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ABSTRACT

Time-resolved measurements of the open-ocean marine
atmospheric boundary layer (MABL) are essential for charac-
terizing the real wind conditions at sea and offer a glimpse
into the dynamics of very high Reynolds number unsteady tur-
bulence. A unique dataset obtained using two upward-facing
continuous-wave profiling lidars during four trans-Atlantic
crossings of a tanker is presented. Horizontal wind veloci-
ties were measured by the first lidar between 10 m and 100 m
above deck under a wide range of conditions. The verti-
cal profiles indicate that the apparent wind is strongly modi-
fied by the vessel and its motions, producing deviations from
canonical boundary layer power-law profiles. The second li-
dar continuously measured at 22 m above deck with an ac-
quisition frequency of roughly 1 Hz to reveal time-resolved
results. Velocity increments exhibit sustained heavy-tailed
distributions, presumably due to the external intermittency of
large flow structures. Two distinct scaling regimes at smaller
scales up to 10 s and a second one starting from 1000 s are
found. In between the energy spectrum exhibits a robust f~!
scaling over nearly two decades, consistent with the attached-
eddy model and indicative of very high friction Reynolds num-
bers (€ (107)). An active-grid control scheme with constant
blockage is implemented to reproduce representative time se-
ries in a wind tunnel, accurately reproducing cases with high
fidelity.

INTRODUCTION

Vessels travelling at sea experience significant atmo-
spheric turbulence, often assumed to be represented by some
form of homogeneous, isotropic turbulence (HIT); but how
good is this assumption? For HIT, velocity fluctuations are
known to follow quasi-Gaussian distributions (Krogstad &
Davidson, 2010). Atmospheric turbulence features strong in-
termittency, leading to pronounced deviations from Gaussian-
like behaviour (Mahrt, 1989). Insights into the intermittency
of the flow can be obtained by studying velocity increments
Suz(t,7), defined as the difference between velocity magni-
tudes measured at times ¢t and ¢ 4+ T (Bottcher et al., 2007).
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From Su¢(t,7), structure functions (moments of order n) can
be defined as S,(t) = Su.(t,7)", which exhibit power-law
scaling with the separation 7, i.e. S,(7) ~ 7%, where {, de-
notes the scaling exponent associated with self-similar inertial-
range dynamics. This temporal formulation corresponds to
the classical spatial scaling under the assumption of Taylor’s
frozen turbulence hypothesis. Pure self-similarity implies a
linear dependence of &, on n, as proposed by Kolmogorov
(1941). In this case, the normalized velocity increment PDFs
differ only by a scale factor, resulting in a universal distribu-
tion independent of the separation 7. However, at sufficiently
small separations, no universal PDF shape is observed (Batch-
elor & Townsend, 1949); instead, the distributions develop
heavy tails. This deviation from self-similarity is commonly
described by a nonlinear, multifractal scaling behavior, as sug-
gested by Kolmogorov (1962), where the scaling exponent &,
becomes a nonlinear function of n with an intermittency cor-
rection U. The resulting heavy-tailed PDFs, characterized by
kurtosis values greater than = 3, are commonly referred to as
internal intermittency.

Nonetheless, heavy-tailed PDFs are frequently found as
well in flows with external intermittency featuring intermittent
or patchy turbulence, as in the outer region of boundary layers.
The phenomenon is especially marked in atmospheric bound-
ary layers, where non-turbulent regions extending deep into
the flow modulate the turbulence, yielding highly intermittent
motions and increased kurtosis (Mahrt, 1989; Bottcher et al.,
2007).

A parametrization to describe the shape of PDFs in terms
of their deviation from Gaussianity has been proposed by Cas-
taing et al. (1990). Based on the log-normal model, the dis-
tributions are a superposition of several Gaussian distributions
with standard deviations, &, distributed based on a log-normal
distribution. The variance of which determines the shape of
the resulting distribution, henceforth referred to as the Cas-
taing parameter, 7%. The Castaing parameter indicates the de-
viation from Gaussianity, and for the limit of a vanishing A2,
the resulting distribution is again reduced to a single Gaus-
sian. Chilla er al. (1996) found a direct way to calculate the
Castaing parameter based on the kurtosis of the velocity dif-
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ferences, K(Suc(t,7)),

Ae(r) = 2 : €))

which forms the basis for analysing lidar measurements of the
incoming turbulent atmospheric flow. The resulting dataset
provides rare open-ocean turbulence statistics beyond coastal
sites, allowing a critical examination of their interpretation as
intermittency in the measured flow.

DATA ACQUISITION AND PRE-PROCESSING

In early 2025, a 183-meter chemical tanker conducted at-
mospheric boundary layer measurements while crossing the
North Atlantic four times. The campaign consisted of two
phases: during the first two legs, measurements were taken
with the vessel in its original configuration; for the final two
crossings, four 22-meter-high suction-type sails were installed
in two pairs on the deck. For all journeys, two collocated
ZX300 continuous-wave profiling wind lidars were mounted
on the starboard side of the bow, in front of the sails. Dur-
ing each scanning cycle, the lidar focuses on one elevation for
one second, then refocuses to scan multiple elevations consec-
utively. To solve the inherent directional ambiguity of the lidar,
two meteorological stations were mounted on the ship. Head-
ing and positional data were obtained using a dual-antenna
Global Navigation Satellite System receiver combined with an
inertial measurement unit. The first lidar measured vertical
wind profiles from 10 m to 38 m in 4 m increments, in ad-
dition to a measurement at 100 m above deck. The lidar data
were pre-processed in a similar manner as described by Dhomé
et al. (2025). Because the measurement uncertainty of lidar
increases at low apparent wind speeds (AWS), all data from
both lidars below 4 m/s were discarded. Vertical profiles from
the first lidar were averaged over 10-minute intervals and re-
tained only if at least 15 measurements were available at every
height level. Typically, around 30 measurements are recorded
for each height in a 10-minute interval. If any height failed to
meet this requirement, the entire 10-minute interval was dis-
carded.

The second lidar was set up to measure at 22 m above
deck, taking ten samples at 1 Hz before obtaining a reference
measurement at 38 m for internal quality control; the latter was
not used in the analysis presented here. The resulting dataset
contains gaps, both from this measurement sequence and from
adverse environmental conditions, which must be filled, as
the applied analysis methods require evenly spaced, contin-
uous time series. Therefore, the data is organized into time-
series segments, which are defined by data without big gaps;
whenever a gap exceeds five minutes, the segment is ended,
and a new one is initiated following the gap. The remaining
smaller gaps still make up 30% of the data and are filled using
a forward- and backward autoregressive scheme as in Yadala
et al. (2025). The scheme was applied in windows of 1000 s
after making sure the window size did not influence the statis-
tics. To verify that the gap-filling did not affect the results,
velocity increments were computed, leaving the gaps unfilled,
thus excluding all the velocity differences with missing data.
A comparison of the probability density functions (PDFs) of
velocity increments with and without gap filling showed no
observable differences.

Velocity fluctuations are obtained by Reynolds-
decomposing the 1 Hz time series with the 10—minute
average. The 10—minute average also defines the mean

wind direction, which serves as the reference frame for
decomposing the velocity into two components: u, aligned
with the mean wind direction, and v, perpendicular to it in the
horizontal plane. An overbar denotes the temporal averages.

VERTICAL PROFILES OF HORIZONTAL WIND
AND TURBULENCE

The measured flow characteristics with and without sails
are shown as vertical profiles of AWS in Fig. 1. These pro-
files represent averages over either the first two or the last two
crossings, distinguished by line style. Data is binned into ap-
parent wind angle (AWA) intervals of 30°, and the profiles are
normalized with the average at 100 m above the deck. Above
the profiles, the number of ensembles for a whole profile is
shown. Especially during the first two crossings, almost no
data are available for apparent winds from astern, as the ship’s
forward speed likely often exceeded the wind speed in that
direction. Port (left) and starboard (right) profiles at equal ap-
parent wind angles relative to the bow are shown in the same
color to make comparisons around the centerline easier. When
comparing the measured profiles with boundary-layer profiles
based on power-laws, it becomes clear that, especially due
to the interaction between the vessel and the flow, there is
no one-fits-all solution. As already shown by Wagner et al.
(2009), even over land, a wide range of velocity profiles can
be observed. Using fits of the undisturbed flow, Dhomé et al.
(2025) also finds a range of power-law exponents, depending
on the vessel’s position and the possible stability of the atmo-
spheric stratification. Due to limited vertical resolution, fitting
boundary-layer profiles is associated with considerable uncer-
tainty. Instead, two reference lines are shown in the figures
rather than explicitly estimating power-law exponents. The
dotted line indicates the commonly used 1/7 exponent, while
the dash-dotted line represents the modal value (0.035) of the
exponent distribution reported by Dhomé et al. (2025). The
first clearly does not agree with the present findings except for
winds from astern, where the wake of the vessel is measured.
The latter does agree better, especially for bow-in flows from
starboard, where the profiles are almost straight.

Nonetheless, it is clear that the typical boundary layer pro-
files associated with offshore flows used in simulations and
laboratory settings are not realised in these four crossings.

INTERMITTENCY ANALYSIS

In Fig. 2, the Castaing parameter using Eq. (1) for the ve-
locity magnitude of the lidar dataset is compared to a hot-wire
(HW) measurement in an approximate HIT generated by an ac-
tive grid. The grid turbulence measurements were conducted
in the wind tunnel of the Norwegian University of Science and
Technology; a detailed description of the facility is provided
in Kildal et al. (2023). The turbulence level was set to roughly
match the average turbulence intensity reported by the lidar
on all four crossings. Measurements were taken by a Dan-
tec 55P11 single hot-wire probe with a sampling frequency of
75 kHz (see Couliou et al., 2026, for further information). For
the HW dataset, the integral time scale, T, is calculated by
integrating the autocorrelation up to the first zero-crossing.

As the time lag increases, the Castaing parameter de-
creases towards zero for both datasets, indicating a shift from
heavy-tailed distributions to near-Gaussian ones. As remarked
by Renner et al. (2001), scale-independent, Gaussian distri-
butions are found for scales larger than 7', which is the case
for the HW dataset, where ),g is zero. For the smallest scales
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Figure 1: Apparent horizontal wind speed binned into 30° bins with sails (WS) and without them (WoS). The numbers
above the profiles indicate the number of ensembles making up a profile. Journeys without sails are shown with solid lines,
and dash-dotted with the sails mounted to the vessel. The black profiles show idealized power-laws with an exponent of
0.14 (dotted) and 0.035 (dash-dotted). The minor grid has a spacing of 0.1.

the lidar can resolve, the Castaing parameter is almost double /T
the values of the smallest scales of the HW dataset. While A2 107 10" 10*
in the lidar dataset decays to zero at time lags in the order of 0.4 0.4
% (104) seconds, the time lags for the same in the HW dataset o \ -
are five orders of magnitude smaller. The slope of the Cas- “EJ 0.2 A:v 0.2
taing parameter itself is related to the intermittency correction \ \
H through (1)00 10! 10* 10° 10* 0 107" 107% 1072 107¢
7 [s] 7 [s]
23(7) = (A3~ uin(2)) /9 @) ® "

Where A} depends on the macrostructure of the flow (Kol- Figure 2: (a) Castaing parameter as a function of time
mogorov, 1962; Castaing et al., 1990). lag, 7 in seconds. The yellow and blue lines show the

The decay of A2 in Fig. 2a shows interesting behaviour start and end of a regime where the power spectrum fol-
as the parameter initially drops from almost 0.4 to a plateau lows a f -1 scaling. (b) Castaing parameter for approx-
spanning roughly two decades of scales. Scales in this plateau, imately homogeneous turbulence behind an active grid
therefore, are self-similar with a linear scaling exponent as the as a function of temporal separation in seconds, as well

slope of lg is close to zero. As a result, the shape of the ve-
locity increment PDF is only scaled and not changed. Only
after a time lag of 1000 s, kg starts to drop to zero. The yellow
and blue lines in Fig. 2a show a regime, where a f~! scaling
is found in the energy spectrum, see section below. Note that
the bounds of the scaling behavior do line up with the regime
of a constant Castaing parameter. Similar shapes of the Cas-
taing parameter as displayed in the lidar dataset have also been
reported, for instance, by Neuhaus et al. (2020), at 40 mesh-
widths downstream of the active turbulence grid. The flow
seemed to be influenced by two scales, producing a plateau
in the Castaing parameter as well. In another study using data
sampled over a long period at the FINO1 platform in the North
Sea, a slightly different measure was used for the shape of the
resulting velocity increments. In their study, Sim et al. (2024)
calculated the velocity increment distributions as a function
of the separation distance by applying Taylor’s hypothesis of
frozen turbulence, using the local average velocity to convert
time lags into spatial separations. The resulting PDFs were fit
by skewed and stretched exponential functions, indicating the
decay of the tails of a distribution. The tails of the distributions
altered as well in two steps, with a plateau in between. A first
change to the PDF shape is found up to separations between
0.1 km and 1 km, followed by a constant shape up to separa-
tions of more than 10 km, before the PDFs become more and

as normalized by T in the upper axis.

dominant scales govern the flow field: a local scale up to about
0.1 km, and a larger-scale regime beyond 10 km. In the tempo-
ral domain, the local scales seem to act on scales shorter than
10 s, whereas the larger scales are found at time scales larger
than 1000 s.

Plotting the PDF of velocity increments reveals the
change in their shape for different time scales captured by the
Castaing parameter. Again, the lidar data is compared to the
same HW data in Fig. 3. For each plotted PDF, 7% is calculated
using Eq. (1) and fed into the symmetrical distribution intro-
duced by Castaing et al. (1990) and plotted in dashed lines.

For the lidar dataset, the PDFs are heavy-tailed up to
the very largest scales. The second and third PDFs (7 =
60 s and 600 s) are very similar in shape as they both are
in the regime where the Castaing parameter is nearly con-
stant. Comparing both laboratory and atmospheric flows as
well, Bottcher ez al. (2007) shows the same heavy-tailed PDFs
for atmospheric conditions as found with the present datasets.

more Gaussian. A very similar behavior with transitions at SPECTRAL ANALYSIS

similar separations is found for the present dataset, where the The power spectrum of the velocity fluctuations at 22 m
separation distance is calculated using the local mean velocity above deck, sampled at 1 Hz and computed using Welch’s
for Taylor’s hypothesis (not shown here). Such behavior may method over all journeys and incident AWA for both velocity
be an intrinsic feature of atmospheric turbulence, in which two components, is shown in light blue in Fig. 4. A moving aver-
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Figure 3: (a) Normalized probability density functions
for different time lags T = 1,60,600, 1000,30000 s from
top to bottom of the measured velocity increments in
blue. Curves are shifted for clarity. Black dashed curves
are Castaing distributions with the corresponding /lg
values using Eq. (1). (b) Shows distributions of the lab
dataset with a time lag of /T = 0.01, 0.06, 0.6, 1, 6.
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Figure 4: (a) Energy spectrum of the u velocity compo-
nent. (b) Spectrum of the velocity component v, perpen-
dicular to the mean wind direction. The black dashed
line shows a f~! scaling while the dotted line in (a)
shows a f /3 scaling law. Red markers show the en-
ergy density determined by OWTs.

age with a logarithmically increasing window size is applied
to obtain the smoothed curves shown as a continuous black
line. In addition, orthonormal wavelet transforms (OWT) us-
ing a Haar mother wavelet are indicated by the red markers.
OWTs are frequently employed in the context of scaling laws
in the atmospheric boundary layer, as they are less sensitive
to non-stationarities in the velocity time series compared to a
Fourier-based analysis (Katul et al., 2012; Banerjee & Katul,
2013). As predicted by the attached eddy model (AEM), the
energy spectrum of the streamwise component does follow
£~ 1 scaling, before a scaling according to Kolmogorov (1941)
of f ~5/3 is found for higher frequencies (Perry & Abell, 1977,
Perry & Chong, 1982). Similar to other studies, E,, does fol-
low the f~! slope better than E, (Banerjee & Katul, 2013;
Liu et al., 2022). The spectrum of the # component exhibits
an f~! scaling across almost two decades, which is among the
longest ranges reported to the authors’ knowledge (Calaf et al.,
2013; Liu et al., 2022). The beginning and ending of the range,
where the AEM scaling is found, are indicated by the yellow
and blue lines in the same way in all Figs. 2a,4a, and 5. Espe-
cially for E,,, an energy built up is noticeable at around 0.1 Hz,
which is likely due to the reference measurements of the lidar:
As the lidar has to refocus its optics from 22 m to 32 m and
vice-versa, the measurements after refocusing are not spaced
exactly one second apart. As measurements are only provided
with timestamps rounded to the closest second, this temporal
discrepancy cannot be adjusted. As E,, is generally noisier, the

peak is less profound.

Using a least square fit for frequencies between 7.3 x
10~* Hz to 0.07 Hz indicates scalings of f~! for the un-
smoothed Fourier-based spectral density and f~99 for the
OWT. Following the argumentation of Katul et al. (2012),
the scaling should be corrected and shallower for intermittent
cases. Specifically, a correction using p is proposed, thus a
scaling of f~1*# should be recovered. As discussed in the
previous section, the Castaing parameter is constant for the
regime, where the f~! scaling is found, thus p is zero for
this regime as well, resulting in an uncorrected scaling law. It
should, however, be noted that the flow field still shows heavy
tails in the distribution, which might be an indication of very
large motions interacting with the flow.

To transfer the spectrum into wave number space, Taylor’s
hypothesis of frozen turbulence is used, whereby the velocity
average was taken for each time series separately. It is known
that this transformation is plagued with problems in the bound-
ary and shear layers (Alamo & Jiménez, 2009; Moin, 2009).
Similar to other studies in the ABL, the interest here lies in
rather large wave numbers, where Taylor’s hypothesis should
hold reasonably well (Kunkel & Marusic, 2006; Calaf et al.,
2013; Sim et al., 2023).

Using the same range as above, the wave-number spec-
trum can be fit as Ey(k) = CpgpU2k~! (Banerjee & Katul,
2013), yielding an estimate of the friction velocity, Uy, where
the constant C}x is observed between 0.9 — 1.1 according to
multiple measurements in the atmosphere (Banerjee & Katul,
2013). Uy is found in a range between 0.26 m/s —0.29 m/s.
As the extent of the scaling law indicates very large friction
Reynolds numbers, Re,, an estimate is made using a MABL
height of around 1 km (Zhou et al., 2020; Yang & Pan, 2025).
Using tabulated values from the international standard atmo-
sphere for the kinematic viscosity of air, Re, is found in the
order of & (107). As comparison, a boundary layer with a
f~ 1 scaling for less than a decade requires a friction Reynolds
number of order & (10°) (Marusic & Monty, 2019).

In Fig. 5, the premultiplied spectrum is normalized using
the fitted friction velocity and the measurement height above
the sea surface, z, which changed with vessel loading and sea
state. As the change to the result from the two extreme normal-
izations of maximum and minimum draft (9 m to 13 m) is not
significant, an intermediate lidar height is used, resulting in a
measurement height of 34 m above the sea surface. In the pre-
multiplied and normalized spectrum, a k! scaling is expected
as a horizontal line at unity.

The transition between the k! scaling and the k=5/3 scal-
ing of the intermediate scales is believed to happen at a con-
stant kz. Many studies have found the transition at roughly
unity (Kunkel & Marusic, 2006; Katul ez al., 2012; Calaf et al.,
2013). The transition in Fig. 5 is found at slightly higher wave
numbers of kz ~ 1.6; however, the transition is difficult to
distinguish due to the peak originating from the time uncer-
tainty. In other measurements of the MABL, Liu et al. (2022)
found the transition at higher wave numbers (up to kz ~ 3.4)
for wind-following swell conditions. Sim et al. (2023) showed
the transition at kz ~ 2

In the premultiplied spectra of Sim et al. (2023), the en-
ergy does increase at the lower wavenumber bond of the k!
scaling, possibly an imprint of gravity-waves, which is not
found with this data-set. Rather, a scaling close to k¥ is found,
in the premultiplied spectrum visible with a slope of +1. Ac-
cording to Nikora (1999), the onset of this scaling is found at
kH <1, where H is the external length scale of the flow pro-
portional to the boundary layer thickness. Inserting the end of
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Figure 5: Premultiplied spectrum from Fig. 4a plotted
in wavenumber space and normalized with the measure-
ment height as well as the friction velocity. The yellow
and blue lines show the approximate transition points of
the different scalings, indicated by the dashed lines.

the ! scaling at kz = 0.014 gives H = 15.6 km. The end of
the f~! scaling in Calaf ef al. (2013) appears at approximately
the same value of normalized wave number kz.

REPRESENTATIVE TIME SERIES AND THEIR
EXPERIMENTAL REPLICATION

Ten representative time-series are extracted from the data
set for replication and investigation in the lab and simulations.

To enable reliable reproduction of the selected time se-
ries, an active-grid control scheme is implemented. The ap-
proach builds on the method developed at the University of
Oldenburg, in which the global blockage of the grid is main-
tained constant, and lidar-based velocity measurements have
been successfully reproduced in a wind tunnel (Kroger et al.,
2018; Neuhaus et al., 2021).

The actuation principle is based on controlling the flap
angle of the active grid between 0° (fully open) and 90° (max-
imum blockage), with the flaps undergoing a prescribed back-
and-forth motion rather than continuous rotation. Adjacent
shafts rotate in opposite directions to avoid inducing a mean
flow deflection, thereby generating an array of small jets with
a controllable effective opening.

To avoid excessive loading of the wind tunnel fan, the
overall grid blockage is kept constant. This is achieved by
assigning the 90 actuators to two groups. The first group, de-
noted A, actively follows the prescribed time-dependent signal,
while the second group, C, compensates for these motions such
that the total blockage remains constant. Different combina-
tions of shaft groups (A, C) are used to impose the prescribed
signal at different spatial locations. Effective compensation
requires the compensating group to provide a larger blockage
contribution than the active group. As the grid is not square,
this constraint does not directly correspond to the number of
actuators, but rather to their effective blockage.

To establish the relationship between shaft angle and flow
velocity, a transfer function is measured. This procedure is re-
peated for each shaft-group configuration, undisturbed (fully
open grid) flow velocity, and measurement location. For a
given case, the wind tunnel is first set to the desired undis-
turbed flow velocity. The shafts in group A are then set to 90°
(fully closed), while group C remains open to maintain con-
stant blockage. The resulting flow velocity is recorded at the

12

10

u [m/s]

0 100 200 300 400 500 600
Time [s]

Figure 6: Comparison between the prescribed input and
the reproduced time series in the wind tunnel. The
downsampled HW signal in blue is shown against the
input signal in red.

measurement location over 3 min. Subsequently, the angle of
group A is reduced in increments of 3°, with group C adjusted
accordingly to preserve constant blockage. At each step, the
flow velocity is measured. This process continues until group
A is fully open and group C is fully closed. The resulting mea-
surements are then fit with an eighth-degree polynomial, yield-
ing the transfer function.

For the initial results shown above, the active grid is split
horizontally in the middle, to have the active group at the lower
half and the compensation group at the upper half. The flow
velocity with the active grid fully opened is 10 m/s, and the
measurement location is 3 m or 30 grid mesh lengths, M,
downstream of the active grid and 30.7 cm above the tunnel
floor. After determining the transfer function, a test signal
measured by the lidar in the Atlantic (red line in Fig. 6) is
fed into the control scheme. As indicated by the downsampled
75 kHz HW measurement (blue), the time series is captured
well, with a coefficient of determination of R? = 0.96, demon-
strating a high level of agreement.

CONCLUSIONS

Onboard measurements of horizontal wind using two
upward-facing lidars provided unprecedented data on the
MABL in the North Atlantic. Measurements were performed
on four trans-Atlantic crossings. One lidar measured vertical
profiles of elevations from 10 m up to 100 m above the deck
of a tanker. Datapoints are averaged over 10 min and grouped
into 30° bins to show the influence of the vessel and wind di-
rection. The horizontal apparent wind is dominated by flow
modifications induced by the vessel, which prevents the defi-
nition of a meaningful mean behaviour.

The second lidar focused on an elevation of 22 m above
deck at a temporal resolution of roughly 1 Hz. By assessing
the distributions of velocity increments across scales using the
Castaing parameter, two regimes with enhanced internal inter-
mittency are found. One with scales up to 10 s, a second one
for scales larger than 1000 s. In between the Castaing parame-
ter shows almost a constant value of 0.2, still indicating heavy-
tailed PDFs, which is also found when plotting them. Compar-
ing that with HIT from wind tunnel measurements downstream
of an active turbulence grid displays the large difference in
scales, as well as no intermediate plateau of the Castaing pa-
rameter for HIT data. In the range where the Castaing param-
eter remains approximately constant, the spectrum follows an
f! scaling, consistent with predictions from the AEM. The
broad extent of this scaling region suggests a substantial fric-
tion Reynolds number, on the order of ¢ (107). Although the
observed heavy-tailed increment distributions clearly reflect
interactions with large-scale or mesoscale motions, the con-
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stancy of the Castaing parameter implies no need for intermit-
tency correction to the f~! scaling. Intermittency is formally
defined through deviations of the structure-function exponents
&, from linearity in the moment order n. Heavy tails are, there-
fore, necessary but not sufficient to establish internal intermit-
tency. The results indicate that open-ocean atmospheric turbu-
lence departs from canonical near-Gaussian statistics with an
increased occurrence of strong events.

In addition, a constant-blockage actuation scheme is im-
plemented using an active grid in a wind tunnel, enabling con-
trolled reproduction of the selected inflow conditions. The re-
sults demonstrate good agreement between the prescribed in-
put and the measured velocity signal, confirming the capability
of the approach to replicate realistic atmospheric inflow fea-
tures under laboratory conditions.
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