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Abstract: In an attempt to reconciliate air-sea momentum flux estimates derived from open
sea observations, from large eddy simulation output fields, and from wind-wave tank
measurements, a series of dedicated experiments were conducted in the wind-wave tank
of the Large Air-Sea Facility of Marseille, France. The turbulent friction velocity, upon
which the momentum flux depends, was estimated from wind measurements by applying
four classical methods including the eddy-covariance method and the inertial-dissipation
method. The collected data were used to investigate some characteristics of the wave-
influenced boundary layer that were predicted by previous simulations, and to quantify
a wave-dependent term of the turbulent kinetic energy equation, the so-called imbalance
term ¢imp. Our results show that the turbulent stress decreases toward lower heights where
the effect of waves is large, as in the simulations, and that ¢;;,,, is in the range 0.3 to 0.7,
which is comparable to the value found with open sea data (0.4). These preliminary results
have to be confirmed with wave-following probes, because the estimated eddy-covariance
flux slightly varied with height, thus it could not be strictly considered to be equal to a
constant total flux.

Keywords: wind-waves; air-sea; turbulence; fluxes; TKE

1. Introduction
1.1. Context

Wind-generated waves significantly modify the marine atmospheric boundary layer
(MABL) and the atmospheric turbulence above them. They function as roughness elements
enhancing turbulence and surface fluxes (momentum, heat, and moisture) between atmo-
sphere and ocean. Air-sea momentum exchanges are expressed through the wind shear
stress 7. They are responsible for the wave generation and growth [1], as well as for the
development and intensity changes of tropical cyclones [2].
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Therefore, a comprehensive representation of wind stress is necessary for improving
weather forecasting and ocean circulation models, as well as for predicting extreme events
such as tropical cyclones and rogue waves. The accuracy of numerical models largely
relies on the accuracy of the parameterization used for the shear stress. Indeed, the stress
depends on variables, such as wind speed, for example, but at scales that are not resolved
by operational models.

The Monin-Obukhov Similarity Theory (MOST hereafter) is widely used to describe
turbulent exchanges in the atmospheric boundary layer (ABL) since the mid-20th cen-
tury [3,4]. This has been possible after the validation of the statistical formulas derived by
MO theory by the pioneering terrestrial field experiments of 1960s and 1970s, such as the
1968 Kansas and the 1973 Minnesota ones [5-7].

Marine atmospheric boundary layer (MABL) modeling requires an adjusted approach
employing MO similarity theory and additional scaling parameters to describe the momen-
tum exchange due to surface waves. Unlike terrestrial surface roughness such as vegetation
and buildings, which have constant or slowly varying height, wind-generated waves act as
dynamic surface roughness elements directly generated by the air-sea momentum exchange
itself. They also affect momentum exchange in the MABL by generating sea spray during
waves’ breaking [8,9], particularly under strong wind conditions [10]. Thus, modeling of
air-sea exchanges requires to consider scaling parameters related to wave presence in addi-
tion to the classic mechanical and thermal forcing of turbulent exchanges in atmospheric
boundary layer (ABL) [11,12]. The wave-induced modulations of the MABL turbulence
were firstly identified by [13], followed by [14]. Further details on the specificities of MABL
modeling compared to ABL modeling over land can be found in the Sections 1.2 and 1.3
below, and in the work of [15].

Parametrizations of wind shear stress in the MABL may arise from various sources,
theories, experimental data, simulations, or a combination of the above. Some of the
most prominent approaches have incorporated the effect of surface waves by refining the
expression of roughness length, z,, as seen in the historic works of [16,17], and the more
recent work of [18]. The latter presents the improved COARE algorithm, which includes a
roughness length parametrization divided into a smooth component, z§"°!", and a rough
component, zzough, depending on the wind stress in the form of surface gravity waves. In
order to define z(r,ough, the authors compare wind-dependent and wave-dependent formula-
tions of z{,““gh, ultimately concluding that a wind-dependent formulation is sufficient at
open-ocean conditions when there are only wind-generated waves and not swell.

At one point these parameterizations need to be validated by in situ data, in order
to be qualified. Unfortunately, estimating the stress at sea is a demanding task, because
the platforms generally disturb the measurements (airflow distortion, radiation effects,
reflection waves, or height displacement) and they have multiple other limitations. For
example, fixed platforms may provide valuable long-term datasets but they are usually not
in open sea conditions being affected by orographic effects and representing very specific
coastal environments. Some examples are the Martha’s Vineyard platform of Woods Hole
Oceanographic Institution (WHOI) [19] and the Black Sea platform [20]. Towed platforms,
as pioneered by [21], have been important for measuring small-scaling variations of SST
and SSS. However, their position within the disturbed atmospheric wake limits their ability
to measure waves and atmospheric turbulence measurements.

In the recent years, a great progress in computing flux estimates has been made due to
the development of ship-mounted systems and wave-following platforms (e.g., [22-29]).
However, these platforms have their own limitations. They are not Eulerian and have their
own vertical motion (buoys that follow the surface and heave on Research Vessels, referred
to as R/ Vs hereafter) requiring the application of a platform-motion correction algorithm
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before using wind measurements. Additionally, instruments cannot always be placed
close to the water surface due to the risk of salt contamination. For further details on the
available air-sea exchanges platforms, one can refer to the introduction of the paper [22].

In order to elucidate biases and other uncertainties associated with the estimation
of stress T and of its subsequent parameterization from open ocean data, it is helpful
to perform experiments in a wind-wave tunnel (WWT), in which the conditions of the
experiments are controlled. First works on WWT tunnels were using Pitot-static tubes and
hot-film probes, to measure mean wind velocity and wind velocity fluctuations, respec-
tively [30,31]. However, recent studies employ advanced wind-measuring systems that
allow high-resolution measurements of wind fluctuations and enable the determination
of turbulent Reynolds stress through the calculation of the cross-correlation term, u'w’.
Calculating u'w’ requires high temporal resolution wind measurements in two directions,
as achieved using the X-wire probe in our case. Optical methods, such as the combined
particle image velocimetry (PIV) and laser induced fluorescence (LIF) system, as used
by [32], allow spatial averaging of the flow leading to the calculation of the less known
dispersive term of Reynolds stress. However, these methods are costly and less accessible
compared to constant temperature anemometry (CTA) probes used here. Regarding the
limitations of WWT in our case, they are mostly due to the shorter waves compared to
those in the open ocean.

The present article is an attempt to reconciliate open sea data (OCARINA wave
following platform [22], or B19 hereafter) with WWT data, regarding the estimation of the
wind shear stress 7 (in units of N m~2) as transferred from air to sea.

The following presents a preliminary comparison between the B19 multi-campaign
dataset collected in the open ocean, and data from a dedicated series of WWT experiments
conducted from April to July 2022, focusing on the precise determination of momentum fluxes.

1.2. The Surface Boundary Layer

Until the late nineties, the lower part of the atmospheric boundary layer from 1 mm to
10 m, was referred to as constant-flux Surface Boundary Layer (SBL hereafter), in which the
momentum transferred from air to the surface was identified as a shear stress at turbulent
scales [33]. This view was inherited from over-land studies, and earlier, to the study of
wall-bounded flows. The properties of stress T could be deduced from the application
of a two-scale Reynolds decomposition of the flow governing variables such as the wind
vector U (u, w) to the Navier-Stokes equation expressed in a two-dimensional referential
R(X,Z) where the x-axis was aligned with the mean -or synoptic- wind vector ﬁ(ﬁ, w) (at
a timescale that encompasses the integral scale of turbulence as a first approximation),
and the z-axis was directed upward. Along the x-axis, the decomposition is written as
u =1+ u', where 1’ is the turbulent fluctuation of the wind, the average of which is zero.
The resulting expression of the shear stress Ty, is written as,

_ ~ _ Sy —
Ttotal = Tturbulent + Tviscous = Tturbulent — —PU W, (1)

where Tyiscous can be neglected at heights larger than a fraction of a millimeter above the
surface, which are not investigated here, where the covariance term 1/w’ is the so-called
turbulent momentum flux associated to its counterpart in terms of stress Tiyrbulent, and
where p is the density of air, in kg m 3.

The two-scale decomposition described above is completed by similarity arguments,
based on MOST. According to this theory, one may indifferently use the stress T\ost, the
momentum flux, or a new velocity scale so-called friction velocity u.nost (in m s~1) that is
defined as,

TMOST/ 0 = U+MOST - (2)
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A helpful result of the MOST is that it gives one the shape of the mean wind profile
7(z), which has the following form,

Usniost z
Hamost 1,0 2
ST jog ®)

ﬁ:

where « is the von Karman constant that is equal to 0.4, z is the measuring height, and z, is
a second new variable referred to as turbulent roughness length of the surface.

For comparison, note that the so-called Eddy-Covariance Method, or EC Method
hereafter, is the direct application of Equation (1), which may be rewritten as,

Uspe =/ [0 (4)

Unfortunately, the experimentalists realized that the value of z, over the Sea depended
on a complex way on several variables such as the wind speed or certain wave characteris-
tics [34,35].

1.3. The Wave-Induced Boundary Layer

A three-scale decomposition specific to the Marine SBL was suggested by several
authors as [36]. It is written as u = U + i + 1/, where i is a wind component associated
with the presence of waves, which is often referred to as wind undulation. Although it
is more complex than a two-scale decomposition, it sets the basis of the modern view of
air-sea momentum exchanges in which the shear stress 7 is now the sum of two terms, one
of which (Tyave-induced) depends on waves,

Tiotal = Tturbulent T Twave-induced- (5)

where Tyjscous Was again neglected. Among the existing theoretical and simulations results
based on the three-scale decomposition, the Large Eddy Simulation (LES) of [37] (or HS15
hereafter) is -to our knowledge- the most informative about the profiles of wind velocity,
wind shear and shear stress close to sinusoidal waves. It is also a first step to achieve
simulations in conditions of more complex sea states in the future.

Regarding the issue addressed in the present manuscript, HS15 made clear to the
scientific community several breakthrough and helpful results, the first of which being the
commonly acknowledged existence of a layer of atmosphere where the influence of waves
was prominent, the so-called Wave-influenced Boundary Layer (WBL).

The reader should note that according to HS15, Ty, is constant along the vertical
throughout the WBL down to the surface. Their simulations show that the Tiypylent de-
creases as one gets deeper in the WBL, and becomes zero at the water surface.

HS15 made also clear that the stress estimated with instruments onboard a wave-
following platform by applying the EC Method would be T, whereas the application of
an alternate method so-called Inertial-Dissipation Method (or ID Method hereafter) [15]
gives an estimate of Tyyrbylent, if our understanding is correct. This will be further discussed
in the next section as these points are central to the present study.

Although HS15 did an unprecedented effort to document the WBL, their study ex-
pectedly has limitations that are mainly inherent to the facts that first, idealized sine wave
conditions are rarely encountered in the open sea. Next, their vertical 2D (x, z) simulations
might not reflect what could be found with a full 3D view of the problem. Last, they do not
propose any parameterization of z,.

Nevertheless, the connection of the H515 simulations to observations is now required
to better characterize the WBL in cases of swell, of wind-driven waves, and of mixed
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regimes. In addition, it is feasible to verify the shape of the vertical profile of the stress,
component per component, with a WWT experiment.

Although there are unfortunately little chances to reach a realistic parameterization
of z, from these preliminary cross-comparisons, we are convinced that doing so is a step
forward to the right direction to achieve this goal.

1.4. Imbalance Term in the TKE Equation

Not only the comparison between WWT data to HS15 simulation may give one
confidence in the HS15 description of the WBL and of the stress and wind profiles, as
suggested in Section 1.3, but it also inspired us to elucidate a still debated question regarding
the estimation of u, with the ID Method for open sea data.

The ID Method has the tremendous advantage of making the estimates of u,,, inde-
pendent from the platform motion, whereas motion strongly limits the application of EC
Method in which w’ has to be corrected from the vertical platform velocity [38].

The ID Method is based on the second-order [39] relation, which, after application of
the Taylor frozen turbulence hypothesis, so as to convert wave wavenumber into wave

frequency, is written as,
27 3,5, 3
€= ?CZ_ifjsuu7 (6)

2 -3

where € is the dissipation rate of turbulence in m~ s™>, f is the frequency in Hz, S, is

2572 Hz !, and c; is the Kolmogorov

the power spectral density (PSD) function of # in m
constant that is equal to 0.55. Consequently, the calculation of the PSD of u in the inertial
sub-range (e.g., B19) gives an estimate of €.

In a second step, the diagnostic equation for the Turbulent Kinetic Energy (TKE

hereafter), the definition of which is e = %(F + ﬁ), with assumptions of steady and

non-buoyant (neutral) flow and of horizontal homogeneity,
ou  dew 19p'w

It et s
" T oz p 0z ¢=0, @

where p is the static pressure, in Pa. In a first step, let us assume that the second and the
third term in the left hand side of Equation (7) are neglected. After applying the MOST to
Equation (7), the expression of u,, is readily obtained, which is written as,

Usp = (Kze)%' 8)

Unfortunately, when B19 compared ., to ts;. and to u4,,,; for six sea experiments,
they found that the above mentioned three u, estimates differed from each other, even in
mean conditions, i.e., swell and moderate wind speed. The agreement was obtained by
adding a constant ¢y, term on the order of 0.4 to Equation (7), which may be rewritten as,

gy = (k2€)3 (1= i) 3, ©)

where u, . . refers to an estimate of u,,;, in which ¢jny, is accounted for. Clearly, ¢imp
accounts for the second and third term of Equation (7).

Experimentally, few is known about the pressure term, i.e., the third term of
Equation (7), because it is simply not measured as no reliable instrument exists for moving
platforms, to the best of our knowledge. It explains why it is generally neglected.

Interestingly, B19 noticed that if ¢;,;, was set to zero, then the estimates of u,,, , were
underestimated in comparison to .. or even to ., Which supports the hypothesis
that u,,;, would correspond to pure turbulence. In addition, this would comply with the
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HS15 results according to which the turbulent stress decreases in the WBL, where the
OCARINA wave-following platform used in B19 actually evolves. This will be detailed in
Section 2.1.

In the following paragraph, for the sake of completeness, we feel compelled to give the
reader more context about a twenty-year or so old lasting polemic about the requirement
of ¢y in the ID calculation.

In experiments performed onboard R/ Vs, the turbulence measurement instruments
are mounted on top of a mast that is located at the bow. Several authors such as [40] showed
that with this setup, ¢j,, = —0.46z/L was required to correct u,,, estimates, where z/L is
the so-called Monin-Obukhov ratio that quantifies the dynamic stability of the SBL, which
appears in an additional so-called buyancy production/destruction term, intentionnally
omitted from Equation (9), because it is not central to our study. However, there was
a controversy on the need to take this term into account to estimate u,,,, in favor of a
modification of ¢, [41]. This was later challenged by [42], who confirmed [40] results. It has
to be noted that unexpectedly, a recent revisit of [42] data suggests that ¢;,,, was actually
negligible for this experiment, which reopens the question (manuscript in preparation).

Nevertheless, the difference between the height of the measuring instruments on
ship (between 7 m and 18 m depending on the length of the ship) and on low-profile
buoys (<2 m) partly explains here the differences between the results: data obtained with
low-profile platforms are carried out in the WBL, whereas on R/Vs the measurements
are collected far above it. Thus, even if z/L plays a role in the TKE equation, B19 clearly
showed that it was of secondary order compared to the effect of the pressure term.

With their constant ¢, = 0.4, B19 could largely reconciliate EC, ID and MOST esti-
mated of u,, thus they found a way to adapt ID Method based on a two-scale decomposition
to get a total stress. In earlier studies, the pressure term usually represented only the return
to isotropy [43]. The B19 results suggested that in the WBL this term would be rather
related to waves, which is also clearly predicted by the simulations of HS15.

The fact that HS15 applies a three-scale decomposition implies that there is also a
normal stress (the form drag) exerted by the wind on the upwind face of the waves plus a
tangential stress due to the waves, the wave-induced stress. This illustrates the complexity
of the process here in focus.

Overall, there is a strong need to estimate ¢}, in the WBL. A direct benefit of it would
be a way to correct u,,, estimates, to ultimately obtain the total stress, which is the quantity
that one wants to force an ocean model for example.

To verify this, it would be helpful to first assess the ratio u, /14y, or more explicitly
Uy putent/ Wi @S @ function of height, in a controlled environment for different heights,
and in various wave conditions. Next, estimates of ¢;,,;, would also help. Indeed, in the
open ocean, the estimates are drowned in a lot of noise, despite the use of platforms like
OCARINA already greatly helped to decrease the uncertainties compared to measurements
performed on R/Vs.

Note that with MOST, z,, can be easily deduced from u, estimates by apply-
ing Equation (3). In addition, the same relation may be used for estimating zo.. from
Uy estimates.

1.5. Summary and Plan of the Proposed Study

Our primary objective was to elucidate ¢, and the vertical profile of Ty, and of
its components Tyave-induced AN Trurbulent- Our technique was to maximize our confidence
in the results by crossing information from three sources, namely simulations, open sea
data (B19), and WWT data. Secondary objectives would be to improve our definition of the
WBL, specifically its height as a function of wind velocity in WWT data.
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The study is organized as follows. The existing B19 open sea data are briefly presented
in Section 2.1 for easing the reading of the manuscript and the recent WWT experiment
are described in Section 2.2. Next, the WWT data are analyzed for the mean and turbulent
flows, successively, in Section 3.1. In Section 3.2, estimations of the different stresses and
the way to obtain them are presented, and the subsequent estimates of ¢;;,,, are compared
to open sea data. A discussion follows.

2. Materials and Methods
2.1. Open Sea Data

Friction velocity at the air-sea interface was estimated by data collected during six
experiments from 2011 to 2017 in four different regions with a low-profile dedicated wave-
following platform so-called OCARINA, shown in Figure 1. The OCARINA platform
is a 2-m-long trimaran boat, motorized with a propeller and equipped with a remote
control system. Five main measuring sensors are mounted on the platform: the Kipp &
Zonen CNR4 for radiation fluxes, the Movella Xsens MTi-G, Henderson, NV, USA for wave
height and significant wave period of waves longer than 2 m, the Vaisala WXT520 (Vaisala
Oyj, Helsinki, Finland) weather station for pressure, temperature, humidity, precipitation
and wind speed close to the water surface, the Seabird SBE-37 (Sea-Bird Electronics, Inc.,
Washington, DC, USA) for sea-surface temperature (SST) and sea-surface salinity (SSS), and
the Gill R3 50 sonic anemometer (Gill Instruments Limited, Hampshire, UK) for reference
wind speed, U,,r. More information on the platform and dataset can be found in B19 and
in [44].

Kipp & Zonen CNR4 GillR3-50

15m

Vaisala WXT520 I
Xsens MTI-G
A ___— : = b
_% o e 7 ——
(V] ¢ S =7 / =

Water line

- Propeller

g

Figure 1. Schema of the OCARINA platform [22] and deployment of it for the EURECA-OA
project [45].

The observations were carried out at moderate winds (2-10 m/s) and averaged signifi-
cant wave heights of 1.5 m. Most of the time, there was a swell, with an averaged wave age
(the ratio between wave phase speed and wind speed) being equal to 2.8 = 1.6. Three flux
calculation methods were used, namely, the EC, the ID, and the MOST (or bulk) methods.
The best agreement of the estimates data was found by initially applying a mean bias to
the u,,. values and by then using a constant imbalance term ¢;,,, in the ID Method, which
term was attributed to wave influence on the data. Overall, the confidence in the calculated
1, estimated was found to be on the order of 10% or 1-2 cm s~ 1, which is accurate, as
shown in Figure 2.
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Figure 2. Comparison of corrected EC, ID and bulk estimated of u, of B19. Please note that in panel
(d), the ID S3 method is based on third-order structure functions of the wind (B19). (a) Corr:0.960, (b)
Corr:0.966, (c) Corr:0.985, (d) Corr:0.897

Most of the measurements were taken at a height that may be either considered to be
in the midpart of the wave boundary layer (WBL) according to the rough estimation of
1-3 m given by [46] or well inside the WBL according to the definition of HS15, that is, at
normalized heights k{, in wave-following coordinates (with k the wavenumber and { the
normal up to the water surface), ranging from 0.06 to 0.13, which is small compared to the
their WBL height that peak at k{ ~ 0.7 in their simulations, as reported in B19.

2.2. Wind-Wave Tunnel Experiment
2.2.1. Large Air-Sea Interaction Facility

The experiments in this study were carried out at the Large Air-Sea Interaction Facility
(LASIF) of IRPHE and MIO Institutes in Marseille, France. This is a closed-circuit wind
tunnel equipped with a 40 m long and 2.7 m wide water basin. For these experiments, the
water depth was set to 0.9 m leading to an air channel height of 1.6 m (Figure 3).

Absorbing beach

Figure 3. Large wind-wave tunnel of the LASIF Facility in Luminy, Marseille (Copyright Hu-
bert Branger).

The airflow is generated by an helicoidal wind fan (blower) and then it is directed
to the upwind end of the tunnel through divergent and convergent sections. Before the
entrance of the airflow at the water basin, a settling chamber equipped with a converging
nozzle and a honeycomb-grid system is employed to laminarize the flow. The tunnel is
slightly divergent to cancel the longitudinal pressure gradient due to wind generation,
and to provide a constant flux surface boundary layer over the water surface. At the
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upwind end of the tunnel, a submerged piston wavemaker (e.g., mechanically actuated
paddle) permits to simulate swell or longer waves, and two water pumps can be used to
generate steady current conditions. It has to be noted that at the entrance of the water basin,
a small metallic step generates additional turbulence on the airflow and thus a narrow
transverse plastic bubble sheet was used to reduce the impact of the step on the airflow
during the experiments.

At the downwind end of the test section, a permeable beach is mounted to reduce
the wave reflection. At a 25 m fetch, a 5 m-long glass provides a clear view of the test
section and allows to perform optical measurements that require a direct line of sight to the
water surface. For a further description of the experimental facility, one can address to the
previous works of [47,48].

2.2.2. Experimental Set-Up

Three parameters were measured: the wind speed in the middle of the air column,
Uyer, which was solely used as a reference mean wind speed and ranged from 1 up to
14 m s~1; the wind velocity (or wind vector, depending on the wind sensor used) in the
SBL at a variable height from 5 to 25 cm above the water surface; and the wave height. The

instruments were arranged in the WWT as shown in Figure 4.

Figure 4. Experimental configuration during the first Experiment: two-dimensional Windmaster Gill
Co. sonic anemometer [A], Dantec hot film sensor [B], DISA capacitive wave gauge [C]. The fetch is
at 26 m and the wind blows from the far right of the picture.

The experiments were conducted from April to July 2022, during which the main
change was the use of different SBL wind-measuring probes, which are discussed above
in this section. During this period, the water level had to be adjusted by adding small
water quantities (~1 cm) on a three to four-day basis in order to compensate evaporation
phenomena. Lastly, repetitive calibrations of the wind and wave probes before, during,
and after the experiments were necessary due to strong ambient temperature variations, as
outlined below.

During the experiments, only two parameters were controlled: the rotation speed of
the propeller (in rpm), which defined the mean wind speed in the WWT, U,., and the
height of the SBL wind-measuring probe.

The mean reference velocity U,.r was measured using a Gill 2D sonic anemometer
at an average height of 0.7 m above the water surface, which corresponds to 1.6 m above
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the water basin bottom. The sonic anemometer was also used to calibrate the other wind-
measuring probes by placing each sensor next to it. The voltage output of each probe was
compared to the measured velocity by the sonic anemometer, and a calibration law was
extracted using a fourth-order polynomial interpolation over the entire range of tested
wind velocities.

It should be noted that all the wave and wind sensors have analog outputs. Their sig-
nals were sampled at 256 Hz with a four-input 12-bits converter from National instruments.
The analog signals entered an analog lowpass precision filter, which is intended to get rid
of unavoidable disturbances around 50 Hz and harmonics, which are generated by power
supplies, and which are transmitted by common mode voltages, in relation to minor issues
with the grounding and the electromagnetic shielding of the fan motor controller. All are
known issues at the facility and have no perceptible consequences on the presented results.

Wave measurements were made with a DISA capacitive probe, the accuracy of which
was about one third of a millimeter after static calibration. As mentioned earlier, each time
the water level was readjusted, one had to proceed to slight adjustments of the offset of the
wave gauge.

Wind measurements were taken using CTA probes manufactured by Dantec Dynamics,
Inc. (Skovlunde, Denmark) [49]. In order to increase our confidence in the performed wind
measurements, we successively used probe types with enhanced capabilities: first a hot
film probe, next a single wire probe, and at last a two-wire (or X-wire) probe.

The alignment of the CTA probes with the mean flow was carefully performed in
the WWT with a technique that was probe-dependent, and which is not reported here for
increasing the readability of the manuscript.

Probe calibrations were performed at constant steps of wind velocity for a U, ranging
from 1 up to 14 m s~ 1. The total number of used steps ranged from ten to twenty according
to the calibrated probe, since it was observed that some of the probes needed a refined
calibration in medium winds.

The hot-film probe is robust, and we found it to be accurate to 70.05 — 0.098 m s 1
at full range, and it is resistant to accidental immersion. As a counterpart, it has a slow
time response, up to some Hz only. Therefore, it was only used to measure the mean wind
profile in the SBL during the experiments.

Wire-type probes are highly fragile, a reason for which a clearance distance from the
water was first set to 0.5A, where A was the dominant wave-length. This threshold was
gradually decreased down to 0.3A, when more confidence was gained in the peak height
that the waves could reach.

For the calibration of of the X-wire probe, the voltage output was compared to the
calibrated hot-film velocity data. Four-degree polynomials were also found to fit best the
measurements of the reference sensor. It should be noted that during experiments, all
the probes were successively mounted on the same vertical arm, the height of which was
controlled with an accuracy on the order of 0.1 mm.

3. Results
3.1. Wind and Wave Characteristics

In the present section, the mean and turbulent SBL characteristics as well as wave
characteristics are presented. They set the context for the later estimation of the friction
velocity by several methods, and they already give some clues on the WBL characteristics.

3.1.1. Mean Airflow in the SBL

As a first test of our setup, five mean-wind profiles were calculated for U,,f(m s~
=1{3.15,4.7, 8.12, 10.08, 13.85}. For each of those imposed U,ef values, the mean wind was
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successively estimated with the hot-film probe at ten heights that were empirically chosen,
considering that more points would be required close to the surface where the log-profile
curvature was expected to be larger, thus where a stretched height coverage was expected
to be helpful.

The resulting profiles have an encouraging classical log-profile shape, specifically in
light winds (Uer < 5m s 1), and in the upper part of the SBL, as shown in Figure 5.
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Figure 5. Measured wind velocity U profiles for five wind conditions. The horizontal bar indicates
the deviation of the measured wind. The grey lines are linear fit in semi-log coordinates.

In stronger winds (U,.y > 5 m s~1), the lower parts of the profiles are fluctuating
which is clearly visible in Figure 5. This behavior is attributed to the effect of waves on
the SBL.

From these profiles, it was possible to get first estimated of u, and z,, which was
straightforward by first linearly interpolating the data on semi-log coordinates, next by
identifying the coefficients found in Equation (3), which is so-called the profile method.
The u, and z, values in Figure 5 are slightly biased because they include outliers from
the point of view of the SBL. Values that comply better with classical MOST were found
by restricting the profiles to their central-part points, which better follows a logarithmic
profile, as reported Table 1. The resulting u. and z, estimates globally increase with U,
as expected.

Table 1. Estimates of u, and z, derived from the mean velocity profiles restricted to their logarithmic
part. For reference, wind speed was extrapolated at 10 m by applying Equation (3) (Ujp, column 2).

Uyr (ms™1) Uy (ms~1) ux (ms™1) zo (mm)
3.15 3.7 0.12 0.045
4.70 5.8 0.20 0.083
8.12 11.1 0.41 0.196
10.08 13.3 0.48 0.147

13.85 19.8 0.81 0.559
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3.1.2. Wave Characteristics

PSD functions of the time series of the water surface height # were calculated for the
wind-driven waves generated from the five above mentioned U,.s values, at which the
airflow properties were investigated.

The generated waves have characteristics already well documented for the LASIF
WWT at a 26 m fetch as reported in Table 2 and as shown in Figure 6. The variables reported
in Table 2 are the peak period T), the peak frequency f,, the significant wave height H;,
the wavelength A, and the phase speed Cj,, which were deduced from a linear dispersion
relation. The so-called wave-age C,/Ujo, where Uy is the reference wind velocity at a
10 m height above the water surface, which was itself calculated with Equation (3), was
also reported in Table 2, because it is helpful to distinguish swell (C,/Ujp > 1.2) from
wind-driven waves.

—— Uref=3.15 m/s
10! 1 —— Uref=4.70 m/s
\\ —— Uref=8.12 m/s
— Uref=10.08 m/s
% —— Uref=13.85 m/s
10~l 4
7
E
-
©
o |
w /
c 1073
e |
= /
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o s N
w
%
=
[ 10-5 T
o
[m]
v
a
1077 1

101 10° 10!
Frequency (Hz)

Figure 6. Power spectra of wave elevation 77, Sy for five different wind conditions.

Table 2. Characteristics of wind-driven waves.

Uy r(ms™) T, (s) fr(Hz) Hg(m) A(m Cp(ms ) Cplly

3.15 0.323 3.10 1.14 0.165 0.51 0.13
4.70 0.450 222 221 0.317 0.705 0.11
8.12 0.561 1.78 4.61 0.492 0.877 0.07
10.08 0.603 1.66 6.28 0.568 0.942 0.07
13.85 0.695 1.44 10.04 0.755 1.086 0.05

3.1.3. Spectral Characteristics of Turbulence

In this section, the PSD functions S, and S, are reported as a function of U, f and
height. The results presented in this section were obtained with wire-probes, closer to
the surface than in the previous section, i.e., at 0.3A, as mentioned in Section 2.2.2, and
with an arbitrarily selected different set of U, £ values, i.e., Uref(m s H=1{2,23,4,6,8,
10}. Therefore, the results presented hereafter may slightly differ from those of the above
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section. The new results were obtained in the second part of the experiments, when we
had acquired more experience with the instruments’ calibration and SBL characteristics.

The S, spectra are clean and they all have a wide and well established —5/3 log-log
slope at frequencies in the range 10-30 Hz, over the full investigated wind velocity range,
as shown in Figure 7 as sections of curves in orange color. These orange curves reveal the
so-called inertial sub-range, where energy is transferred from larger to smaller wavelengths
without production or dissipation. Note that the mean value of f 35, over the usable part
of the inertial sub-range is the one used to apply the ID Method and to estimate u.,, values
of which are reported in the legend of Figure 7 (B19). Noticeably, waves have no clearly
perceptible effect, even for the largest U, value, denoted by the upper brown curve in
Figure 7.

PSD of Wind speed Suu (m?s~1)

1074 5

1054 Uref=2 m/s u*ID,x=0.071
—— Uref=2.3 m/s u*ID,x=0.090
—— Uref=4 m/s u*ID,x=0.152
—— Uref=6 m/s u*ID,x=0.242
—— Uref=8 m/s u*ID,x=0.335

107% { —— Uref=10 m/s u*ID,x=0.462

101 10° 10* 102
Frequency (Hz)
Figure 7. Power spectra of the longitudinal wind velocity S, plotted as a function of frequency, for
six different wind conditions at z = 0.3A.

In contrast, the effect of the presence of waves significantly affects the S, co-spectra,
which is visible as a well-defined peak at the same frequency of the observed most sig-
nificant waves, as shown in Figure 8. Note that the data presented in Figures 7 and 8
correspond to different experiments, namely constant-height SBL probe and varying ref-
erence wind velocity U, values in Figure 7, and varying SBL probe height and constant
reference wind velocity Uy, in Figure 8. The counterparts of Figures 7 and 8 are not shown
for shortening the manuscript, but reveal similar features. Overall, it was found that the
wave-induced peaks in the co-spectra, shown in Figure 8, were increasing with wind and
decreasing with height, as may be expected.
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Figure 8. Co-spectra Sy at Uy,r =8 m s~ 1, for five different normalized heights kh (or k() above the

water surface, where wind-driven waves at f, = 1.814 Hz are generated.

3.2. Wind Stress
3.2.1. Comparison Between u,, and 1,

For a constant measuring height and varying wind velocities, we find that the estimates
of uy, and u,, have a good fit to each other, as reported in Table 3 and shown in Figure 9a.
Although the correlation coefficient between u,,, and u,,. is excellent, i.e., close to unity,
the rms value of 1, — t.. is 0.045 m s~!, which is slightly less satisfying as it represents
20% of discrepancy with respect to the mean value of u,,, that is equal to 0.22 m s~ .
Interestingly, the mean deviation between of i, — 1. equals —0.075 m s~!, which is in
agreement with the above-mentioned idea that u, (turbulent part of the stress) should be
underestimated compared to u.. (total stress). Note that the slope of the linear fit between
Uy and Uy, is equal to 0.76, which further indicates that the discrepancy between u.,,
and u, is better defined as a ratio than as a bias.

Table 3. u, and z, estimates for six different wind conditions.

Uyes (ms™1) kh Ui ms™)  zop (mm)  wy (ms™Y  z, (mm)
2 3.77 0.071 0.012 0.09 0.066
2.3 3.52 0.09 0.028 0.114 0.129
4 1.98 0.152 0.029 0.212 0.272
6 1.90 0.242 0.047 0.333 0.383
8 1.65 0.335 0.066 0.455 0.483
10 1.82 0.462 0.149 0.599 0.721

In order to further analyze this ratio, extended measurements were performed at one
speed velocity, Uy.y =8 m s~!, but for various heights, as reported in Table 4. The resulting
Uy / Usge Tatio obtained is clearly departing from unity as the normalized height decreases,
as shown in Figure 9b, which again may be interpreted as the fact that the turbulent part of
the total stress decays as the wave influence increases.



Atmosphere 2025, 16, 412

15 of 20

(a) Varying wind speed experiment (b) Varying measurement height experiment
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Figure 9. Comparison of 1., and us,. for six wind speeds (a) and for ten measuring heights above
the water surface (b). In (a), the term Corr stands for correlation coefficient between u, and 1,
std is the standard deviation of u,, — U4y, bias is the mean value of 1y, — U4, and fit is the linear
fit between the two variables.

Table 4. Calculation of the imbalance term @y, s, and Uy at Uyr =8 m s7L

kh Uy (ms™1) Uipe (ms™1) Waerpy Mg Pimb
0.99 0.317 0.491 0.646 0.73
1.06 0.312 0.484 0.645 0.73
1.13 0.236 0.482 0.676 0.69
1.20 0.317 0.476 0.666 0.70
1.27 0.329 0.471 0.689 0.67
1.42 0.327 0.465 0.703 0.65
1.70 0.328 0.451 0.727 0.61
2.12 0.332 0.437 0.760 0.56
2.83 0.340 0.409 0.831 0.43
3.54 0.333 0.383 0.869 0.34
3.2.2. Imbalance Term
Equation (8) may be rewritten as,
— .3
€=uy /xz, (10)

where ¢, and z/ L were intentionally neglected (Section 1.4). Therefore, the resulting 1,
estimates correspond to the purely turbulent part of the wind stress, which is a simple
way to express that its calculation only results from the balance between production of
turbulence by inertial effects and dissipation.

Now, if U4y is considered to correspond to a wind stress that accounts for turbulence
plus waves T4, one may rewrite Equation (9) to find ¢y, as,

Pimb =1 — u;E?’CKze. (11)

Subsequently, ¢;n,, may be expressed as a function of ., and .,
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Pimb = 1- (M*ID/M*EC>3. (12)

At Uyer =8 m s~! and for wind-generated waves, the resulting values of ¢, were
found to be in the range from 0.3 to 0.7, as reported in Table 4 and as shown in Figure 10.

0.75

0.70 A

0.65

0.60

0.55 4

Dimp

0.50 A

0.45

0.40 4

0.35

1.0 15 2.0 2.5 3.0 3.5
kh

Figure 10. Relation between ¢y, and kk for ten measuring heights above the water surface, at
1

Upp=8ms™".

Open sea data give comparable results, ¢y, = 0.4, which is good (B19). However,
measurements were performed at k{ values in the range of 0.1-0.3 in B19, which is unfor-
tunately out of scope of the values reachable in the WWT. Nevertheless, our results are
encouraging as (1) the orders of magnitude of ¢;,,,, are almost equal in the lower range of
WWT k¢ values, and (2) the WWT data show the decrease of the turbulent part of the stress
close to the surface predicted by HS15, as reported Table 4, column 2.

Note that u,,. is not constant with height in Table 4 (column 3), which suggests that
U4, , can not be assimilated to a total stress, which by definition would be constant with
height, in agreement with HS15 claims. This is one limitation of our study, mostly for
technical reasons, because HS15 used wave-following coordinates, whereas our measure-
ments were made at fixed heights in the WWT. Subsequently, although it may hold, the
hypothesis of a total flux that would be constant with height could not be confirmed by the
present results. Overall, we consider the fact that we used Equation (12) to quantify ¢y, as
a preliminary approach.

4. Discussion

The present study allowed us to experimentally investigate some characteristics of
the WBL present in the simulations of HS15. The collected data allow us to estimate the
ratio between the turbulent stress and the turbulent plus wave-induced stress in the WBL
as well as ¢y, term.

Although our data suggest that ¢y, increases as the distance from the water surface
decreases, the variation of ¢, with height needs to be further investigated in order to
perform a more thorough comparison between WWT and open sea data. Specifically,
the pressure-correlation term and the turbulent transport of TKE need to be precisely
measured in order to extract an accurate expression of them in a laboratory environment
and to directly measure the remain part of total wind stress Ty, i-€., the wave-induced
wind stress.
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Furthermore, although our result show that u,,. accounts for the turbulence plus
waves, we could not confirm that it corresponded to a total flux, because u.,. was found
to vary with height. This may partly be attributed to the fact that the HS15 hypothesis
Uspe = Usx,,,, Was emitted for wave-following measurements, whereas we extrapolated it
to measurements made at constant height in the WWT. We plan to investigate this more
thoroughly, by using wave-following probes in future experiments, on the basis of the
methodology and hot-wire probe mounted on the linear actuator used by [50].

The discrepancies observed above between simulations, WWT data, and open-sea
observations may be attributed to the challenging nature of the comparison performed here,
as (1) simulations use idealized waves, (2) open-sea data may include multi-directional
wave field and mixed swell and wind-driven wave conditions, and (3) WWT data were
obtained in the presence of pure wind waves. Differences between WWT experiments and
open sea conditions may also arise from differences in the vertical stratification of the SBL.

In short, the collected data are a first step before a more comprehensive data set is
collected. However, it has to be noted that the present data should be further analyzed
to better document the WBL height and other characteristics as a function of wind and
wave properties. Other open questions that could be answered first regard the fact that
the Sy co-spectra of B19 do not fit the acknowledged co-spectra of [51]. In response,
B19 suggested to fix this by defining a new normalized frequency that would depend on
wave characteristics. The collected WWT data could help to elucidate this issue. Last, the
simulations of HS15 show the presence of a low-level jet. We expect to check its existence
in the future, with the help of the aforementioned wave-following probes.

5. Summary

In this study, our aim was to elucidate ¢y, and the vertical profile of Ty, and of its
components Tyave-induced aNd Trurbulent- 1N order to maximize our confidence in the results,
we decided to compare information from three sources, namely simulations, open sea data
(B19), and WWT data. Another objective was to refine the definition of WBL, particularly
its height as a function of wind velocity in WWT data.

The presented measurements were performed in the LASIE-WWT facility. Three wind-
measuring probes were used to monitor the wind velocity in the SBL, namely a hot-film, a
hot-wire, and an X-wire. Each probe was linked to a different friction velocity, u., estimation
method, namely the profile, the inertial-dissipation, and the eddy-correlation method. The
use of the last two methods allowed us to advance in the reconciliation of u,,, and .. by
defining the range of ¢, term and comparing it with the ¢;,,, measured at open sea.

The collected data provided an unprecedented opportunity to estimate the ratio
between the turbulent stress and the turbulent plus wave-induced stress in the WBL and to
compare those estimates to the open sea data of B19. Our data suggest that ¢;,,,, increases
as the distance from the water surface decreases. In addition, the order of height of ¢y, is
in the range of 0.3 to 0.7, which is comparable to the value of 0.4 found by B19.
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