.

4 Discussion
4.1 TKE and dissipation rate

Our measured surface velocities comprise the contribu-
tions from mean flow, the orbital motions of the dominant
mechanically generated waves, the orbital motions of the
high-frequency wind-generated waves, and the turbulent
motions. The TKE magnitude reported in this work is isolated
from the gravity wave orbital motion and mean current; how-
ever, , the high-frequency short wind waves’ orbital motions
are erroneously included within the values reported in Fig.
14. The gravity-capillary and short gravity waves which may
impact are measurement must be large enough to be resolved
by our TMV measurement but small enough to evade removal
via wave phase-conditional averaging. The small end of this
range is constrained by the ~1 cm TMYV spot diameter and
the assumption that a wave is not properly resolved unless
it is sufficiently larger than the measurement region; the
large end of this range is constrained by the extremely fetch-
limited wind-wave growth conditions in SUSTAIN. Based
on laser-induced fluorescence measurements of water sur-
face elevation (Tenhaus et al. 2024) , we estimate the peak
wavelength among the wind-generated waves to be ~10 cm
at our fetch of 10 m. This indicates that contamination of the
turbulent velocity signal is originating from waves in a very
narrow spectral bandwidth (5-10 cm wavelengths). Based on
small-amplitude gravity-capillary wave theory, we estimate
the size of this contamination to be no more than the same
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order of magnitude as turbulent intensities. However, the
structure-function analysis provides evidence that the fluc-
tuating velocity signal has a dominant turbulent signature
from large-scale motion. Reduction of the streamwise TKE
magnitude shown in (panel (a) of Fig. 14) at the lowest wind
speed relative to the wind-only case could be speculated to be
aresult of the suppression of high-frequency waves due to the
presence of low-frequency long waves. Previous experimen-
tal investigations show that suppression of high-frequency
wind waves is preferentially located at the wave trough and
is independent of low-frequency paddle wave breaking (Sha-
bani et al. 2022). Donelan et al. (1987) explored the effect
of the rate of wind input for mild and steep wave slope cases
and observed that the low frequency and less steep waves
suppress the wind input to rates below wind-only cases. Rela-
tively higher sloped waves enhance the wind input rate above
wind-only cases (see their Fig. 5).

As mentioned above, we are not able to remove the
orbital motions associated with very short wind waves, so
those motions are erroneously included within the turbu-
lence energy shown in Fig. 14, however, the range of scales
used for estimation of dissipation rate magnitude shown in
Fig. 15 is larger than the wavelength of a typical short wind
wave. Further, for our unidirectional flow field, we com-
pute the structure function with the scale-separation vector
oriented in the spanwise (r¥) direction. Streamwise propa-
gating, intermittent short wind waves will have an irrotational
velocity component in the streamwise direction, while our
scale separation vector (ry) is oriented perpendicular to the
dominant streamwise flow field. This would imply that even
in the presence of a wide crested unresolved short wind wave,
which contributes to our fluctuating velocity magnitude, its
structure function (which is the difference of the fluctuating
velocity field separated by r y) will remove those irrotational
contributions from short wind waves. Further, the imple-
mentation of an adjustable window fit, as demonstrated in
Fig. 8, shows the r>/? scaling exists at scales larger than the
smallest scale used in the computation of the structure func-
tion. Using a 10cm lower-bound separation ensures that the
structure-function—based € estimates exclude the energetic
scales of short wind waves. The surface TKE dissipation
rate estimates of this study show qualitative agreement with
previous estimates of breaking wave conditions close to the
surface, at O(~ 60 cm) (Terray et al. 1996; Soloviev and
Lukas 2003). Further, Gemmrich et. al. [2003] (Gemmrich
and Farmer 2004) observed a “significant” increase of aver-
age dissipation rate above the mean water level and nearly
constant values in the trough region for breaking and non-
breaking waves. The average increase in TKE dissipation rate
in the presence of surface waves and a higher than average
dissipation rate close to the wave crest agrees with the result
of this study and with the scaling dependent on energy flux
from wind to waves and significant wave height proposed by
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Fig. 18 Ensemble condition and phase averaged surface (a) streamwise
TKE (q)%) (b) spanwise TKE (q%) (c) streamwise TKE dissipation rate
(éx), and d spanwise TKE dissipation rate (ey) for 0.58 Hz wave and
wind only condition (wave amplitude = 0) at Ujp &~ 5.3 m/s, 8.05 m/s
& 10.2 m/s.

Terray et. al. [1996] (Terray et al. 1996). Siddiqui et.al. [2010]
(Siddiqui and Loewen 2010) reported observations 1 mm
below the surface, which showed significantly increased TKE
dissipation rates at the wave crest for cases with microscale
wave breaking. The increase of streamwise dissipation rate
near the interface shows qualitative agreement with the result
of this work reported in Fig. 15. Streamwise TKE dissipation
rate €, at the wave crest is higher than the rest of the wave
phase for every wave amplitude at all wind speeds.

At the lowest wind speed (U9 ~ 5.3m/s), no wave break-
ing was observed, while at moderate wind speed (Ujg =
8.5m/s), sparsely distributed small length breakers were
observed. In contrast, at the highest wind speed, signifi-
cant breaker density was observed even for the wind-only
cases. Panels (a) and (b) of Fig. 18 show ensemble condition-
averaged streamwise and spanwise TKE as a function of wave
amplitude (or slope) and wind speed. Consistent with previ-
ous measurements, at low wind speed, a monotonic increase
of streamwise TKE magnitude is observed with increasing
wave amplitude. While at the highest wind speed, increasing
wave amplitude reduces streamwise TKE relative to wind-
only TKE magnitudes. (Savelyev et al. 2020). Panel (b) of
aure 18 shows a similar monotonic increase in spanwise TKE
magnitudes at the lowest wind speeds. In contrast, at the
highest wind speed, the spanwise TKE magnitude is indepen-
dent of wave amplitude and asymptotes to the same constant
value in the absence and presence of surface gravity waves.
Savelyev et al. [2020] proposed two primary reasons for the
observed trend of streamwise and spanwise surface TKE.
First, the vortex force enhances momentum transfer primar-
ily in the spanwise direction by generating vertical, coherent,
counter-rotating structures at low wind speeds and increas-

ing wave amplitude (or steepness). Second, at higher wind
speeds, airflow separation shelters the surface, reducing tur-
bulence despite the greater momentum flux.

Panels (c) and (d) of Fig. 18 show the ensemble condition-
averaged streamwise €, and spanwise €, TKE dissipation
rate. At all wind speeds, the wind-only streamwise TKE
magnitude remains higher than in cases with surface grav-
ity waves. At the lowest wind speed, a significant reduction
in TKE dissipation rate is observed for the lowest wave
amplitude case, where, with increasing wave amplitude,
the dissipation rate increases to a magnitude comparable
to the wind-only case. Whereas, spanwise TKE dissipation
rate shows an amplification of spanwise TKE dissipation
rates with the addition of surface gravity wave, and further
increases with increasing wave amplitude. The TKE dissi-
pation rates are governed by large-scale structures, and a
decrease in the streamwise TKE dissipation rate, while a
simultaneous increase in the spanwise TKE dissipation rate,
indicates that the addition of surface gravity waves facilitates
the transfer of streamwise turbulent energy in the span-
wise direction. Further, at low wind speed in the absence of
sheltering, increasing wave amplitude amplifies wave strain,
modulating surface turbulent structures and increasing the
surface area for wind input. The combined effect of the above
phenomenon can be speculated to increase the shearing effect
on surface turbulent structures and to enhance the dissipation
rate with increasing wave amplitude at the lowest wind speed
(Xiaoetal. 2009; Baker et al. 2023). At moderate wind speed,
an inflection point is observed in both streamwise and span-
wise TKE dissipation rates. At the highest wind speed, strong
evidence of wind-wave sheltering is observed, where, with
increasing wave amplitude, the dissipation rate decreases for
both the streamwise and spanwise velocities.

4.2 Influence of vortex force on surface convergence
and divergence zones

Craik-Leibovich (CL) equations (Leibovich and Paolucci
1980; Leibovich and Radhakrishnan 1977; Leibovich 1977)
are the appropriate approximation to the full Navier-Stokes
wave current interaction equation (Leibovich 1980) for a
small amplitude irrotational wave field. The averaged CL
equation requires a correction for rotational current to the
wave field. To quantify the correction, it is necessary to obtain
the vorticity vector associated with wave activity at the sur-
face. In the final averaged CL equation (equation 17), the
correction term (Vortex force) facilitates the interaction of
current with waves via Stokes drift (equation 18) due to an
irrotational, second-order effect of the wave-field. Bottom
left panel of Fig. 16 shows a surface contour map of the vor-
tex force term over two wave periods. The cumulative effect
of the second-order Stokes drift grows over time (Teixeira
and Belcher 2002), suggesting that while the magnitude of
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the vortex force is small, it plays a significant role in the
organization and size of the vertical counter-rotating eddies.

The surface vorticity vector is stretched and compressed
by first-order straining due to wave action. This aligns with
the distinct distribution of vortex force and its zero cross-
ing nodes across different wave phase windows shown in
the bottom left panel of Fig. 16. Variation in the vorticity
vector across different wave phases prompted the window-
ing of the vortex force contour map to identify the predicted
spanwise location of phase-varying vortex force nodes. Fig-
ure 17 shows a one-to-one comparison between the eddy
diameter observed from the grayscale infrared images and
predictions from the vortex force field (described in section
3.4). The agreement of result shown in Fig. 17 indicates that
the sustained distribution of surface vortex force significantly
influences both the size and the surface organization of ver-
tical counter-rotating eddies.

The contour plot of the time average phase conditioned
spanwise Eulerian vortex force distribution can also be used
to interpret the vertical vorticity field at the interface, as the
vortex force is preferentially oriented spanwise. A region
of positive vortex force corresponds to negative vorticity
(vorticity vector directed along the negative z-direction)
and vice versa for regions of negative vortex force at a
two-dimensional interface. The areas of highly localized
and fast-rotating structures are located at and around wave
crests. This increase in vertical vortex structure at the wave
crest(dashed green line) is a result of increased wave breaking
at the wave crest or increased spanwise wind stress perturba-
tions relative to the wave trough. These individual vortices
interact and are either sheared and cascaded into local turbu-
lence statistics or absorbed by stronger vortices of the same
sign (Mcwilliams 1984; Tabeling 2002).

At the highest wind speeds, velocity gradient measure-
ments reported in this work exhibit significant noise (panel
(d) of Figs. 11 and 13 shows increased noise level at low wave
amplitude, whereas a relatively smooth curve is observed at
the highest wave amplitude. However, the velocity, TKE, and
TKE dissipation rate do not exhibit the same level of noise
at the highest wind speeds and low-amplitude cases, where
the wind input is stronger than in higher-amplitude cases. As
a result, fewer points will be available within the nearest-
neighbor region, resulting in noisy estimates for high wind
speed and low wave amplitude. However, at the highest wind
speed, the amount of wind input decreases with increasing
wave amplitude due to sheltering. Thus, at high wind speeds
and high wave amplitudes, the cloud density of thermal mark-
ers within the nearest neighboring area will be higher for
higher amplitude waves than it will be for lower amplitude
cases. To test this hypothesis, we conducted a sensitivity
study to determine whether the thermal marking technique
itself is susceptible to increased noise at high wind speeds, or
whether this is aresult of our use of a constant-radius nearest-
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neighbor region for calculating the velocity gradient across
all wind speeds, which, due to sheltering, leads to a noisy
signal at low wave amplitude whereas we see a well behaved
distribution at highest wave amplitude for the highest wind
cases. The sensitivity analysis was conducted for two runs
with Uy of 8.05 m/s and 10.2 m/s, respectively, and a match-
ing wave amplitude of 2 cm. Four different nearest-neighbor
radii, 7 cm, 13 cm, 20 cm, and 25 cm, were tested for both
runs. The average RMSE was calculated relative to the theo-
retical weakly nonlinear third-order estimates for each spot.
At Ujg of 8.05 m/s, the smallest RMSE was observed for a
13 cm radius, while at the highest wind speed, the smallest
RMSE was observed for a 25 cm radius. This further indi-
cates a strong sheltering effect at high wind speeds and high
wave amplitudes.

A sensitivity analysis showed that the intensity and
velocity-based quality control measures discussed in section
2.2.4 reduced the RMSE between the theoretical stream-
wise velocity gradient and its observed counterpart from
~ 1.1 [s~!] when no velocimetric quality control was imple-
mented, to ~ 0.5 [s~!] when all three velocimetric quality
control was turned on. The representative-run sensitivity
analysis of intensity and velocity-based quality control mea-
sures reflects computational limitations but does not affect
the generality or validity of the conclusions.

5 Conclusion

This work presents an extension of TMV for the retrieval
of surface velocity gradients and TKE dissipation rates
for an undulating wind-ruffled surface. The objective of
the experimental work was to obtain spatial measurements
of the surface velocity field. The water surface’s opacity
to longwave infrared radiation was used to mark thermal
tracers non-intrusively. The thermal tracers were tracked
using an infrared camera, producing a spatial velocity field.
The surface velocity field was used to estimate the the-
oretical third-order surface elevation using the third-order
Stokes solution of the wave equation. A comparison between
velocity-derived and independent surface elevation using
UDM is presented in Fig. 10 and shows good agreement.
The estimated surface elevation was used to correct for the
disparity caused by the difference in elevation between the
calibration and measurement planes. Thermal markers on the
interface are steered by the velocity gradient near the fluid
parcel. The nearest-neighbor approach was used to calculate
the first-order velocity gradient on the unstructured grid. A
local linear nearest-neighbor velocity fit projection was used
to calculate the velocity gradient at the interface. The first-
order streamwise velocity gradient showed good agreement
with the weakly nonlinear theoretical expectation. Although
no independent spatial surface-gradient instrument exists and
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no experimental measurements are reported in the litera-
ture, the phase-consistent, repeatable du/dx behavior across
ensembles, and its agreement with theoretical expectations,
support the robustness of the measurement.. Using observed
spatial surface velocity gradients, we report the wave phase,
conditional time, and the spanwise-averaged surface wave
strain at increasing wind speeds. The surface strain condi-
tioned by the gravity-scale long-wave phase indicates that
the primary contribution comes from the streamwise gradi-
ent of the streamwise velocity.

The spatial velocity field at the wavy surface was then
used to calculate the surface TKE response to propagating
surface gravity waves. A structure function-based approach
was then used to calculate the TKE dissipation rate of the
surface flow field as a function of long wave phase. The TKE
response to wave shape showed qualitative agreement with
previous measurements, where surface TKE peaked at the
wave crest. The magnitude of TKE reported in this study
is within an order of magnitude of previous active thermal
marking measurement (Savelyev et al. 2020). However, we
note that the short wind waves were erroneously included in
our TKE magnitude. The contribution of irrotational short
wind waves to the computed structure function was avoided
by the selection of scales larger than the previously reported
observed wavelength of short wind waves. Similar to obser-
vations by Savelyev [2020] (Savelyev et al. 2020) of TKE
response to wind speed and wave amplitude (or slope), at
low wind speeds, our measurements show that the stream-
wise TKE is positively correlated with wave amplitude, while
at high wind speeds, surface TKE shows a negative correla-
tion with wave amplitude. The streamwise TKE dissipation
rate shows a similar positive correlation with wave ampli-
tude at low wind speed, whereas a negative correlation at
higher wind speed. Furthermore, spanwise TKE shows a
similar positive correlation with wave amplitude at low wind
speeds, but asymptotes to a constant value at the highest wind
speed for all wave amplitudes. Spanwise TKE dissipation
rate shows an increase in magnitude relative to the wind-only
case at the lowest wind speed with increasing wave ampli-
tude. However, an inflection point is observed at mid wind
speed, while at the highest wind speed, the spanwise TKE
dissipation rate shows a negative correlation, increasing in
magnitude.

Using surface vorticity and second-order surface Stokes
drift velocity, we calculated the Eulerian vortex force dis-
tribution at the surface. A one-to-one comparison of the
eddy diameter observed in a grayscale infrared image and
the predicted diameter from the vortex force surface distri-
bution showed good agreement. This agreement indicates
that surface vortex force distribution strongly influences the
organization and size of vertical counter-rotating eddies.
Thermal marking velocimetry described in this work did not
come without its limitations, specifically, the thermal grid

pattern employed for this work restricts isolation of short
wind waves. Further, the measurement plane temperature
also influenced the magnitude of noise in the measurements:
warm water led to a significant number of false detections,
while cooler measurement plane temperatures resulted in
short-lived spots. In this work, we demonstrate that Ther-
mal marking velocimetry, despite its limitations, can measure
velocity, simultaneous horizontal spatial gradients, and tur-
bulence statistics at the wind-ruffled, undulating air-water
interface.
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