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Abstract
A comprehensive analysis of the wavefield evolution under accelerated wind conditions provides an essential contribution to
understanding the wind-wave generation process. A set of experiments was carried out in a large wind-wave facility where
it is possible to reproduce high wind speed conditions to study the wind acceleration effect in the wind-wave development.
The facility was equipped with high-frequency sampling devices that provide accurate air turbulence and water surface
displacement measurements. From this deployment, it was possible to describe the evolution of the wave characteristics
under different magnitudes of constant wind acceleration in detail. This study analyzes the wind acceleration effect in the
early stages of wind-wave generation and evolution. The increase of spectrum energy saturation level and the downshift
of the peak frequency are processes associated with the spectral shape evolution under low acceleration wind conditions.
Under high wind acceleration conditions, the spectral shape did not vary with wind speed and fetch. Despite under low
acceleration wind conditions, the wavefield is more developed than under high acceleration wind conditions; there was no
direct relation between wind acceleration and the wavefield efficiency to grow. Besides, during these early instants, it was
observed that a more developed wave field, associated with low acceleration wind conditions, could slow down the increase
of drag coefficient with wind speed.
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1 Introduction

The mechanics controlling wind-wave generation has been
widely studied in the last decades (Jeffreys 1925; Phillips
1957; Miles 1957). Also, a quasi-linear theory of the
interaction of wind and waves was elaborated (Fabrikant
1976; Janssen 1982). However, in those early works,
constant wind speed conditions were typically assumed
during the wind-wave field generation process. Later on,
the wind-wave generation process as the result of a quickly
and abruptly starting wind field before reaching constant
wind conditions was described. From one of these studies,
an exponential behavior of the wave field growth rate, as
resulted from a wind that suddenly started to blow, was
suggested (Mitsuyasu and Rikiishi 1978). The wavefield
evolution generated after a suddenly starting wind, from
an experimental and theoretical study, was reported (Kawai
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1979). The exponential wave field growth was discussed
upon the dependence on the friction velocity.

Besides, the behavior of the wave spectrum under
accelerated wind speed conditions was investigated by
Toba et al. (1988). It was shown that the spectral tail
energy level decreases under accelerated wind conditions
compared to decelerating wind conditions. It was also
stated that the peak of the spectrum gets broader under the
accelerated wind. Furthermore, under slightly fluctuating
wind conditions, it was found that modifications on the
roughness length induce changes in the energy saturation
level of the wind-wave spectrum and that the relation
between the dimensionless roughness length parameter and
the wave age is modified (Toba and Ebuchi 1991). The
wave spectrum evolution resulting after an abrupt onset
of the wind was also characterized by Waseda et al.
(2001). In that study, it was reported that the response
of the wavefield occurs in two different time scales, one
determined by the local equilibrium and the other one by
the fetch. Recently, a set of controlled experiments were
carried out in a wind-wave flume to study the evolution
of the wavefield generated under a quick and abrupt onset
of wind, followed by constant wind conditions (Zavadsky
and Shemer 2017). From that study, four stages during the
wavefield evolution were distinguished after that impulsive
wind forcing. At first, the initial short waves grow fast,
followed by a remarkable decrease in the growth rate. Then,
the growth rate was shown to be relatively constant, and it
increased some seconds again before the quasi-steady state
was reached.

A detailed description of how, during the early stages
of wind-wave generation, the wind acceleration magnitude
affects the air turbulent boundary layer evolution, the
momentum availability, and the wind-wave growth was
given in Robles-Diaz et al. (2019). The present analysis
aims to provide a detailed description of the effect of wind
acceleration in the momentum transfer through the air-sea
interface by analyzing the wind-wave spectral shape. It is
also possible to link the evolution of the drag coefficient
with the wavefield characteristics when considering that the
wind increases under various acceleration conditions. The
rest of the paper is organized as follows: the characteristics

of the experimental facility and the measurement devices,
and the experimental runs, are described in Section 2. A
detailed spectral analysis of the water surface elevation is
presented in Section 3. The time series analysis of the wave
field parameters, as well as the behavior of the wave growth
rate is given in Section 4. The relation between the drag
coefficient with both wave age and wind speed is analyzed
in Section 5, and finally, a summary of the main findings is
given in Section 6.

2 Experimental design and procedures

2.1 Facility andmeasuring devices

Laboratory experiments were carried out in the
IRPHE/Institut Pythéas large wind-wave facility in Mar-
seille, France. The facility consists of a water tank of 40
m long, 2.6 m wide, and 1 m deep, and an air section
of 50 m long, 3 m wide, and 1.6 m high (Fig. 1). A
description of the facility can be found in Coantic et al.
(1981), and at the address http://www.pytheas.univ-amu.
fr/?-LASIF-Grande-Soufflerie-air-eau-de-Luminy-. Fur-
ther details and full description are included in Robles-Diaz
et al. (2019)

This facility is a closed-loop flume that minimizes
the spatial variations of wind speed along the flume
compared to an open-loop facility. These characteristics
make it more suitable to carry out wave generation
experiments under stable and accelerated wind conditions.
The desired variations of wind speed as a function of
time were controlled with a computer under a coupled
Matlab/Labview real-time control software that allows
reproducing the same wind conditions several times.
This computer system is a handy tool for repeating
the experiments and increasing the results statistical
significance. Each experiment was repeated three times.

During the laboratory experiments, the wind-wave flume
was instrumented with several devices along 11 measuring
stations. In the water part, resistance wires were installed at
each station. At stations 1, 2, and 7, capacitance wires were
also installed. Both types of devices provide measurements

Fig. 1 Layout of the Institut Pythéas wind-wave facility (not to scale), where the measuring station locations are depicted
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of the free surface displacement with a high sampling
frequency of 256 Hz. A hot wire probe and an X wire probe
were installed at station 7 to measure the mean and turbulent
wind flow. The hot wire probe and the X wire probe were
located at 0.720 m and 0.145 m height from the mean free
surface.

2.2 Experimental runs

A series of experiments were designed to characterize
the initial stages of wind-wave generation under constant
acceleration wind conditions. For each experimental run, a
specific wind acceleration was imposed. Each experiment
started with a constant low wind speed period, followed
by a constant wind acceleration period. Each experiment
has its specific acceleration value that defines the period of
measurements, mainly dealing with this work. For instance,
experiment 1 presents low acceleration, experiments 2,
3, and 4 present moderate-low, moderate and moderate-
high acceleration, and the high acceleration belongs to
experiment 5. At the end of the acceleration period, all the
experiments reached a maximum and stable wind speed
of 13 m s−1. The acceleration period duration differed
depending upon the wind acceleration value to reach this
wind speed of 13 m s−1. The history of wind speed in the
five experiments, measured at station 7, and used for the
present work analysis, is shown in Fig. 2.

The mean wind speed is extrapolated to 10 m wind
speed, U10, to compare some results with another previous
analysis. U10 was estimated assuming neutral conditions
and a logarithmic wind profile, from U10 = Uref +
(u∗/κ) ln(10/zref ); where zref is the height where the
single wire anemometer was located, Uref is the mean
wind speed, u∗ is the friction velocity estimated from eddy
covariance method, and κ is the Von Kármán constant.

3 Spectral analysis

To characterized the wave development under different
acceleration regimes, a series of frequency power spectra
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Fig. 2 Mean wind speed at z = 0.72 m, Uref , as a function of
time during the 5 selected experiments, measured at station 7. Each
line corresponds to a particular experiment with a characteristic
acceleration value as indicated in the inset box

of the water surface elevation was estimated from the
measurements obtained under accelerated wind conditions
in each experimental run. In this analysis, a sliding
window of 8 s (2048 data points) was used to estimate
each spectrum, assuming that during this 8 s period, the
surface elevation fluctuations were somehow relatively well
represented under quasi-steady conditions. Wave spectra
were computed after applying a Blackman-Harris window
in each 8 s data series. The resulting frequency resolution
of the spectrum is Δf = 0.125 Hz. The spectra were
computed with 10 degrees of freedom. The confidence
interval was estimated by inverse chi-square distribution.
Since the data acquisition rate is 256 Hz, in each calculated
power spectrum the nominal Nyquist frequency is 128 Hz.

The evolution of the surface wave power spectrum as
a function of wind speed, U , is shown in Fig. 3. These
results correspond to station 7, located in the middle of
the water tank with a fetch of 20.29 m. This station is the
only one where the two thermal anemometers measured the
wind speed. In each row, the spectra evolution for each
experiment is shown. From the upper to the lower row,
the acceleration associated with each experiment increases.
The upper row belongs to the experiment with the lowest
acceleration. The lower row belongs to the experiment
with the highest acceleration. The spectrum evolution with
increasing wind speed can be followed in each row under
the different panel columns (increasing wind speed from
left to right). The constant wind condition spectra associated
with 6, 9.5, and 13 m s−1 are also shown as a reference.
The 1.5fp limit and the confidence interval are included.
The spectral saturation level proposed by Phillips (1958)
and Toba (1973) is included. Phillips formulation is always
plotted at the same energy level, as it only depends on
gravitational acceleration. It can be used as a reference to
compare high frequencies spectral energy levels between
experiments and different wind speed conditions.

The spectra associated with accelerated wind conditions
reach the spectral shape observed under constant wind con-
ditions, under low acceleration wind conditions (experiment
1). As wind acceleration increases for the other experiments,
the expected spectral shape for a given constant wind speed
is not reached under accelerated wind conditions. This fact
indicates that time is a limiting factor that should be consid-
ered when a wave field is evolving under accelerated wind
conditions. However, the acceleration is also determining
the spectral shape evolution. As wind speed increases, an
increase of the energy saturation level in the high-frequency
spectral tail, jointly with a characteristic downshifting of
the peak frequency, is noticed under the low and moderate-
low acceleration wind conditions, experiments 1 and 2. An
increase of the energy saturation level in the high-frequency
spectral tail with wind speed is observed under moderate-
high and high acceleration wind conditions, experiments
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Fig. 3 Wave energy spectrum evolution with wind speed for each
experiment at station 7. The spectra associated with 6, 9.5, and 13 m
s−1 constant wind speed conditions are included in purple. The solid
gray line corresponds to Phillips (1958) formulation, g2f −5. The dot-
ted black line corresponds to Toba (1973) formulation, gu∗f −4. The

dotted blue line indicates the 1.5fp limit. The acceleration associated
with each experiment is shown. The mean wind speed and time-lapse
from the beginning of the acceleration period associated with each
panel are included

4 and 5. Still, it is not as remarkable as the one seen
under low and moderate-low acceleration wind conditions,
for low wind speeds. Nevertheless, no spectral peak fre-
quency downshifting is observed under high acceleration
wind conditions (experiment 5), together with the increase
of high-frequency energy saturation level (Fig. 3).

The analysis of the spectra evolution is quantitatively
supported with data presented in Tables 1 and 2. The

peak frequency and its associated energy of the spectra
corresponding to the maximum wind speed are shown
in Table 1, as obtained in each experiment (columns),
at six stations along the flume (rows). Then, it can be
observed that under maximum wind speed, the lowest
peak frequencies are associated with low and moderate-
low acceleration wind conditions (experiments 1 and 2).
The spectral energy density, E, of the 15 Hz frequency

984 Ocean Dynamics (2021) 71:981–992



Table 1 Spectral peak frequency, fp , and its associated spectral energy density, Ep , under maximum wind speed of 13 m s−1, estimated from
measurements at stations 1, 3, 5, 7, 9, and 11, of experiments 1 to 5

Station fp [Hz] / E [m2 s] Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5

St. 1 fp 4.25 4.38 5.01 4.38 3.88

E 8.36e-06 1.27e-05 8.59e-06 6.97e-06 4.34e-06

St. 3 fp 2.38 3.00 2.88 3.63 5.13

E 4.04e-05 8.79e-05 1.23e-05 1.47e-05 1.66e-06

St. 5 fp 2.00 2.25 2.25 3.88 5.51

E 4.88e-04 9.71e-05 2.75e-04 1.10e-05 1.60e-06

St. 7 fp 1.75 1.88 2.50 3.88 4.25

E 8.46e-04 3.55e-04 8.75e-05 2.67e-05 2.94e-06

St. 9 fp 1.50 1.63 2.50 3.13 4.38

E 8.09e-04 1.39e-04 1.70e-04 2.62e-05 1.02e-05

St. 11 fp 1.50 1.75 2.38 3.13 4.63

E 9.22e-04 6.03e-04 1.55e-04 3.10e-05 6.37e-06

is shown in Table 2, as estimated in each experiment
(columns), and the six stations along the tank (rows). 15
Hz frequency energy was used to reference the energy level
of the spectral tail and compare this energy level between
experiments. At Table 2, the E6, E9.5, and E13 values
correspond to the energy level associated with the 15 Hz

frequency of the spectra under 6 m s−1, 9.5 m s−1, and 13
m s−1 wind speeds, respectively. Thus, it is also possible to
observe the change of the 15 Hz energy levels with wind
speed. The saturation range of the spectral energy density
is lower under high acceleration wind conditions compared
to those low acceleration cases, under low wind speed

Table 2 Spectral energy density associated to the 15 Hz frequency under wind speeds of 6, 9.5, and 13 m s−1 (indicated as E6, E9.5, and E13),
estimated from measurements at stations 1, 3, 5, 7, 9, and 11, of experiments 1 to 5

Station E [m2 s] Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5

1 E6 1.58e-08 1.62e-08 8.93e-09 1.47e-09 8.13e-09

E9.5 5.67e-09 9.07e-10 5.49e-09 2.44e-08 2.52e-08

E13 2.23e-08 1.26e-07 3.47e-08 1.33e-08 9.57e-09

3 E6 1.21e-09 1.20e-09 6.75e-10 4.76e-10 4.56e-10

E9.5 2.75e-09 2.02e-09 3.17e-09 1.92e-09 1.90e-09

E13 1.73e-08 4.05e-08 1.21e-08 1.23e-08 1.06e-08

5 E6 7.12e-10 7.01e-10 1.36e-09 1.33e-10 1.45e-10

E9.5 1.76e-09 2.32e-09 1.81e-09 1.26e-09 1.87e-09

E13 2.16e-08 1.13e-08 2.51e-08 7.50e-09 5.99e-09

7 E6 7.87e-09 6.78e-10 4.64e-10 3.01e-10 1.03e-10

E9.5 2.96e-09 1.07e-08 8.58e-10 4.16e-09 1.32e-09

E13 4.56e-08 5.13e-08 1.91e-08 5.96e-09 1.37e-08

9 E6 8.18e-10 3.54e-10 4.48e-10 1.25e-10 5.08e-10

E9.5 3.05e-09 9.24e-10 2.81e-09 1.43e-09 1.24e-09

E13 4.59e-08 2.04e-08 2.15e-08 3.41e-08 1.02e-08

11 E6 4.38e-10 2.57e-10 1.69e-10 4.80e-10 2.03e-10

E9.5 4.77e-10 6.07e-10 2.04e-09 1.77e-09 1.54e-09

E13 9.78e-09 1.07e-08 7.23e-09 1.18e-08 2.56e-09
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conditions. These findings imply that waves associated with
those frequencies are steeper under low acceleration wind
conditions than high acceleration wind conditions under
similar wind speed conditions. From the data of Tables 1 and
2 it is possible to confirm the observations made from Fig. 3.
Despite the energy level of the saturation rage is increasing
with wind speed, the downshift of peak frequency is not
remarkable under high acceleration wind conditions. These
results show that the time and the wind acceleration affect
the spectral shape evolution with wind speed.

In several studies, the shape of the high-frequency tail
of the spectrum has been described. The hypothesis that
wave breaking limits the spectral energy level associated
with high frequencies was posed by Phillips (1958). The
gravitational acceleration is the parameter dominating wave
breaking, and the spectral energy density for deepwater
conditions results in E(f ) ∼ g2f −5. The effect of the
wind controlling the tail shape was included by Toba (1973),
introducing wind stress in the formulation, hence E(f ) ∼
gu∗f −4. In Fig. 3, it is possible to distinguish a particular
slope in the tail of the spectrum for frequencies higher than
1.5fp (f ≥ 1.5fp is indicated as dashed blue line). The
spectral tail shape is better described with a lower power-
law than f −5, relatively closer to Toba’s decay law, in the
majority of the spectra observed in Fig. 3. As wind speed
increases, the energy density decay rate of high frequencies
becomes higher, and these changes are described adequately
with the inclusion of u∗ in the formulation of the spectral
energy density.

The evolution of the spectral energy density as a function
of fetch is shown in Fig. 4, where the spectra associated
with the 13 m s−1 maximum wind speed are shown as
the result of the measurements at five stations along the
water tank (stations 1, 3, 5, 7, and 11). The spectra
evolution with fetch under constant wind conditions of

13 m s−1 was also computed (not shown). The spectral
shape evolution with fetch under low acceleration wind
conditions (experiment 1) is similar to the spectral shape
evolution under constant wind conditions of 13 m s−1 wind
speed. Similar results were observed in Fig. 3, for the
spectral shape evolution with wind speed. Then, under low
acceleration wind conditions, the spectral shape evolution
with wind speed and fetch is not influenced by the wind
acceleration. The acceleration magnitude affects the wave
development with fetch under the rest of the acceleration
wind conditions, compared to constant wind conditions.
A readily apparent peak frequency downshift enhanced
process with fetch is noticeable under low, moderate-
low, and moderate acceleration wind conditions. These
characteristics of surface elevation spectra, as obtained from
measurements at the various stations along the flume, can
also be observed from the data given in Table 1. There
is no remarkable difference in the spectral energy level of
saturation range frequencies with fetch. These observations
are supported from data presented in Table 2. However,
the energy density decay rate with the frequency of high-
frequency tail becomes slightly higher with fetch.

The evolution of wave spectra with wind speed and
fetch associated with fetch and duration-limited conditions
is shown in Fig. 5. The spectra evolution with wind speed
can be seen following the columns of a single row. The
spectra evolution with fetch can be observed in the different
colors of each panel. The wind speed and fetch evolution are
presented for five experiments (rows). The spectra evolution
with fetch under constant wind conditions of 6, 9.5, and 13
m s−1 was also examined (not shown). The spectral shape
evolution with fetch under low acceleration wind conditions
of 6, 9.5, and 13 m s−1 (experiment 1), are similar to
the spectral shape evolution with fetch under the same
constant wind speeds; hence they can be used as a reference
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Fig. 5 Wave energy spectrum evolution with wind speed and fetch
for each experiment. The different colors belong to five stations along
the wave tank. The solid gray line corresponds to Phillips (1958) for-
mulation, g2f −5. The dotted black line corresponds to Toba (1973)

formulation, gu∗f −4. The acceleration associated with each exper-
iment is shown. The mean wind speed and time-lapse from the
beginning of the acceleration period associated with each panel are
included

of constant wind conditions. The wind acceleration effect
does not influence the spectral shape evolution with wind
speed and fetch under low acceleration wind conditions,
but it does under the other accelerated conditions. When
the spectral shape associated with constant wind conditions
is not reached for a given wind speed under accelerated
wind conditions, it could be due to the combined effect of

wind acceleration and time as a limiting factor for wave
generation. A limitation of the spectral shape evolution
with fetch was also observed. The higher the spectral
shape evolution limitation with wind speed, the higher
the spectral shape evolution limitation with fetch. The
limitation with wind speed could be associated with a time
limitation, as already mentioned, but the observed limitation
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with fetch is independent of time. This last fact proofs
that the acceleration magnitude plays a role in limiting
wavefield growth under accelerated wind conditions. Wave
growth efficiency differences were shown previously
in Robles-Diaz et al. (2019), where it was observed
that under moderate-low and moderate acceleration wind
conditions (experiments 2 and 3), the efficiency of the
wavefield capturing the available momentum was the
highest.

4 Time series analysis

The time series of significant wave height, Hs , dominant
wave steepness, ηx , dominant frequency, fp, and dominant
wavelength, λp as observed at three stations (columns) with
fetch equal to 2.80, 20.29, and 30.72 m, respectively, during
the five experiments (rows) are presented in Fig. 6. The
time evolution of 10 m wind speed, U10, as observed at
station 7, is also shown, and it is considered constant along
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the whole tank. The significant wave height was calculated
as four times the standard deviation of surface elevation
(Holthuijsen 2007), over a 4 s window. The dominant
frequency was computed from the power spectrum (Fig. 5)
as the associated with the spectral peak. The dominant
wavelength was estimated from the dominant frequency
following the linear dispersion relation for gravity-capillary
waves. The dominant wave steepness was estimated from
the frequency spectrum Eηt of the time derivative of the
water surface height signal ηt , as:

ηx = 2

cp

√∫
Eηt (f )df (1)

where the measured dominant phase speed is cp = λpfp.
The integral is performed over the frequency range 0.5fp <

f < 1.5fp (Caulliez et al. 2008).
In Fig. 6, it can be observed that during the experimental

runs the characteristics of first detected waves, as well as
other wave field variables, not only they do depend on wind
speed and fetch, but also on wind acceleration. In general
terms significant wave height, peak wavelength and wave
steepness tend to increase during the accelerated wind stage
of the experiment, while the dominant frequency tends to
decrease, regardless of the wind acceleration. Nevertheless,
their evolution in time is slightly different depending on
the acceleration wind conditions. The main characteristics
of the first measurable wave field are similar. However,
the first measurable waves are steeper under low and
moderate-low acceleration wind conditions (experiments 1
and 2). The wave field main variables are similar under low,
moderated-low and moderated acceleration wind conditions
(experiments 1, 2, and 3), under the maximum wind speed.
For that reason, it could be said that under moderated wind
acceleration conditions, experiments 2 and 3, the growth
efficiency of the wavefield is higher than low acceleration
wind conditions, which takes more time to develop. The
growth efficiency is also higher than under moderate-high
and high acceleration wind conditions (experiments 4 and
5), where the growth is limited by a combination of time and
wind acceleration.

The high variability observed during some variables
time series, Hs or λp, is probably a response to the high
variability that the wind field presents under low and
moderate acceleration wind conditions. That also implies
more turbulence and more amount of available momentum.
In Robles-Diaz et al. (2019) it was shown that once
the rough flow conditions are established, the wavefield
generated under moderate acceleration wind conditions
induces the increase of the available momentum under a
certain wind speed.

The wavefield development with fetch is readily apparent
during low acceleration wind conditions and short fetches,

i.e., the differences between wavefield variables are more
significant between stations 2 and 7 (short and moderate
fetch, respectively). The effect of fetch is observed to be
reduced under high acceleration wind conditions and at
stations with long fetches, (a fact that was also identified
from the spectral analysis results). These variations related
to fetch effect are probably related to the available
momentum amount and the wavefield efficiency capturing
this momentum under the different acceleration wind
conditions.

5Wave age and drag coefficient

Under accelerated wind conditions, the surface roughness
and wave characteristics evolve rapidly with wind speed,
and their relation to wind stress is essential to understand
the momentum transfer process better (Robles-Diaz et al.
2019). This section shows the relationship between the wind
stress in the form of drag coefficient, and the wave phase
speed and wave age. The 10 m height drag coefficient,
CD10 , as a function of wind speed is shown in Fig. 7 with
the correspondent values of wave celerity, cp. The same
behavior of CD10with the correspondent values of wave
age is shown in Fig. 8. The X wire probe measurements
were used to determine the total wind stress directly, τ =
ρu2∗ = −ρ(u′w′), over the water surface through the eddy-
covariance method (Stull 1988) using a 2 s moving window.
ρ is the air density, and u′ and w′ are the horizontal and
vertical turbulent components of wind speed, respectively.
The drag coefficient is calculated from the estimation of
the total wind stress throw the following equation (|τ | =
ρCD10U

2
10). The variation CD10 of as function of U10 is

determined as a bin average with a class interval equal to
1 m s−1 in the wind speed. The standard deviation of CD10

within each class is included together with the estimations.
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Fig. 7 Behavior of 10 m drag coefficient, CD10 , as a function of wind
speed and with correspondent wave celerity, cp (color dots). Lines
correspond to each experiment with a characteristic wind acceleration
value
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Fig. 8 Behavior of 10 m drag coefficient, CD10 , as a function of wind
speed and with correspondent wave age cp/U10 (color dots). Lines
correspond to each experiment with a characteristic wind acceleration
value

The wave age is calculated from wave celerity and mean
wind speed as cp/U10.

Wave celerity of the first detected wind waves is around
0.23 m s−1 in all experiments. This initial value of phase
speed has been observed regardless of wind acceleration.
Both phase speed and drag coefficient increase with wind
speed. However, this increase is particularly noticeable
during low acceleration wind conditions. Then, for certain
wind speeds, the wave field under lower acceleration wind
conditions shows a higher phase speed, associated with a
more developed wave field than under higher acceleration
wind conditions (Fig. 7).

It is presumed that the wind acceleration could directly
affect the phase speed, i.e., acceleration wind conditions
could increase the wave phase speed and the water particle
horizontal velocity and promote premature wave breaking.
The results of the change in phase speed when wind speed
increases from 10 to 17 m s−1 are shown in Table 3. This
phase speed change is more significant under moderate-low
and moderate acceleration wind conditions (experiments 2
and 3) than those with low acceleration wind conditions
(experiment 1). Then, under moderate acceleration wind
conditions, the waves could prematurely break and generate

Table 3 Results of phase speed of the observed waves at station 7
when wind speed is U10 = 10 and 17 m s−1, during each of the five
experimental runs

Exp. Cp(U10 = 10 m s−1) Cp(U10 = 17 m s−1)
ΔCp

ΔU10

[m s−1] [m s−1]

1 0.592 0.751 0.023

2 0.435 0.725 0.041

3 0.332 0.567 0.034

4 0.277 0.401 0.018

5 0.277 0.317 0.006

Rate of change between phase speed and wind speed is also shown

flow separation in the air boundary layer, increasing wind
stress. This process could explain the high values of the drag
coefficient associated with the highest wind speeds under
moderate-low and moderate acceleration wind conditions
(experiments 2 and 3). This drag coefficient increase
happens under moderate wind speeds, which generates the
maximum value of the drag coefficient associated with the
maximum wind speed at the end of the acceleration period.

Wave age values observed in the experiments range from
0.02 to 0.12, corresponding to very young waves (cp/U10 <

1.2) since the observed phase speed is much less than the
mean wind speed (Fig. 8). Therefore, waves continuously
support stress from wind during the whole accelerated wind
period. A slight decrease in wave age can be observed
under almost every acceleration wind conditions, as both
wind speed and drag coefficient increase. This fact indicates
that the increase in the mean wind speed is faster than
the increase in dominant wave celerity. However, the wave
age value is almost constant for wind speeds higher than
6 m s−1 under moderate-low and moderate acceleration
wind conditions (experiments 2 and 3). That means that the
change of wind speed is proportional to the change of wave
celerity. This proportionality is maintained under higher
wind speeds, which could induce a higher wave efficiency
to grow or capture the available momentum.

6 Summary

The generation process of wind waves under accelerated
wind conditions was studied from experimental runs
carried out in a large wind-wave facility. The laboratory
experiments were designed to characterize the wind-wave
evolution with wind speed and fetch under different
accelerated wind conditions. High-sampling rate devices
were installed along the facility to describe the airflow
and the water surface vertical displacement. The air-water
momentum flux was directly computed using the eddy
covariance method with hot-wire anemometry data at the
airside. The surface displacement along the wave tank was
measured with capacitance and resistance wire probes. The
complete set of measurements enables the study of the role
of wind acceleration in the momentum transfer between air
and water and how the energy is distributed in the wavefield
during the early stages of wind-wave development.

These experiments are an initial simplified approxima-
tion to study how wind-wave generation could be under
accelerated wind conditions in nature. The conditions sim-
ulated in the lowest acceleration wind experiment, with a
wind acceleration around 0.02 m s−2, could be taking place
in the open ocean, such as associated with the entry of a cold
front in the Gulf of Mexico. During other wind systems, as
Tehuano winds at Gulf of Tehuantepec or Mistral winds of
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Gulf of Lion, a wind speed increase with similar wind accel-
eration patterns can be observed. The moderate and high
acceleration wind conditions could represent accelerations
more similar to gusts. More field data research is needed to
conclude whether these results can be extrapolated to wider
fetches in the ocean. However, it was observed that drag
coefficient behavior associated with hurricane wind condi-
tions simulated in laboratory experiments presents a similar
behavior in the field (Donelan et al. 2004). It is expected
that the wind-waves spectral shape evolution to be similar
for fetches similar to those in the laboratory.

The main reason why the acceleration is influencing
the evolution of the spectral shape is that it also modifies
the amount of momentum available in the air for the
wind-wave generation process. Wind speed measurements
show that the turbulent fluctuations amplitude increases
as the wind acceleration decreases for each experiment.
That translates into a high level of turbulence under low,
moderate-low and moderate acceleration wind conditions,
given a certain wind speed. That effect is indirectly observed
in the high variability of wind speed and significant
wave and the relatively high drag coefficient values
under low, moderate-low, and moderate acceleration wind
conditions.

Apart from the differences in the amount of moment
induced by the wind acceleration, the waves showed
higher efficiency capturing the air momentum under low,
moderate-low, and moderate wind acceleration conditions
(experiments 1, 2, and 3), associated with the wavefield
characteristics (Robles-Diaz et al. 2019). One characteristic
that could induce this high efficiency is the higher wave
steepness observed under low, moderate-low, and moderate
acceleration wind conditions than higher acceleration wind
conditions, as reflected in higher high-frequencies energy
levels. The high momentum capture efficiency observed
in low acceleration wind conditions (experiment 1) is
reflected in its spectral energy evolution with wind speed
and fetch. The spectral shape shows the same spectral
energy distribution obtained under constant wind conditions
for a given wind speed and fetch.

Once the rough flow regime is established, the wavefield
induces a modification in the increasing tendency of drag
coefficient with wind speed (Robles-Diaz et al. 2019).
It was observed that under moderate-low and moderate
acceleration wind conditions (experiments 2 and 3), the
change in phase speed with wind speed is more significant
than under the other acceleration wind conditions. That
change could induce premature breaking and, therefore,
airflow separation and increase wind stress. Furthermore,
these experiments show constant wave age values from
low wind speeds, i.e., a proportional relationship in the
phase speed and wind speed change. This fact could
increase the wavefield efficiency of capturing the available

air momentum. The combination of both processes could
explain that, for maximum wind speed, at the end of the
acceleration period, the main wavefield variables present the
same magnitude of low acceleration wind conditions and the
spectral shape is closer to the one associated with constant
wind conditions, i.e., a similar state of wave development is
reached in less time.

The spectral shape evolution with fetch also reflects the
effect of the wind acceleration magnitude in the amount
of available momentum and the wave efficiency to capture
this momentum. Under moderate-high and high acceleration
wind conditions, these processes are reduced, and the
wavefield growth with fetch is not observed.

The turbulent boundary layer evolution under different
accelerated wind conditions was characterized in a previous
analysis of this data set. The momentum availability was
also related to the wave growth process, from a non-
dimensional wave growth analysis (Robles-Diaz et al.
2019). In this paper, some wavefield-associated variables,
as phase speed and wave age, are related to the drag
coefficient evolution with wind speed under accelerated
wind conditions. Furthermore, the wavefield evolution is
analyzed from a detailed description of the wind-wave
spectral shape. The spectral shape evolution is also linked
with the amount of momentum and the wave efficiency to
capture this momentum.

A more remarkable increase in the saturation level
of high frequencies and peak frequency downshifting, as
wind speed and fetch increases, was observed under low
acceleration wind conditions. Under these acceleration wind
conditions, it was also observed a broader spectral peak as
wind speed and fetch increases. Wind wave energy spectra
showed a broader spectral peak with wind speed and fetch
under low acceleration wind conditions. In contrast, under
high acceleration wind conditions, the energy saturation
level enhancement at relatively high frequencies is less
evident. The peak frequency downshift process was not
observed as wind speed and fetch increased. Under
those high acceleration wind conditions, the wavefield
development is somehow inhibited; wind waves do not
grow as expected, and their energy level is saturated
instead.
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