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Abstract Results of field measurements of the swell-induced undulation of the wind speed
taken from a Black Sea platform are presented. The wind speed and its fluctuations were mea-
sured at several heights between 1.3 and 21 m above the mean sea level under various wind
and swell conditions. Parameters of the swell-induced undulations were derived from cross
spectra of the wind-speed fluctuations and the sea-surface displacement. As found, the phase
and the amplitude of the wind speed undulation in the layer from kpz = 0.1 to kpz = 3
(kp is the swell wavenumber) are in good agreement with the theory of inviscid shear flow
over a wavy surface. The main feature of the vertical profile of the swell-induced undulation is
the exponential attenuation of its amplitude with height typical for the potential flow over the
fast running waves. At the lowest levels the potential undulations are significantly distorted
by the wind-speed variations caused by the vertical displacements of the shear airflow relative
to a fixed sensor. No direct impact of swell on the mean properties of the turbulent boundary
layer at kpz > 0.1 is revealed. In particular, the mean wind-speed profile and spectra of the
horizontal velocity in the inertial subrange obey Monin-Obukhov similarity theory.
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1 Introduction

It is widely accepted that swell can significantly affect the sea-surface drag and the dynamics
of the turbulent atmospheric boundary layer. Donelan et al. (1997) and Drennan et al. (1999)
were the first to find a strong increase in the drag coefficient at low winds in the presence of
swell travelling across or opposite to the wind. Later Guo-Larsen et al. (2003) and Pan et al.
(2005) showed that the magnitude of the surface drag increases with an increase in the angle
of swell propagation with respect to the wind direction. Low winds and the presence of swell
are typical of tropical ocean regions, where the atmosphere accumulates heat and moisture
and then transports these to higher latitudes. In this respect understanding of swell impact on
exchange processes at the air–sea interface is one of the key issues the climate research.

Swell travelling faster than the wind transfers momentum to the atmospheric boundary
layer. Depending on the swell direction the swell-induced momentum flux can accelerate (as
for a following-wind swell) or decelerate (as for an opposite-wind swell) the airflow (e.g.,
Volkov 1970; Davidson and Frank 1973; Smedman et al. 1999; Drennan et al. 1999; Grachev
and Fairall 2001), or may result in the rotation of the wind-stress vector (Geernaert et al.
1993; Rieder et al. 1994; Grachev et al. 2003). The formation of the wave-driven wind in
a laboratory tank was first reported by Harris (1966), and the experimental evidence of this
effect in real conditions was later reported by Miller (1999), Smedman et al. (1999) and
Rutgersson et al. (2001).

Kudryavtsev and Makin (2004) proposed a physical model describing the impact of fast-
running swell on the surface drag and the wind-velocity profile due to the pumping of swell
momentum to the marine atmospheric boundary layer (MABL). The model is based on
the two-layer approximation of the boundary layer: the near-surface inner region, where the
swell-induced momentum and the energy fluxes are confined, and the outer region above. The
model was able to reproduce quantitatively the main experimental findings, viz. the impact
of ocean swell on the sea-surface drag and the formation of swell-driven wind. However, as
mentioned by these authors, this consistency was achieved by an “artificial” enhancement
of the swell attenuation rate, which in turn resulted in too fast a decay of swell on scales
of about 1000 km. This scale is significantly less than the decay scale recently reported by
Ardhuin et al. (2009) on the basis of global observations of ocean swell from satellite radar,
2700 km for the steep ocean swell and 20,000 km for swell of small steepness. Kudryavtsev
and Makin (2004) amplified the swell attenuation rate in order to compensate for too small
a depth of the inner region l (l is of order kl ∝ 10−2, where k is the swell wavenumber),
which was conceptually based on rapid distortion theory (Belcher and Hunt 1993). Hanley
and Belcher (2008), following in general line the model approach suggested by Kudryavtsev
and Makin (2004), defined the inner region depth as kl ≈ 0.1, and found a qualitative consis-
tency between the model and observed swell-driven wind. Sullivan et al. (2008) performed
large-eddy simulations (LES) of the impact of swell on the MABL and compared their results
with measurements from the CBLAST field campaign (Edson et al. 2007). They found that
the depth of the layer directly affected by swell is about kl ∝ 1, i.e. it is much deeper than
predicted by rapid distortion theory.

All these effects result from the averaged impact of the swell-induced undulation on the
mean turbulent flow. In this context, experimental data of the vertical profiles of the amplitude
and phase of the wind velocity, pressure and the turbulent stress undulation could identify
the physical mechanism that leads to the averaged impact of swell on MABL dynamics.
However, field measurements of the wave-induced undulation of the airflow are very limited.
Earliest observations were reported at the end of the 1960s and beginning of the 1970s (e.g.
Volkov 1969; Yefimov and Sizov 1969; Kondo et al. 1972). Kondo et al. (1972) presented
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profile measurements of the mean wind speed and its undulation caused by mixed seas. They
did not found any systematical deviation of the wind profile from the log shape, but revealed
some discrepancies between the observed wave-induced undulation in wind speed and the
model predictions based on Miles’ theory (1957). However, Hristov et al. (2003) found that
the amplitude and phase of the wind-velocity undulation are in agreement with the quasi-
laminar Miles’ (1957) theory. They came to the conclusion that the observed features of
the wind-velocity undulation may serve as experimental evidence that the mechanism of
the wind-wave generation proposed by Miles (1957) is efficient in open ocean conditions.
Mastenbroek et al. (1996), using a two-dimensional (2D) numerical model for the atmospheric
boundary layer based on the second-order closure scheme for the Reynolds stress, performed
simulations of the wave-induced undulation of the turbulent airflow and its mean quantities
(wind and turbulent stress profiles) measured in the large IRPHE-Luminy wind-wave tank.
A good quantitative agreement between measurements and the model for the amplitude and
phase of the wave-induced undulation was found. Also Mastenbroek et al. (1996) provided
the experimental evidence for the validity of the rapid distortion theory: they revealed the
existence of the inner region (where the wave-induced momentum flux is confined) and the
outer region, where the wave-induced motion is almost inviscid. Hsu and Hsu (1983) studied
the wind profile and the turbulent stress above waves in laboratory conditions, and analysis
of their data by Kudryavtsev et al. (2001) also confirmed the existence of the inner region as
a layer where the undulation of the turbulent stress is confined.

In our study we present results of field measurements of the swell-induced undulation in
the wind speed taken from a Black Sea platform at several levels above the sea surface. The
main goal is to investigate the vertical profile of the amplitude and phase of the wind-speed
undulation and to compare these results with model predictions. We anticipate that these
data will contribute to a better understanding of MABL dynamics above fast-running waves
and facilitate improvements of models of swell decay and swell impact on the sea-surface
drag.

2 Field Experiment

The experiment was carried out during September–October 2003 and September 2005 in the
Black Sea coastal zone using the Marine Hydrophysical Institute’s research platform located
700 m offshore at 30-m depth (see Fig. 1). Measurements of the wind speed and its fluctua-
tions were performed using fast-response cup anemometers (the distance constant is 0.3 m)
that gave wind-speed fluctuations with a frequency response of 1–4.5 Hz. Cup anemometers
were fixed on a vertical mast mounted at the end of 9-m long beam and located at five to seven
heights inside the 1.3–8 m layer above mean sea level. The altitudes of anemometers were
changed depending upon wave height, measured with a wire resistant wave gauge mounted
beneath the anemometers. The typical length of the wind speed and wave records was about
40–60 min with sampling rates of 0.1 or 0.2 s. An additional cup anemometer and a small
vane for the registration of wind direction were mounted at 20.8 m height on a mast at the
platform’s corner. The accuracy of the wind-speed measurements using cup anemometers
(established in the wind tunnel) is about 2%, and the relative error of the wind-speed measure-
ments was investigated in a number of calibration tests. During these tests measurements of
the wind speed were made using all of the anemometers fixed at the same level. In the range
of wind speeds from 2 to 12 m s−1 the error in measurements of the mean wind speed and
the variance of the velocity fluctuations was within ±2 and ±5% respectively. The distortion
of the oncoming airflow by the platform in the vicinity of the wind-speed measurements,
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Fig. 1 Map of the experimental
area and the wind-direction
sectors: sector 1, 2 and 3 indicates
respectively offshore, alongshore
and onshore direction of wind

estimated according to Britter et al. (1979) (see also, Moat et al. 2006), did not exceed 2–3%,
comparable with the accuracy of the wind-speed measurement by the cup anemometers.

The measured wind speed u almost corresponds to the longitudinal component of the
wind velocity. If u and v are the longitudinal and the transverse wind velocity components
respectively, then to second order in the wind-speed fluctuation:

u ≈ U + u′ + v′2/2U, (1)

where U is the mean longitudinal wind speed, and u′ and v′ are the fluctuations. For most
cases, the standard deviation of the wind speed fluctuations, σu,v , normalized by U was small,
of order σu,v/U ∝ 10−1. Thus we may treat the measured wind speed as the longitudinal
component of the mean wind velocity and its fluctuation, i.e. u ≈ U + u′.

The wind profile measurements were accompanied by hourly measurements of the water
temperature at 2-m depth, the air temperature and the humidity at 10-m height. In order to
estimate the atmospheric stability, the empirical functions suggested by Dyer (1974),

φm(ζ ) = 1 + 5z/L (2a)

for L ≥ 0, and

φm(ζ ) = (1 − 16z/L)−1/4 (2b)

for L ≤ 0 were chosen. The Obukhov length scale L is estimated using a bulk relation, and
the heat transfer coefficient CH10 = 1.1 × 10−3 for unstable and CH10 = 0.8 × 10−3 for
stable conditions, and CH10 ≈ CE10 for evaporation were adopted (Large and Pond 1981;
Smith 1980; Dupuis et al. 2003). The atmospheric stratification varied from strongly unstable
to near-neutral, or in terms of z/L (for z = 10 m) −2.5 < z/L < 0.05.

The surface displacement was also measured by an array consisting of six wire wave
gauges. These data were further utilized for the estimation of frequency-directional wave
spectra Fη( f, θ) using the maximum likelihood method (Capon 1969). An example of the
observed frequency-directional wave spectrum is presented in Fig. 2. The spectral peak in
the wind direction can be treated as wind waves, while swell propagates from the open sea
at an angle of 80◦ relative to the wind direction. The angular spreading of swell energy
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Fig. 2 An example of the
directional-frequency wave
spectrum at a wind speed
U10 = 5.5 m s−1. Arrows
indicate the spectral peak of swell
and wind waves (spectral
direction is indicated as “off”)

in Fig. 2 is apparently narrower than for wind waves. In the present study we define the
frequency-directional spectrum as:

Fη( f, θ) = Sη( f )φ(θ), (3)

where Sη is the frequency spectrum and φ(θ) is the angular spectrum. The latter is parame-
terized as (e.g. Babanin and Soloviev 1987)

φ(θ) = A cosn(θ − θ0), (4)

where |θ − θ0| ≤ π/2, A is the normalization coefficient defined by the condition∫
φ(θ)dθ = 1, and θ0 is the mean direction of wave propagation. The magnitude of 1/A is

approximately equal to the half angular spectral width (in radians). For the measurements,
parameter n in Eq. 4 varied in the range from 10 to 20, equivalent to an angular width of
45◦–30◦. More information on the characteristics of the equipment, the data recording and
processing can be found in Soloviev et al. (2004) and Soloviev and Ivanov (2007).

3 Experimental Data

In the present study we use data collected for onshore winds, when the MABL properties are
typical of open sea conditions. Since swell travels from the open sea, the angle β0 = θ0 −φw

between the mean directions of the swell θ0 and the wind φw is restricted to the range 0◦
to 150◦. Hereafter the directions of wind and swell are defined as the direction of the wind
velocity and wavenumber vectors.

3.1 Time Series

Two fragments of time series, where the wind-speed undulation is well correlated with the
surface displacement, are shown in Fig. 3 for the following-wind swell, and in Fig. 4 for the
opposite-wind swell. In both cases the swell-induced undulations of the airflow are well pro-
nounced, although the phase of the undulations is quite different: for the following-wind swell
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Fig. 3 Fragment of the time series of the sea–surface displacement (solid line) and the wind speed (dashed
line) at z = 2.95 m for the following-wind swell. Values for the significant wave height HS , the peak frequency
f p and the relative angle β0 between the wind and swell direction are indicated
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Fig. 4 The same as in Fig. 3, but for z = 1.35 m and the opposite-wind swell

the air flow accelerates over troughs, while for the opposite-wind swell the air accelerates
over crests.

3.2 Spectral Quantities

Quantitative estimates of the relation between the swell-induced undulation of wind speed
and the surface displacement can be made from the standard cross-spectral analysis of time
series (see e.g. Jenkins and Watts 1972).

Figure 5 shows spectra of wind velocity fluctuations for various wind and swell conditions.
A remarkable, but well-known, feature of these spectra is the existence of the inertial subrange
of atmospheric turbulence, associated with the ‘−5/3’ slope. Since the swell-induced undula-
tion in the airflow may disturb the shape of the spectra in the inertial subrange, such an effect
is manifest as a local spectral peak at the swell frequency, which is well revealed at the lower
levels of measurements, both for the following-wind and the opposite-wind swell cases.
Disturbances of the wind spectra by swell are also revealed at the upper levels, although
they are much weaker. Wind-speed spectra shown in Fig. 5 can be considered as typical.
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Fig. 5 Frequency spectra of the wind-speed fluctuations at two levels (solid and dashed lines) and the sea–
surface displacement (dotted lines, the dimension of wave spectra is m2 s): a the following-wind swell, the
same case as shown in Fig. 3; b the opposite-wind swell, the same case as shown in Fig. 4; c, d opposite-wind
swell for moderate wind. Height of the anemometers, the wind speed U10 at 10-m height, and the angle β0
between wind and swell are indicated in each panel

Local spectral peaks at the swell frequency are always observed at wind speeds U10 < 6–
7 m s−1 except for cases when swell travelled almost cross-wind (80◦ < β0 < 100◦). In the
wind-speed range 8–10 m s−1 the spectral peak at the swell frequency is not expressed due to
the high level of turbulence (see Fig. 5d). However, the swell-induced undulation is revealed
in the coherence and phase spectra. According to our observations, swell with a significant
wave height HS ≈ 1–1.5 m and f p > 0.12 Hz induces wind-speed fluctuations near the
surface with an amplitude σ̃u/U ∝ 0.1, which is comparable to the turbulent fluctuations.

Spectra of the squared coherence γ 2( f ) and the phase 
( f ) are defined as

γ 2 = ∣
∣Suη

∣
∣2

/(Su Sη), (5a)


 = arctan
(

Sq
uη/Sc

uη

)
, (5b)

where Suη = Sc
uη + i Sq

uη is the cross-spectrum of the wind velocity fluctuations and the sur-
face displacement, and Sc

uη and Sq
uη are its real and quadrature parts. Vertical profiles of the

squared coherence γ 2( f p) for the swell spectral peak frequency are shown in Fig. 6. These
data were obtained for different runs for similar β0 (β0 varied in the range ±5◦) and wind
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Fig. 6 Vertical profiles of the squared coherence between the wind-speed fluctuations and the surface dis-
placement at the spectral peak frequency f p . Measurements are shown by black circles. Solid line are the
model calculations according Eq. 18 for the directional spectrum ∝ cos20 θ and dashed line for ∝ cos2 θ . The
mean wind speed and the angle between the swell and wind directions are indicated in each panel

speed (which varied in the range ±0.3 m s−1). The coherence decreases with height, except
for the case with near cross-wind swell (Fig. 6b). The decrease of the coherence presumably
results from the vertical attenuation of the swell-induced undulation. If swell travels close to
the cross-wind, the profile of coherence has a pronounced maximum (Fig. 6b), showing that
in such conditions the amplitude of the swell-induced undulation should also have a local
maximum (see Sects. 3.3 and 4.2 below for a more detailed analysis).

3.3 Amplitude of the Swell-Induced Undulation

Wind-speed fluctuations u′ can be presented as the sum of the swell-induced undulation ũ
and random turbulent fluctuations ut : u′ = ũ + ut . In this case, the spectrum of the total
wind-speed fluctuations Su is the sum of two spectra: Su = S̃u + St

u . The spectrum of the
swell-induced undulations can be found from the cross-spectral parameters as (e.g. Jenkins
and Watts 1972)

S̃u( f ) = ∣
∣Suη( f )

∣
∣2

/Sη( f )

= γ 2( f )Su( f ). (6)
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Fig. 7 Spectra of the swell-induced wind speed undulation calculated according to Eq. 6: a for the follow-
ing-wind swell (the same data as in Fig. 3); b for the opposite-wind swell (the same data as in Fig. 4). Lines of
different style correspond to measurements at different heights (indicated in the right-upper corner of panels).
The surface displacement spectra Sη( f ) are shown by dotted line (in order to fit the velocity spectrum, Sη( f )

in (a) is reduced by a factor of 1/4)

Examples of spectra based on Eq. 6 for the following-wind and the opposite-wind swell are
shown in Fig. 7. On the whole, the shape of the spectra S̃u is similar to the swell spectrum,
but the spectral level decreases with height. With careful inspection one also sees a shift in
the spectral peak frequency of S̃u towards lower frequency with increasing altitude, i.e. the
high frequency undulations are filtered out at higher altitudes.

In order to suppress the large sampling variability of the coherence and to take into account
the “finite” width of the velocity spectra (see Fig. 7), we assigned the standard deviation as
a measure of the amplitude of the swell-induced undulations:

σ̃u =
⎡

⎢
⎣

∫

� f

S̃u( f )d f

⎤

⎥
⎦

1/2

, (7)

where S̃u( f ) is given by Eq. 6 and � f is the spectral interval overlapping the peak frequency
f p . To determine � f , we note the following: the main errors in the estimates of S̃u in Eq. 6
come from the variance of estimates of γ 2 (Eq. 5a) and its bias �γ 2. The former can effec-
tively be reduced by averaging (see Eq. 8 below), while the reduction of the bias needs special
attention. For the cosine window the bias �γ 2 is defined as (Jenkins and Watts 1972)

�γ 2( f ) ≈ 0.75τ/T + 0.126γ 2
0 τ−2 (∂
/∂ f )2 , (8)
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Fig. 8 The vertical profiles of the amplitude (the standard deviation σ̃u ) of the wind-speed undulation. Curves
with open circles are the experimental estimate defined by (7) with (6). Solid line is the model σ̃u calculated
according to Eq. 7 with (13) and according to Eq. 7 with (14) (dashed line) for the measured wave spectra Sη( f )

with the angular spreading cos20 θ . Dotted line shows the model calculations for the ‘monochromatic’ swell,
Eq. 17. Notice that negative/positive values of σ̃u imply that the wind-speed undulation is in antiphase/phase
with the surface displacement. The wind speed at the reference level and the swell direction (in respect to the
wind direction) are indicated

where τ is the maximum lag of the correlation function, T is the length of the time series,
and γ 2

0 ( f ) is the “true” coherence. The first term in Eq. 8 is the bias due to the averaging and
for typical τ = 102 s and T = 2 × 103 s it is about �γ 2 ≈ 0.03, i.e. negligible. In contrast,
the second term in Eq. 8 may lead to large false peaks if the behaviour of the phase shift
(Eq. 5b) over f is “unstable”. Therefore, to reduce the errors in estimates of S̃u defined by
Eq. 6, we considered only that frequency range � f where the condition 
( f ) ≈ constant
was fulfilled. This approach is valid for the analysis of data containing one dominating wave
system. Therefore, below we analyze only data collected at the wind speed U10 < 6–7 m s−1,
and when one system of swell with HS ≥ 0.3 m was observed. Further to these data, we
also consider eight additional cases collected at higher wind speeds 8–10 m s−1, when wind
waves and the opposite-wind swell are well separated, as in Fig. 5d. In total, 55 runs for the
following-wind and 35 runs for the opposite-wind swell have been analyzed.

Examples of the vertical profiles of the amplitude of the wind-speed undulations, σ̃u , cal-
culated using (7) with (6) are shown in Fig. 8. Data shown in Fig. 8a correspond to the case
presented before in Figs. 3 and 5a, and data in Fig. 8b correspond to the case presented in
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Figs. 4 and 5b. Other profiles in Fig. 8 illustrate behaviour of the wind-speed undulations
for the following-wind swell at higher wind speed (Fig. 8c) and for swell travelling in the
direction near to the cross-wind (Fig. 8d) presented in Fig. 5c. Notice that for the follow-
ing-wind swell (Fig. 8a, c) observed phase shifts between the wind-speed undulations at
different altitudes and the surface displacements were about 180◦, while for the opposite-
wind swell (Fig. 8b, d) they are about 0◦. In Fig. 8 these phase shifts are adopted as the
sign of the amplitude—they are negative for the following-wind swell and positive for the
opposite-wind swell. In the case of the following-wind swell (Fig. 8a, c) the swell-induced
undulations always attenuate monotonically with height. However the behaviour of the σ̃u

profile for the opposite-wind swell (Fig. 8b, d) may be quite different and depend on the
angle between swell and wind directions, the swell height and atmospheric stability. It was
found that the local maximum in profiles of the wind-speed undulations has always appeared
if the opposite-wind swell travels close to the cross-wind direction (e.g. β0 < 120◦) as shown
in Fig. 8d. A similar maximum can be observed at any angle for the opposite-wind swell if
its amplitude is large enough. As discussed below, this effect is typical of measurements of
wind-speed undulations at fixed levels induced by the opposite-wind swell under near-neutral
conditions.

4 Analysis of Data

4.1 Model Approach

Before proceeding with analysis, we introduce a “model tool” that will facilitate the analysis
of experimental data on a systematical basis. According to the rapid distortion theory (Belcher
and Hunt 1993), the turbulent airflow over the wave can be separated into two regions—the
inner (at z < l) and the outer (at z > l) regions. At an arbitrary direction between the wind
and the wave, the scale l is estimated as kl = (1 + cos2 β)u∗/|U cos β − c|, where u∗ is
the air friction velocity and c is the phase velocity. The order of l varies as: kl ∝ 10−2 for
swell, kl ∝ 1 for wind waves with c ≈ U , and kl ∝ 10−1 for slow wind waves, c 	 U
(Kudryavtsev and Makin 2004; see their Fig. 1). The inner region has an important physical
meaning: it distinguishes the region in the boundary layer above the wave where disturbances
of the turbulent stress (and other characteristics of turbulence), caused by the interaction of
the air flow with the surface, are confined. Consequently, in the outer region the wave-induced
variation of turbulent characteristics vanishes, and the dynamics of the outer region can be
considered as the dynamics of an inviscid airflow. Our data were collected well above swell
crests, at heights satisfying the condition kz > 0.1, i.e. these measurements can be treated
as made in the outer region of the MABL.

The classical problem on the dynamics of an inviscid shear flow over a wavy surface
with displacement η = a exp [i(kx − ωt)] (a is the amplitude) is based on the solution of
the Rayleigh equation. In the context of wind-wave generation, this equation had been first
studied by Miles (1957). Kudryavtsev et al. (2001) suggested the simplified model of the tur-
bulent atmospheric boundary layer above waves, where they showed that in wave-following
coordinates x3 = z −η(x, t) exp(−kz) the wave-induced variation of the horizontal velocity
inside the outer region can be described as

û1/ka = (U cos β − c)e−kx3 + 2 cos β

∞∫

x3

U ′
ze−kx3 dx3, (9)
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where û1 is the amplitude of the wind-velocity component in the direction of the swell wave-
number vector, β is the angle between the wind and swell directions, and U ′

z = ∂U/∂z.
Correspondingly, the variation of the wind-velocity component parallel to the wave crest
vanishes, i.e. û2/ka = 0. In Eq. 9 the second term describes the impact of the vorticity of the
mean flow; this term is important for “slow” waves, when c/U 	 1, but for swell its effect
on û1 should be small.

To the first order on ak, Eq. 9 has the same form in the Cartesian coordinate system (one
needs simply replace x3 by z) and can be used to simulate the wind-speed variations mea-
sured in our experiments. On the other hand, measurements were made at fixed heights, and
therefore we have to take into account the wind-speed variation caused by the displacement
of the mean flow streamlines: ũη = −ηU ′

z exp(−kz) (Kitaigorodskii 1970; Kudryavtsev and
Makin 2004). Then, keeping in mind that the variation of the wind velocity in the swell direc-
tion, ũ1 (defined by Eq. 9), and the longitudinal component, ũ, are linked as ũ = ũ1 cos β, we
obtain the following relation for the amplitude of the wind-speed undulation û in the fixed
coordinate system (measured in our experiments):

û/ak = Ûu + Ûη, (10a)

Ûu = (U cos β − c) cos β · e−kz + 2 cos2 β

∞∫

z

U ′
ze−kzdz, (10b)

Ûη = −k−1U ′
ze−kz, (10c)

where Ûu is the wind-speed amplitude at a given height scaled by the wave steepness ak, Ûη

is the amplitude of the “artificial” component caused by the vertical wave-induced displace-
ment of shear flow in respect to the fixed sensor. The total undulation ũ is defined as ũ =
ak(Ûu + Ûη) exp [i(kx − ωt)], where only the real part has a physical meaning. According
to (10), for the following (opposite)-wind swell the amplitude of the wind-speed undulation
is negative (positive), i.e. they are in antiphase (in phase) with the surface displacement as
observed and shown in Figs. 3 and 4.

4.2 Model for Measured Spectral Quantities

Equations 10 can be used to build the spectral characteristics measured in the experiment.
For the wave spectrum defined by (3), the cross-spectrum Suη of the wind-speed undulations
and the surface displacement reads

Suη( f ) = ÛM kSη( f ), (11)

where ÛM is the transfer function integrated over the azimuth:

ÛM =
∫

(Ûu + Ûη)φ(β − β0)dβ, (12)

where we take into account that β − β0 = θ − θ0. Then using (11), the model spectrum of
the wind-speed undulations simulating the measured estimate S̃u( f ) defined by (6) reads

S̃M
u ( f ) = ∣

∣Suη( f )
∣
∣2

/Sη( f )

= Û 2
M k2Sη. (13)

We treat this spectrum as the “measurable” one, which can be estimated from measurements
of the surface elevation and the wind-speed profile. The phase shift between the swell-
induced wind undulations and the surface elevation is defined by the sign of ÛM : if it is
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positive/negative, the phase shift is 0◦/180◦. Referring to (12) with (10) one can see that the
wind-speed undulations are in phase with the surface displacement for the following-wind
swell, and vice-versa for the opposite-wind swell, as was observed. Note that the spectrum
(13) differs from the “real” frequency spectrum of the 2D wind-speed undulations defined
as S̃R

u ( f ) = ∫
û2( f, β)dβ. With the use of (10) this spectrum is

S̃R
u ( f ) = U 2

Rk2Sη( f ), (14)

where UR is the other spectral transfer function:

Û 2
R =

∫ (
Ûu + Ûη

)2
φ(β − β0)dβ. (15)

Comparing (14) and (13) we see that the “measurable” spectrum (13) coincides with the
“real” one (14) if the angular spreading of swell is narrow; in general they are different. If
one assumes that the swell spectrum is very narrow both in frequency and angular domain,
i.e.

Fη( f, θ) = σ 2
η δ

(
f − f p

)
δ (θ − θ0) , (16)

then the standard deviation of the wind-speed undulations (7) is reduced to

σ̃u/
(
kpση

) =
∣
∣
∣Û

p
u + Û p

η

∣
∣
∣
2
. (17)

where Ûu and Ûη are defined by (10), and the superscript “p” means that they are specified
for the spectral peak parameters kp, cp and β0.

In order to simulate the coherence defined by (5a), we note that the spectrum of total
wind-speed fluctuations Su is the sum of the swell-induced undulation spectrum S̃R

u and the
spectrum St

u of turbulent fluctuations. Then, with the use of (11) and (14), the model for the
coherence is

γ 2 = Û 2
M

Û 2
R + k−2St

u/Sη

, (18)

where St
u is defined in Sect. 4.3.2.

To simulate measurements the model “input parameters” were specified in accordance
with observations, namely: the mean wind-speed profile and the swell spectrum are specified
as measured; the wind-speed shear in (10) is defined through Monin-Obukhov similarity
theory for the shear flow κzU ′

z/u∗ = φm(z/L), where κ = 0.40 is the von Karman constant,
φm(z/L) is the empirical function (2) proposed by Dyer (1974).

4.3 Results

4.3.1 Variations of the Wind Direction

Variations of the airflow direction with periods exceeding th = h/u∗ (h = 8 m is the height
of the upper anemometer) influence the measured wind-speed undulations. At u∗ = 0.1–
0.3 m s−1 the time scale th is in the range: th = 30–80 s. Apparently, the impact of the airflow
direction variability on the wind-speed undulations is equivalent to the impact of the swell
direction. According to measurements, the standard deviation σw

φ of the wind direction at

21-m height at U10 > 5 m s−1 was in the range σw
φ = 0.07–0.12 rad (4 − 7◦), and σw

φ =
0.09–0.2 rad (5 − 12◦) at lower wind speeds. A major part (about 80–90%) of σw

φ was pro-
vided by fluctuations with periods T > 10 s. We took this effect into account through the
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parameterization of the swell angular spectrum (4), describing it as φ(θ) ∝ cos20 θ . In this
case the standard deviation of the swell direction

�β2 =
∫

(β − β0)
2 φ (β − β0) dβ (19)

is �β = 0.22 rad (or �β = 12.5◦) which “absorbs” the wind-direction variability.

4.3.2 Coherence

Since the coherence plays a key role in the splitting of the wind-speed fluctuations for the
swell-induced and turbulent components, it is worthy first to compare the model prediction
(16) with the experimental estimates shown in Fig. 6. As already mentioned, the remarkable
feature of the observed velocity spectra (see Fig. 5) is the existence of the inertial subrange,
which is associated with the “−5/3” slope. Therefore, in order to assess γ 2 we assume that the
turbulent spectrum St

u in (18) can be approximated by the Kolmogorov spectrum for the iner-
tial subrange St

u(k) = cK ε2/3k−5/3 with the constant cK ≈ 0.53 (Edson and Fairall 1998).
The wavenumber k is defined through Taylor’s hypothesis k = 2π f/U , and the dissipation
rate is ε ≈ u3∗/zκ , i.e.

St
u( f, z) = cuu2∗U 2/3 f −5/3z−2/3, (20)

where cu = cK (2πκ)−2/3. In order to simulate observations we have utilized in (18) the
experimental data for f p, U (z), u∗ and Sη( f p), and performed the model calculation for the
“wide” and the “narrow” angular spectrum of swell (∼ cos2 θ and ∼ cos20 θ respectively).
Model calculations are shown in Fig. 6; calculations with the “narrow” spectrum are much
more consistent with data, and so the spectrum φ ∝ cos20 θ is used further for the model
simulation.

4.3.3 Amplitude of the Wind-Speed Undulation

Model simulations of data in terms of the standard deviation of the wind-speed undulation
(defined by (7)) for “measurable” (13) and “real” (14) spectra, as well as for “monochro-
matic” swell (Eq. 17), are shown in Fig. 8 for the following- and opposite-wind swells. As
follows from this figure, all variants of the calculation are consistent with measurements on
a quantitative level, reproducing correctly the magnitude of the wind-speed undulation at
different heights. The exception is the case of the near cross-wind swell (Fig. 8d) where cal-
culations based on the “real” spectrum (14) with (15) exceed both the data and other models
by a factor of 1.5.

According to the model (10), the well-pronounced peak in the σ̃u profile for the oppo-
site-wind swell results from the contribution of the “artificial” wind-speed undulation (the
term Ûη in (10c)) caused by the vertical displacement of the shear flow through a fixed wind
sensor. For the opposite-wind swell the term Ûu is positive, therefore the negative term Ûη

(which rapidly increases towards the surface) leads to the formation of the local peak in the
σ̃u profile. For the following-wind swell, a similar peak in the σ̃u profile is not generated
because both Ûu and Ûη are negative. Note that the contribution of the “artificial” term Ûη

to the wind undulation depends on atmospheric stability. At low wind speeds and unstable
stratification, when wind shear is almost zero, its contribution is small and the local peak
does not appear, as seen in Fig. 8b.

Figure 9 shows the experimental estimates of the wind-speed undulation σ̃u for the whole
dataset against the model predictions performed for two spectral models (13) and (14), with
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Fig. 9 The model simulation of the standard deviations of the swell-induced wind-speed undulation versus
the measured one for the following-wind swell (a, b), and for the opposite-wind swell (c, d). The model
estimate is calculated for the measured frequency swell spectra with the angular spreading ∝ cos20 θ for the
“measurable” model (13) and the “real” model (14), which are shown in (a, c) and (b, d) respectively. Symbols
indicate the range of the angle β0 (in degrees) between the mean directions of wind and swell. Solid line is
the one-to-one relation

the “realistic” swell angular spectrum ∝ cos20 θ . Calculations shown in Fig. 9a, c for the
measurable spectra (13) are well consistent with data for all swell directions. The “monochro-
matic” swell model (17) is also in agreement with data (not shown). Model simulations based
on the “real” spectrum (14) are consistent with data for the following-wind swell, while for
the opposite-wind swell the discrepancy is significant, especially for cases when swell travels
near the cross-wind direction (Fig. 9d). This discrepancy shows that the measured wind-speed
undulation (derived as coherent with the surface elevation) may underestimate the energy
of the “real” undulation induced by swell in the airflow. From the model point of view this
difference results from the different angular spreading of ÛM and ÛR predicted by Eqs. 12
and 15, which in turn implies a different response of the wind-speed undulation to the swell
direction. For most angles the measured and real amplitudes are very similar (see Fig. 9).
However at the direction close to the cross-wind the measured variance can significantly
underestimate the energy of the swell-induced undulation existing in the airflow.

The same dataset is shown in Fig. 10 as a function of the vertical coordinate kpz. The model
and measured amplitudes σ̃u are scaled by the factor σ̃u0 = kpση

∣
∣(U cos β0 − cp

)
cos β0

∣
∣,

which is the leading term for the wind-speed undulation (10) near the surface (kpz 	 1) if
swell is fast enough, i.e. U/cp 	 1. As follows from Fig. 10a, c, the data at such scaling
effectively collapse near the line exp(−kpz). The model simulations scaled by the same fac-
tor exhibit a form that is very similar to measurements (compare the right and left panels of
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Fig. 10 The vertical profiles of the wind-speed undulation induced by the following-wind (a, b) and the oppo-
site-wind (c, d) swell scaled by the factor σ̃u0 = k pση

∣
∣(U cos β0 − cp

)
cos β0

∣
∣. (a, c) show the experimental

estimate (7), and (b, d) the model simulation according (13). Symbols are the same as in Fig. 9. Solid line is
exp(−k pz)

Fig. 10). The deviation of both the model and data from exp(−kpz) is most pronounced at
small kpz, and apparently results from the increasing contribution of the “artificial factor”
Ûη to the airflow undulation. For the opposite-wind swell this term leads to the local peak in
σ̃u , as discussed above.

We refer to Ûη as “artificial” because the impact of the vertical displacement of the shear
flow through a fixed sensor on σ̃u is only important in the context of a proper interpretation
of measurements. From the point of view of the study of the airflow dynamics, it is more
important to look at the swell-induced undulation in the wave-following coordinate system. In
order to transform measurements into such a coordinate system, we have subtracted the term
kSηÛη (where Ûη is defined by (10c)) from the experimental estimates of the cross-spectrum
Suη. This residual spectrum

S̃u( f ) =
∣
∣
∣Suη − kSηÛη

∣
∣
∣
2
/Sη( f ) (21)

can further be treated as the spectrum of the wind-speed undulation in the wave-following
coordinate system. The experimental estimates of the standard deviation σ̃u defined by (7)
with (21) and scaled as before by the factor σ̃u0 are shown in Fig. 11. The standard deviation
of wind-speed undulations induced by the monochromatic swell (16) in the wave-following
coordinate system is
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Fig. 11 The vertical profiles of the standard deviation σ̃u of the swell-induced undulation in the wave-
following coordinate system scaled by the factor σ̃u0 = k pση

∣
∣(U cos β0 − cp

)
cos β0

∣
∣: a the experimental

estimate, b the model simulation according (13). Converting of the wind-undulation spectra from the fixed to
the wave-following coordinate system was done using (21). Solid line is exp(−k pz) that corresponds to the
profile of the wind-speed undulation obeying the potential streamline law described by the first term in Eq. 22.
Black circle indicates data for the following-wind swell, and grey circle for the opposite-wind swell

σ̃u/
(
kpση

) ≈
∣
∣
∣
∣
∣
∣

(
U cos β0 − cp

)
cos β0 · e−kpz + 2 cos2 β0

∞∫

z

U ′
ze−kpzdz

∣
∣
∣
∣
∣
∣
. (22)

If the swell is fast (the parameter U/cp is small) the wind-speed undulations should be
approximately described by the first term in Eq. 22. Referring to Fig. 11 we see that mea-
sured estimates of σ̃u in the wave-following coordinate system are scattered around the curve
exp(−kpz), i.e. the observed undulations obey the “potential streamline law” predicted by
the first term in Eq. 22. On the other hand, the remarkable feature of these data is that the
undulations induced by the opposite- and following-wind swells are located on different
sides of the exponent. We may assume that this feature can be interpreted as the influence of
the vorticity of the dominant flow on the wave-induced undulation predicted by the second
term in Eq. 22. As anticipated, this effect is not significant, but nevertheless the model (22)
reproduces the observed peculiarities at the quantitative level.

5 Discussion

The analysis of data presented above showed that the observed undulation of wind speed
obeys the quasi-laminar theory for the wave-induced undulation in a shear flow. In this con-
text one can conclude that the vertical domain of measurements (ranged from kpz = 0.1
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Fig. 12 The wind-speed profiles in log-linear coordinates for very low (a) and low (b) wind speed above the
following-wind swell (HS = 0.6–0.7 m and f p = 0.17–0.20 Hz) propagating at the angle of 0 − 20◦ relative
to the wind direction. Dashed line with open symbols is the measured profiles; solid line with filled symbols
is the “equivalent” wind profiles for neutral conditions. The Obukhov scale L and the swell steepness ask p
(where aS = HS/2) are indicated in the figure for each profile

to kpz = 3) belongs to the outer region of the turbulent boundary layer where the swell-
induced momentum flux vanishes. Though the dynamics of the outer region are affected by
swell (via the change in magnitude of the turbulent momentum flux due to the momentum
pumping from swell to the MABL), its mean properties correspond to Monin-Obukhov sim-
ilarity theory. Nevertheless, the effect of distortions on the similarity theory by swell has
been revealed in a number of earlier field experiments (e.g. Drennan et al. 1999; Smedman
et al. 1999; Miller 1999; Rutgersson et al. 2001) and in model simulations by Sullivan et al.
(2008). In this section we present the mean properties of the boundary layer observed in our
experiment.

The wind-speed profiles in the layer 1.7–20.8 m for the following-wind swell are shown
in Fig. 12. The measured profile U (zi ) was transformed to the “equivalent” wind profile
UN (zi ) = U (zi ) + u∗

κ
� (zi/L) for the neutrally stratified boundary layer, where �(zi/L) is

a stability function (e.g. Paulson 1970). The original profile was fitted to the log-linear func-
tion U (zi ) = a + b ln zi and using empirical functions (2) (supplemented with the standard
bulk relations), the consistent values for friction velocity u∗ = bκ , the Obukhov length scale
L , the surface roughness scale z0 = exp(−a/b) and the wind-speed profile UN (zi ) were
calculated iteratively. As follows from Fig. 12, there is no longer a systematic deviation of
UN (zi ) from the log profile, which could be associated with the impact of swell on the wind
profile. A small scattering of UN (zi ) is within the measurement error, and the accuracy of
u∗ derived from the wind profile is within 15%.
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Fig. 13 Normalized spectra of the horizontal velocity at seven heights in the range 1.7–20.8 m versus the
dimensionless frequency: a the opposite-wind swell (β0 = 140◦) at high wind speed; b the following-wind
swell (β0 = 0◦) at low wind speed condition. Spectra are normalized by u∗ (derived from the wind profile)
and by the dimensionless dissipation rate φε . The length of time series is 120 min (a) and 60 min (b)

An important feature of the equilibrium turbulent boundary layer is the existence of the
universal spectra of turbulence (e.g. Kaimal et al. 1972). The normalized spectra of the hori-
zontal wind velocity fluctuations at seven levels shown in Fig. 13 correspond to the following
cases: panel (a) swell with HS = 0.69 m and f p = 0.14 Hz travels at the angle of 140◦
relative to the direction of “strong” wind, the significant wave height and the spectral peak
frequency of wind waves are HS = 0.72 m and fm = 0.27 Hz, the atmospheric stability is
approximately neutral; panel (b) swell with HS = 0.71 m and f p = 0.20 Hz travels along the
wind direction at low wind speed, the atmospheric stratification is slightly unstable. Spectra
are normalized by u∗ (derived from the wind profile measurements) and by the dimensionless
dissipation rate function: εκz/u3∗ = φε = φm − z/L . In both cases the normalized spectra
are almost collapsed in the inertial subrange f ≥ 0.2Uz/z and follow the slope ‘−2/3’. The
level of spectra in the inertial subrange is independent of height and swell. In the intermediate
range f z/Uz ≈ 10−2–10−1, which supports most of the turbulent stress, the spectra also
have approximately the same level.

The merging of spectra in the inertial subrange means that the dissipation rate is ε ∝ z−1

and the inertial-dissipation (ID) method can also be adopted for the turbulent stress estima-
tion. Comparison of the friction velocity estimates (average over heights) obtained by the
wind profile and the ID methods are shown in Fig. 14. On average, values of the friction
velocity estimated by the profile method are about 10% larger than those estimated by the
ID method, implying that production of the turbulent kinetic energy exceeds dissipation at
moderate and strong winds (see also Garratt 1972; Edson and Fairall 1998). However, at low
wind speeds (<6 m s−1) for which most of results were obtained, the difference between
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Fig. 14 Comparison of the friction velocity estimates obtained by the wind-profile and the inertial dissipa-
tion (ID) method for different swell conditions. The ID estimate of u∗ is averaged over all heights. Different
symbols indicate the direction of swell in respect to the wind direction. Solid line is one-to-one relation. Dash
line is the linear regression of data

the profile and the ID methods is almost negligible. This fact implies that at low wind condi-
tions in the presence of swell the observed part of the MABL (from kpz = 0.1 to kpz = 3)
belongs to the equilibrium boundary layer governed by a balance of the local production and
dissipation. According to measurements the part of the MABL that is directly affected by
swell (i.e. the layer where the swell-induced momentum and energy fluxes are confined) is
located presumably below the level kpz = 0.1.

The drag coefficient CD10 = (u∗/U10N )2 estimated by both methods is shown in Fig. 15
as a function of the neutral wind speed. The empirical relationships proposed by Smith (1980)
and Yelland and Taylor (1996) for open ocean conditions are also shown for the compari-
son. At moderate wind speeds our estimates exceed systematically the empirical relations.
A plausible reason is that our data were collected for undeveloped wind waves; the inverse
wave age of wind waves for all the data points was about 2. As anticipated, the scatter of
the drag coefficient increases with a decrease in the wind speed. Detailed inspection of data
shows that the largest values of CD for the following-wind swell were obtained after rapid
changes in the wind direction (about 90◦–140◦). If we exclude these points, we find that at
low wind speeds the drag coefficient in the presence of the opposite-wind swell is larger than
in the presence of the following-wind swell (see also the discussion in Babanin and Makin
2008). A more detailed analysis of the impact of swell on the drag coefficient is outside the
scope of the present study.

6 Conclusions

We presented results of field measurements of the vertical profile of the swell-induced
wind-speed undulations performed at several fixed heights under different wind and swell
conditions. Results are interpreted within the framework of a simplified model of the marine
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Fig. 15 The neutral drag coefficient at 10-m height estimated from the wind profile (a) and by the ID method
(b) as a function of the neutral wind speed for the same data as shown in Fig. 14. The curves show the
empirical relationships proposed by Yelland and Taylor (1996) (dashed line) and Smith (1980) (solid line).
The large open circles indicate data for the following-wind swell obtained after significant change of the wind
direction

atmospheric boundary layer proposed by Kudryavtsev et al. (2001) and Kudryavtsev and
Makin (2004). The measurements were performed in the range of the dimensionless height
from kz ≈ 0.1 to kz ≈ 3. According to the model, this range of heights corresponds to the
outer region of the MABL, where the swell-induced undulations should exhibit properties
of the inviscid shear flow. We found that the model is consistent with the measurements,
and we have not revealed any remarkable deviations of the dynamics of the swell-induced
undulations from the model prediction for the inviscid shear flow.

This fact presumes that the direct impact of swell on the turbulence is confined to a
thin layer (with thickness less than kz = 0.1) adjacent to the surface, and the mean prop-
erties of the turbulence in the layer kz > 0.1 should be similar to the equilibrium turbu-
lent boundary layer, in accordance with the Monin-Obukhov theory. Our data confirmed
this assumption: (i) the wind-speed profile adjusted to neutral conditions has the logarith-
mic form; (ii) spectra of the wind-speed fluctuations in the inertial subrange correspond
to the “universal” form of the Kolmogorov-type spectra; (iii) the friction velocity derived
from the wind-speed profile is comparable with estimates using the inertial-dissipation
method. We also obtained that at low wind conditions the surface drag coefficient in the
presence of swell exhibits very large scatter. This feature is usually attributed to the impact
of swell, although the detailed analysis of these data is beyond the scope of the present
study.
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