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a b s t r a c t

The effect of wind on the wave breaking induced by the modulational instability is investigated numer-
ically using the open source software Gerris. The two-phase flow is modelled by the two-dimensional
Navier–Stokes equations for a single incompressible fluid and a Volume of Fluid technique is employed
to capture the air–water interface. The flow is initialized as a fundamental wave component with two
side-band perturbations so that the breaking is induced via the Benjamin–Feir instability mechanism.
In order to investigate its effect on the wave evolution and on the breaking process, a uniform wind,
twice the phase speed, is assigned in the air phase. The simulation covers the initial development of the
wind profile, the growth of the modulational instability, the breaking and post breaking phases. Results
show the occurrence of air flow separation from the wave crests shortly after the initial start. Pressure
and tangential stress acting on the free surface are computed. It is shown that due to the flow separation
there is a favourable pressure gradient about thewave crestswhereas the tangential stresses are generally
in favour of the wave propagation on the back of the wave but are opposed to the propagation along the
forward face and in thewave trough. An initial growth of the energy content inwater is observed, followed
by a dissipation stagewhich is not related to the breaking process. In agreementwith the experiments, the
growth rate of the side-bands is reducedwhen compared to the corresponding no-wind solution. Because
of the slower growth, the limiting condition for the onset of the breaking is reached with some delay. At
the end of the breaking process, when the downshift is completed, the amplitude of the left side-band in
the wind case is somewhat lower than that for the no-wind case. No substantial differences have been
found in terms of the total energy dissipated by the whole breaking process although the dissipation rate
for the wind case is noticeably higher. The higher dissipation rate observed in the wind case is found to
be related to the larger amount of air entrained by the breaking process.

© 2018 Published by Elsevier Masson SAS.

1. Introduction

The wind–wave interaction as a governing mechanism for the
wave growth and for the momentum and energy transfer across
the ocean–atmosphere interface has attracted the interest of re-
searchers since long time. The first relevant studies are those
by Jeffreys [1,2] where the flow separation at the crest and the
resulting asymmetry in the pressure distribution along the wave
profile were proposed to be responsible for the momentum trans-
fer and for the wave growth. Other hypotheses were formulated
by Phillips [3] and Miles [4]. The model by Phillips [3] is based
on a resonancemechanismoccurringwhen surface pressure distri-
butions, associated with the turbulent fluctuations in the airflow,
moves at the same speed as the free surface waves with the same
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wavenumber. It is an uncoupledmodel as the excitation is assumed
to be independent of response. The model by Miles [4] neglects
turbulent fluctuations and considers as main driving element the
interaction between the mean air flow and the surface wave. It is a
coupledmodel based on an inviscid stability analysis of the airflow.

More recently, the occurrence of airflow separation over water
waves was observed and its effects were discussed by Banner
and Melville [5]. The airflow separation was investigated more in
depth by Reul et al. [6] and [7]. Through detailed PIV (Particle
Image Velocimetry) measurements they clearly highlighted the
occurrence of the flow separation at the breaking crests, with the
formation of a recirculating bubble in the trough region and the
reattachment of the flow on the back of the preceding waves.

Accurate measurements of the velocity in the airflow above
wind generated waves were also presented in [8]. An intermittent
separation of the viscous sublayer was observed past the wave
crest which was found responsible for significant variations in the
surface viscous tangential stress. The occurrence of flow separation
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over mechanically generated waves under following wind was in-
vestigated in [9]. Separated airflowwas observed over both break-
ing and non-breaking wave crests and a separation criteria was
proposed. Highly refined PIV measurements of the airflow above
both wind and mechanically generated waves were presented by
Buckley and Veron [10]. Airflow velocities were measured up to
100µmabove the interface, thus allowing for an accurate estimate
of the wind stress acting on the water surface. Furthermore, the
mean, the wave-coherent and the turbulent contributions to the
stress were distinguished.

Although the analysis of the airflow is very useful for the un-
derstanding of thewind–wave generationmechanisms and energy
transfer across the interface, it does not provide information on
how wind changes the wave dynamics. In [11] the evolution of
bothwind–wave andmechanical generated regularwaves exposed
to following wind was investigated. The wave spectra naturally
developed the Benjamin–Feir side-bands that grew exponentially.
In the case of wind acting over mechanically generated waves, it
was observed that the increase of the wind leads to a reduction
in the growth rate of the side-bands and in the energy content of
the side-bands at the end of the downshift. Galchenko et al. [12]
studied the effect of the wind on modulated wave groups. They
noticed that the growth rate of the side-band is reduced forUw/c >
3 and almost suppressed for Uw/c ≃ 6−8. A reduction in the
modulational depth and in the breaking severitywas also reported,
which indicates that for high wind forcing the modulational in-
stability is not the reason for breaking. Waseda and Tulin [13]
carried out a study on the effect of the wind on modulated wave
groups. Both seeded and unseeded conditions were considered. It
was observed that, compared to the no-wind case, the growth rate
of the side-bands is reduced for low wind speed but, differently
from the other studies, it is enhanced when the speed is increased.
Kharif et al. [14] investigated the influence of the wind on extreme
wave events. They found that the extreme wave event may be
sustained longer by the airflow separation and, furthermore, the
frequency downshift observed during the formation of the extreme
wave was seen to be more important for larger wind velocities.

In this work the effects of the wind on the development of the
modulational instability and on the subsequent breaking event are
investigated numerically via a two-phase method. The classical
instability mechanism proposed by Benjamin and Feir [15] is
exploited: a fundamental wave component perturbed by two sym-
metric side-bands is used as initial condition. The initial steepness
and the frequency shift are chosen to be well within the breaking
region identified in [16]. The study is motivated by the results of
a previous work where the breaking induced by the modulational
instability was investigated in no-wind conditions [17,18]. It was
found that due to the relative velocity, flow separation occurs on
the back of the breaking crests leading to the development of
a complicated flow structure with upward propagating coherent
structures that enhances the upward transport of horizontal mo-
mentum [19]. In open sea, waves are often accompanied with fol-
lowingwind. In such conditions the airflow is expected to separate
on the front face [7,10] and thus the resulting flow is expected to
be substantially different.

In order to evaluate how the presence of a following wind
changes the development of the modulational instability and the
energy dissipation in the breaking phase, the condition examined
in [20] is simulated here in presence of following wind. The wind
velocity is assumed to be about twice the phase speed of the funda-
mental component. As done in the previous study, in order to limit
the computational effort, simulations are performed under the
assumption of a two-dimensional flow. Although differences in the
two-dimensional and three-dimensional flow are expected to be
significant, no substantial changes in terms of the energy fraction
dissipated during the breaking process have been recorded [21,22].
Results are presented in terms of vorticity and velocity fields,
tangential stresses and pressure at the interface, averaged velocity
profiles, free surface profiles, energy and viscous dissipation.

Fig. 1. Sketch of the computational domain.

Fig. 2. Mapping of the air domain into a rectangular domain operated by Eqs. (7)–
(9). Red and blue lines are used for the ξ and ζ contours, respectively. The air–water
interface is shown by the thick-red line at the bottom. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

2. Numerical approach

2.1. Two-fluids numerical method

The numerical investigation is conducted by using the open-
source flow solver Gerris. The two-phase flow of air and water,
sketched in Fig. 1, is simulated as that of a single fluid whose
density ρ and dynamic viscosity µ are expressed as weighted
averages of the corresponding values in air and water, denoted by
the subscripts a and w respectively, on the basis of the volume
fraction F(x, t), which is

ρ (F) = ρaF + ρw (1 − F) , µ (F) = µaF + µw (1 − F) (1)

TheVolumeof Fluid (VOF) functionF(x, t),which isF = 0 inwater
and F = 1 in air, is advected with the flow as a passive scalar
∂F
∂t

+ u · ∇F = 0 (2)

where t and u = (u, v) are the time and local velocity, respectively.

The fluid is assumed incompressible, and the flow is governed
by the Navier–Stokes equations⎧⎪⎨⎪⎩

∇ · u = 0,

ρ (F)
Du
Dt

= −∇p + ρ (F) f + ∇ ·
[
µ(F) ·

(
∇u + ∇

Tu
)]

+γ kδsn
(3)

where p is the pressure and f denotes volume forces which in the
present case is represented by the gravitational effect f = (0, −g ŷ).
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Fig. 3. Action of the filtering ofmulti-valued zones. The filtering is necessary for the
mapping of the air domain and for the derivation of the Fourier coefficients in Eq. (9).
The filter replaces the multi-valued zones (thin line) by line segments connecting
the closest single value points on the free surface.

In Eq. (3) γ is the surface tension coefficient and k the local curva-
ture of the interface. The surface tension force is directed along the
normal n to the interface. At least formally, it is distributed along
the interface by a Dirac function δs.

The equations are discretized on a computational grid with a
quad-tree (oct-tree in 3Dproblems) adaptive spatial discretization.
A fractional step algorithm is adopted and a multi-level solver
is employed for the Poisson equation. Additional details on the
numerical model can be found in [23,24].

In the last few years there have been several numerical studies
which showed the capabilities of the Gerris code to deal with
multi-phase flows and with that generated in breaking waves (e.g.
[22,25]).

2.2. Initial conditions and discretization aspects

Wave breaking is induced through the Benjamin–Feir insta-
bility mechanism: as observed in [15], a progressive wave with
fundamental frequencyω may be unstable if perturbed by two dis-
turbances which are symmetrical with respect to the fundamental
component in the frequency domain, i.e. have frequenciesω(1±σ ),
σ = ∆ω/ω. The instability develops when 0 < σ ≤

√
2ε, where

ε = ka is the steepness, k and a denoting the wavenumber and the
amplitude of the wave, respectively. Similar considerations hold in
the wave number space, with ∆k/k ≃ 2σ [15].

When the instability develops, there is a nonlinear energy trans-
fer from the fundamental component to the side-bands, whose
amplitude ai undergoes an exponential growth

ai ∼ exp
[
1
2
σ (2ε2

0 − σ 2)
1
2 ωt

]
. (4)

The maximum growth rate is reached for σ = ε0, where ε0 = k0A0
is the initial steepness of the fundamental component.

As discussed in [16], monochromatic waves are unstable any-
how when propagating over long distances. The instability devel-
ops as a natural selection of themost unstable modes among those
excited by the background noise (un-seeded conditions). It is also
not strictly necessary that the perturbations are symmetric with
respect to the fundamental component for the initialization of the
instability although, in case of a one side perturbation, nonlinear
effects let a component symmetricwith respect to the fundamental
one to growas the instability develops [16]. However, the use of the
seeded conditions, in which symmetric side-band perturbations
are imposed to the initial conditions, triggers the instability, thus
making it more repeatable, and reduces the time and space needed
for its development.

In order to study the evolution of a modulated wave train in
a periodic domain, the free surface profile η(x, t) at t = 0 is
initialized as

η(x, 0) = A0 cos(k0x) + A1 cos(k+x) + A1 cos(k−x) (5)

where x is the horizontal coordinate, A0 and k0 denote amplitude
and wavenumber of the fundamental component, whereas A1 and

k±
= k0 ± ∆k are the amplitude and wavenumbers of the side-

band perturbations. In this study A1/A0 = 0.1 and ∆k/k0 = 1/5
are used.

The velocity field in water is assigned by linear theory:⎧⎪⎪⎨⎪⎪⎩
u(x, y, 0) = A0ω0ek0y cos(k0x) + A1ω

+ek
+y cos(k+x)

+ A1ω
−ek

−y cos(k−x),
v(x, y, 0) = A0ω0ek0y sin(k0x) + A1ω

+ek
+y sin(k+x)

+ A1ω
−ek

−y sin(k−x)

(6)

u and v denoting the horizontal and vertical velocity components,
respectively, y being the vertical axis oriented upwards. In Eq. (6)
the frequency ω0 is derived by the linear dispersion relation ω0 =√
gk0 and similarly ω±

=
√
g(k0 ± ∆k).

In the simulations without wind, the velocity in the air phase is
initially set to zero. Formally, this velocity field generates a discon-
tinuity in the normal velocity at the interface. Such discontinuity
disappears when the Poisson equation for the pressure corrector
terms is solved for the first time and a velocity field in air which
is consistent with the orbital motion in air is generated. Free-slip
conditions are applied at the top and bottom boundaries.

In the simulation with wind, the air velocity is initialized as
follows: (i) if y < η(x, 0) Eqs. (6) are used; (ii) within the air
boundary layer, i.e. for η(x, 0) < y < η(x, 0) + δa, δa =

√
2νa/ck

being the boundary layer thickness [22] and νa = µa/ρa being
kinematic viscosity in air, the velocity is initialized as constant in y
and equal to the value it takes at y = η(x, 0); (iii) for y > η(x, 0)+δa
the velocity is initialized as (Uw, 0), Uw being the velocity value
enforced as boundary condition at the top boundary. Also in this
case solution of the Poisson equation for the pressure corrector
term restore the continuity of the normal velocity across the air–
water interface. As for the case without wind, free-slip conditions
are enforced at the bottom boundary.

Simulations are carried out for air andwater, so that ρw = 1000
kg m−3, ρa = 1.25 kg m−3, µw = 10−3 N s m−2, µa = 1.8 10−5 N
s m−2. The surface tension coefficient is γ = 0.073 N m−1 and
the fundamental wavelength is λ0 = 2π/k0 = 0.60 m, which
corresponds to a wave period Tp ≈ 0.62 s and a phase velocity
cp ≈ 0.968 m s−1. Of course the fundamental wavelength is rather
short compared to real oceanwaves and significant surface tension
effects are expected. However, the adopted value is an upper limit
considering the extremely high computational effort required by
two-phase simulations.

The computational domain is fivewavelengths long, i.e. L = 5λ0
or x ∈ (−0.5, 2.5) m, which according to the wave profile given
in Eq. (5), is the minimum length allowing the use of periodic
boundary conditions. It is worth observing that the nonlinear in-
teraction between the differentwave components could lead to the
development of wavelengths with λ > L or of wavelengths which
are not integer fraction of L, but their development is impeded by
the use of the periodicity conditions at the sides. This aspect has to
be kept in mind when analysing the results. The bottom boundary
is located at y = −1.25λ0 = −0.75m, corresponding to kh = 7.85
and thus deep water conditions apply. The top boundary is located
at y = 1.75λ0 = 1.05 m which is high enough for the ceiling to
have a negligible effect on the solution.

The computational domain is divided in 10 by 6 blocks. Each
block is a square half-wavelength size andhas a basic discretization
of 26 grid cells in each direction. The discretization is locally refined
up to 211 grid cells, or 212 grid cells per wavelength, and thus
the finest cell is about 0.293 mm. The refinement is governed by
the gradient of the VOF function and by the local vorticity level.
In [26] it is shown that such a discretization is sufficient to pro-
vide accurate estimates of the energy dissipation processes, even
though higher resolutions would be necessary for the description
of the finest droplets and bubbles generated in a three-dimensional
breaking [25].
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Fig. 4. Solutions at t = 0.62 s (Tp) and 1.24 s (2 Tp) after the initial start: vorticity contours (a, b), velocity magnitude contours (c, d) and tangential stress τv plotted together
with the free surface elevation η (e, f).

Due to the weak effect of surface tension and viscosity at the
scales considered in this study, the VOF function is filtered three
times to prevent the spurious tearing of the interface.

Simulations presented in the following refer to a case with
initial steepness ε0 = 0.20. For the case with wind, a wind velocity
Uw = 2 m s−1, which is about 2cp, is used.

2.3. Mapping of the air domain and analysis of the velocity field

In order to perform detailed analyses of the flow taking place in
the air domain and in particular just above the air–water interface,
an interface following coordinate system (ξ, ζ ) is introduced. The
mapping is quite similar to that originally suggested by Chalikov
and Sheinin [27] and recently adopted in [10,28]. The newvariables
are related to the cartesian coordinates by the equations

ξ (x, y) = x − i
∑
n

anei(knx+φn)e−kny (7)

ζ (x, y) = z −

∑
n

anei(knx+φn)e−kny (8)

where an, kn and φn denote amplitude, wavenumber and phase
of the n-component of the Fourier transform of the free surface

elevation η(x):

η(x) =

∑
n

anei(knx+φn) . (9)

With such coordinate system, the free surface equation is simply
ζ = 0 whereas as z → ∞ the coordinates ξ and ζ approach x and
y, respectively. The action of the mapping (7) and (8) is shown in
Fig. 2 where the ξ and ζ contour lines are drawn together with the
free surface y = η(x) or ζ = 0.

Formally, Eq. (9) requires the free surface to be single-valued,
and thus it could not be used during the breaking phase when the
free surface becomes multi-valued. For this reason, a filtering of
the free surface is applied at the post-processing phase to replace
the multi-valued zones by a single-valued profile. To this aim the
multi-valued zone is replaced by a straightline segment connecting
the closest single-valued points on the free surface (Fig. 3). Such
filter acts essentially as awave probe in experimentswhich returns
one single free surface elevation at a point. It is worth remarking
that the filter is only needed in the complicated breaking phase
only, but it does not act in the pre- and post-breaking phases.
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Fig. 5. Contours of vorticity and velocity magnitude: solutions are shown every 5Tp or 3.1 s, solution (a) and (b) referring to t = 3.1 s.

3. Results

3.1. Flow features and free surface profiles

Soon after the start, the shear layer just above the free surface
become unstable and the flow separates from the wave crests
(Fig. 4a, b). As time elapses, the separated bubbles grow in size. At
least in an early stage, in spite of the different heights of the crests,
there are no significant differences in the separated bubbles about
the five wave crests (Fig. 5a, c). In a next stage the interaction of

the recirculating bubble with the free surface generates secondary
vorticity structures which are detached from the free surface and
can either be transported downwards by the wind or entrained in
the recirculating bubble (Fig. 5e, g). When the modulational insta-
bility has already induced a significant difference in the heights
of the different waves, the symmetry in the recirculating region is
progressively lost (Fig. 5i). The symmetry is definitively lost at the
end of the breaking processwhen only two large clockwise rotating
and a few, smaller, counter-clockwise rotating vortex structures
remain (Fig. 5k, m, o).
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Fig. 5. (continued)

The occurrence of flow separation and reattachment can be also
seen from the velocity magnitude contours which are shown next
to the corresponding vorticity fields in Figs. 4 and 5. Generally, the
velocity magnitude attains the minimum on the forward face of
the wave up to the trough. The airflow accelerates after the reat-
tachment point and reaches themaximum close to the crest where
the flow separates again. The distribution is more irregular after
the breaking when it just follows the large coherent structures
(e.g. Fig. 5j–p).

The above results are in general agreement with what observed
experimentally in [6–8,10,28]. However, compared to the experi-
mental data, at least in the early stage, the present results display
somewhat larger separated bubbles with the airflow reattaching
further downstream. This is partly due to the two-dimensional
assumption made in the present numerical study which is re-
sponsible for the inverse cascade of the turbulence. Some other
differencesmight be due to the differentwind andwave conditions
adopted.
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Fig. 6. Comparison between the free surface profiles with (solid) and without (dash) wind. Solutions are shown at the same times as in Fig. 5.

Fig. 7. Comparison between the fundamental component (green), the upper (light-
blue) and the lower (black) side-bands for the simulations with (solid and full circles)
and without (dashed) wind. The theoretical growth rate of the sidebands as derived
in [15] is also drawn (yellow, dash–dot line). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

The main aim of the present study is to investigate how the
wind affects the wave dynamics, the development of the modu-
lational instability and the subsequent breaking event. Concerning
with the wave dynamics, the free surface profiles at different time
instants are shown in Fig. 6 where they are compared to the
corresponding no-wind solutions showing that the solution with
wind is progressively slower than the no-wind one. The onset of

the breaking, which is identified as the time at which the free
surface elevation becomes multivalued for the first time, is also
delayed in presence of wind being tb = 15.035 s and tb = 12.865 s
for the wind and no-wind cases, respectively.

The reduced propagation velocity and the delay in the onset
of the breaking observed in the wind case, can be explained by a
slower development of the instability, i.e. by a lower amplitude
of the waves measured at the same time. This hypothesis seems
confirmedby the timehistories of the fundamental component and
of the two side-bands which are drawn in Fig. 7.

Results indicate that in the wind case not only the growth rates
of the side-bands is lower than in the no-wind case, which is
consistent with what already observed by other authors [11,13],
but in addition to that the stationary value reached by the lower
side-band is a few percent below that reached in the no-wind case.
A progressive reduction of the lower side-band with increasing
the wind speed was also observed in [11]. Compared to the no-
wind case, a somewhat stronger reduction is also noted for the
fundamental component, whereas a lower reduction is found for
the upper side-band. The combined effect of the reduced growth
rate of the instability and of the lower amplitude of the peak
frequency wave at the end of the breaking process explains the
lower phase speed observed in Fig. 6 in presence of wind.

3.2. Tangential stress and pressure at the interface

Even though intuitively one would expect a faster growth
of the modulational instability, the results discussed so far in-
dicate a reduced growth rate and thus a reduced wave height
at comparable times, and in turn lower propagation velocity.
This is probably due to the driving mechanism leading to the
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Fig. 8. Tangential stress per unit transverse length τv and free surface profile at different times during the evolution of the modulational instability under wind. Solutions
are shown at the same times as in Fig. 5.

growth of the wave height which is the modulational instability
rather than the action of the wind as it is for a wind generated
wave.

A detailed analysis of the stresses at the interface was per-
formed by Veron et al. [8] who measured the tangential velocity

and the stresses at the interface. It is observed that whereas the
tangential velocity is greater than the phase velocity on the back of
the wave up to the crest, the flow separation and the formation
of the recirculating region induce a near surface velocity which
is about half of the phase speed, and this means that in a frame
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Fig. 9. Tangential stress per unit transverse length τv and free surface profile at different times during the evolution of the modulational instability in the no-wind case.
Solutions are shown at the same times as in Fig. 5.

of reference moving with the wave the horizontal velocity of
the airflow is opposed to the propagation direction. Correspond-
ingly, the tangential stress about the trough either vanishes or
takes negative values, i.e. are opposed to the wave propagation
direction.

The occurrence of a backward oriented near surface velocity at
the troughs can be recognized by the shed of secondary vorticity
structures, as it happens for instance in Fig. 5c. Of course this
also implies that the tangential stresses are opposed to the wave
propagation direction.
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Fig. 10. Pressure distribution on the free surface profile for the wind case. Solutions are shown at the same times as in Fig. 5.

A more quantitative estimate of the stresses at the air–water
interface is achieved by using the interface following coordinate
system introduced in the previous section. By using the same

approach adopted in [28], the viscous tangential stresses at the air–
water interface is evaluated as:

τv = µa

(
∂U
∂ξ

+
∂V
∂ζ

)
(10)
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Fig. 11. Pressure distribution on the free surface profile for the no-wind case. Solutions are shown 5Tp or 3.1 s, solution (a) referring to t = 3.1 s.

where U and V are the velocity components in the ξ and ζ direc-
tions. In order to avoid the spurious effects caused by the variation
of the fluid density, the derivatives are computed just above the
density variation zone. As the simulations are two-dimensional,
Eq. (10) provides the stress per unit length in the transverse di-
rection.

The tangential stress at the air–water interface computed at
t = Tp and t = 2Tp after the start are shown in Fig. 4 just
beneath the corresponding vorticity and velocity magnitude con-
tours. The tangential stress is overlapped to the free surface profile
tomake it easier identifying the position along the interface where
the stress changes direction. The results in Fig. 4 indicate that
the tangential stress reaches the maximum on the rear face of
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Fig. 12. U and UV contours in the air domain, or ζ > 0, at t/Tp = 20.

Fig. 13. Vertical profiles of the horizontal averages of Ū and ŪV at different solution times.

Fig. 14. Time averages ⟨U⟩ and ⟨UV ⟩ over the entire simulation.
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Fig. 15. Time history of the averaged tangential stress over the free surface.

the wave, somewhat behind the crests. Hence it diminishes and
takes negative values in limited regions just before the troughs.
A similar behaviour is observed at a later stage, as it is shown in
the sequence provided in Fig. 8. The maximum of the stresses is
always attained shortly before the crest but due to the large and
intense recirculating bubbles, the regions with negative stress are
bigger than in the initial stage (see for instance Fig. 8c). In the post-
breaking phase the stress at the interface is generally positive and

Fig. 16. Parameters used to define the wave geometry and steepness.

takes negative values only beneath the large clockwise rotating
coherent structures (see Fig. 5o and Fig. 8h).

By comparing the above results with those obtained in the no-
wind conditions, shown in Fig. 9, some substantial differences can
be noticed. At least in the pre-breaking phase, i.e. Fig. 9a–c, the
stresses at the interface are rather symmetric and oscillate from
positive values at the troughs to negative values at the crests,
which is consistent with an orbital velocity in the air side. The
maximum absolute value is reached at the highest crest and it is
negative. The stress is generally rather symmetric also in the post-
breaking phase (see Fig. 9h.)

After the wind flow separates, in addition to tangential stresses
also normal stresses contribute to the momentum transfer, pri-
marily due to the asymmetry in the pressure distribution along
the crests. The pressure distributions over the air–water interface

Fig. 17. Time histories of the down-crossing (a) and crest (b) steepness for the wind (black) and no-wind solutions ( green). The origin is set at the time of the breaking onset
tb . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 18. On (a) the time histories of the modulational depth R computed for the simulations with and without wind are compared. On (b) the time histories of the highest
Hh and the lowest Hl wave heights for the simulations with initial steepness ε0 = 0.20 with (black) and without (green) wind are drawn. Note that the time histories are
shifted horizontally so that the origin of the axis is at the time of the breaking onset tb .
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are shown in Figs. 10 and 11 for the wind and no-wind case,
respectively. In thewind case the pressure takes themaxima in the
crest region and the flow separation induces a favourable pressure
gradient, with the largest asymmetry in the pressure generally
taken at the highest wave in the group (see Fig. 10a–c). The gra-
dient is still favourable when the breaking is approached (Fig. 10e)
whereas in the later stage the pressure gradient ismostly governed
by the coherent structures in the airflow rather than the wave
profile. In the no-wind condition, the pressure takes theminima at
the crests and, as for the tangential stress, it is mostly symmetric.
It remains symmetric also in the late post-breaking phase.

The results discussed so far are based on instantaneous solu-
tions. The analyses conducted in this field generally use a phase-
averaged process to distinguish the turbulent component, the
wave coherent and the phase-independent mean [10]. In this case
the problem is non-stationary and the distinction between the
wave-coherent and fluctuating parts would require a phase aver-
age of the results of different repeats [29], which is not feasible due
to the very high computational cost.

Without reasonable alternatives, and bearing in mind the in-
trinsic limitations, the space averages U and UV profiles at a given
time are computed by averaging U and UV in the ξ direction
over the entire domain. Next, the time averages ⟨U⟩ and ⟨UV ⟩ are
computed by averaging the U and UV profiles. The time averages
are computed along the entire simulation by taking the solutions
computed every one fourth of the wave period.

The U and UV contours at a given time instant are displayed
in Fig. 12. From Fig. 12a it is seen that at the bottom layer the
tangential velocity U is slackened due to the interaction with the
water surface. Because of the flow separation at the crests, negative
values occur nearby the troughs. About ζ = 0.1, which is roughly
0.1 m above the interface, the discontinuities associated with the
recirculating bubbles can be recognized. In the upper zone, the U
velocity is more uniform and approaches Uw . UV is generally small
and takes significant values in the recirculating regions above the
troughs.

The horizontal averages U and UV versus ζ at different times
are shown in Fig. 13. The U profile rapidly develops a shape almost
independent of time at least up to t = 15.5 s, which is soon
after the onset of the breaking. In a next stage, the U varies more
significantly in consequence of the changes in the flow structure
after the breaking. From the vorticity fields shown in Fig. 5k, m, o
it is seen that the large coherent structures detach from the water
surface and because of the reduced wave steepness the airflow
does no longer separate from the wave crests. Conversely, the UV
profiles are much more irregular as they are much more affected
by the turbulent fluctuations.

The time averages ⟨U⟩ and ⟨UV ⟩ are drawn in Fig. 14. By inter-
polating the logarithmic region of ⟨U⟩ it is found u∗ ≃ 10.3 cm
s−1, a value which is consistent with the values reported in [10] for
similar conditions. As also observed in [10] the stress term ⟨UV ⟩

varies quite sharply just above the air–water interface.
It is worth noticing that for the wind blowing on a wavy surface

the u∗ computed from the interpolation of the wind profile is not
fully representative of the tangential stress at the interface. This is
clearly shown in [8] and in [28] where τv/(ρau2

∗
) < 1 for most of

the wave profile and takes values of O(1) nearby the crests only.
A better comprehension of viscous stress at the interface and

of its evolution in time can be achieved from Fig. 15 where the
time history of the horizontally averaged tangential stress σ is
shown. The results indicate that the stress is quite high in the very
early stage presumably due to the assumption of a uniform wind
profile. After about five wave periods the averaged stress starts to
oscillate about a steady value which is kept up to the onset of the
breaking. In the breaking phase the behaviour ismore irregular, but
when the breaking is completed the mean tangential stress takes a
constant value again. Probably because of the reducedwave height,
the tangential stress in the later stage is somewhat lower than in
the pre-breaking phase.

3.3. Steepness evolution

The results discussed in the previous section indicate that the
wind affect the wave dynamics to some extent. It is interesting to
investigate the point further by analysing some geometric param-
eters of the waves and how they change under the action of wind.

The most common geometric parameters are indicated in
Fig. 16. The most relevant are: the zero-crossing points, zdc and
zuc denoting the down-crossing and the up-crossing, respectively;
the corresponding down-crossing and up-crossing wave heights
Hd andHu; the down-crossing andup-crossingwavelengths Ldc and
Luc ; the crest height ac and the crest width Lc .

In Fig. 17 comparisons are established in terms of the down-
crossing Sdc and crest Scs steepness which are defined as:

Sdc =
πHd

Ldc
Scs =

πac
Lc

(11)

In establishing the comparison the curves are shifted to have
the origin at the time of breaking onset tb. Results indicate that
before the onset of the breaking the downcrossing steepness for
the wind case is higher than the no-wind case. In particular it is
worth noticing that about two wave periods before the onset of
the breaking the steepness Sdc for the wind case overtake the value
reached by the no-wind simulation when the breaking starts, but
the breaking does not start yet. At the onset of the breaking, the
downcrossing steepness in presence of wind case is much higher
than in the corresponding no-wind case. It looks like the wind, and
probably the airflow separation, has a sort of stabilizing effect on
the steep wave crests. The breaking starts anyhow and for a rather
long time after the breaking the wind and no-wind solutions are
close to each other whereas in the late stage the steepness of the
wind solution takes lower values compared to the no-wind case.

In terms of the crest steepness Scs, the results with and without
wind are somewhat closer to each other at least before the onset of
the breaking but still in thewind case the steepness at the breaking
onset is higher than in the no-wind conditions. As already observed
for the down-crossing steepness, the wind and no-wind solution
display about the same crest steepness for some time after the
breaking although the wind solution approaches lower values in
the late stage. It is interesting to note that in terms of Scs, in the
late stage of the simulation the solution with wind displays a small
time shift with respect to the no-wind solution, and the reasons for
that are made clear in the following.

In the analysis of modulated wave trains a parameter which is
usually taken in consideration is the modulational depth which is
defined as the ratio R = Hh/Hl between the highest Hh and lowest
Hl wave heights in the group [12]. In a sense, this parameter is
representative of the intensity of the breaking. For the evaluation
of the modulational depth Hh and Hl are computed by using the
down-crossing criteria.

A comparison between the time histories of the modulational
depths computed for the wind case and for different initial steep-
ness in the no-wind case are shown in Fig. 18a. Differently from
what was observed in [12], the modulational depth takes a much
higher value in the wind case compared to the no-wind cases. In
order to better understand the origin of the higher modulational
depth, the time histories of the highest and lowest wave height are
drawn in Fig. 18b for the wind and no-wind solution at ε0 = 0.20.
Results indicate that there are some differences in terms of Hh,
which is consistent with what found for the crest steepness, but
there is a more substantial reduction of theHl. This is probably due
to the action of the recirculating bubbles on the wave troughs, but
the point needs a deeper investigation.
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Fig. 19. Time histories of the energy contents in water for the simulation with (black) and without (green) wind. The total energy (top) and the kinetic (middle) and potential
(bottom) components are drawn. On the right column, curves are translated in both horizontal and vertical axes in order to have the solution for wind and nowind conditions
overlapped at the time t∗ , i.e. the time at which the second breaking event, which is of the plunging type, starts. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

3.4. Energy dissipation

One of themainmotivation for the present study concerned the
investigation of the changes induced by the wind on the breaking
dissipation process. To this aim, the total energy content in water
is computed as

ET = EK + EP =
1
2

∫
ρw|u|

2dxdy +

∫
ρwgzdxdy − EP0 (12)

EP0 denoting the potential energy content of the water at rest at
the still water level.

The time histories of the total energy content in water for the
wind and no-wind solutions are shown in Fig. 19a. Results indicate
that in the wind case there is an initial energy input, up to about
5Tp, which is followed by a dissipation phase, not associated to

breaking, up to about 15Tp. By looking at Fig. 4, the initial energy
input seems related to flow separation, and thus to the positive
pressure gradient, as well as to the action of the tangential stress
which is largely favourable in the early stage (Fig. 4e, f). Once the
recirculating bubbles develop the negative tangential stress at the
troughs became more relevant (e.g. Fig. 8b, c) and are very likely
responsible for the energy dissipation. By comparing the kinetic
and potential components, which are drawn separately in Fig. 19c,
e, it is seen that the energy input is mainly in the kinetic part
whereas the dissipation affect both kinetic and potential parts.

In order to compare the changes in the energy dissipation dur-
ing the breaking process, in Fig. 19b the energy curves are shifted
in both horizontal and vertical direction to have them overlapped
at the onset of the breaking. It can be noted that the energy fraction
dissipated in the wind and no-wind cases is essentially the same,



Please cite this article in press as: A. Iafrati, et al., Effects of the wind on the breaking of modulated wave trains, European Journal of Mechanics / B Fluids (2018),
https://doi.org/10.1016/j.euromechflu.2018.03.012.

16 A. Iafrati et al. / European Journal of Mechanics / B Fluids ( ) –

Fig. 20. Time histories of the air amount entrained by the breaking process, scaled
by the square of thewavelength, for thewind (black) and no-wind (green) solutions.
The larger air amount entrained seems responsible for the higher decay rate of the
energy observed in Fig. 19. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

and the small differences are very likely within the uncertainty of
the numerical simulations [29]. In the late stage after the end of
the breaking process, the no-wind solution displays a dissipation
rate which seems associated with the remnants of the turbulent
structures [30] whereas the total energy for the wind case seems
almost constant. This is probably due to a balance between the
energy dissipation associated with the remnants of the turbulent
structures and the averagely favourable tangential stress at the air–
water interface.

There is, instead, amore substantial difference in the dissipation
rate which is somewhat higher in the wind case. The comparison
of the kinetic and potential energy components in the wind and
no-wind case displayed in Fig. 19d, f, indicates that the differences
in the dissipation rate aremostly associatedwith the kinetic rather
than the potential part. Such a difference in the dissipation rate is
explained with the larger air amount entrained by the breaking
process. Indeed, the time histories of the air entrained by the
breaking process in the wind and no-wind case, drawn in Fig. 20,
show that in the wind case the air entrainment is anticipated and
from the very beginning the amount of air entrained ismuchhigher
than in the no-wind case. The fact that the air entrainment is
anticipated in the wind case means that there is a shortening of
the time needed for the development of the plunging jet and for
the jet to impact onto the free surface ahead. The larger amount of
air entrained is very likely related to the largermodulational depth
observed in the wind case (see Fig. 18a).

Considering the important role played by the bubble fragmen-
tation process in the dissipation [31], the larger amount of air en-
trainment seems responsible for the increased dissipation rate. The
strong relation between the dissipation rate and the air entrained
can be further inferred by observing the significant reduction in the
slopes of the kinetic energy occurring about t − tb ≃ 3.5Tp concur-
rently with the phase in which there is only a little amount of air
entrained. The slope changes again soon after the next breaking
event when additional air is entrained.

Still about the dissipation, the time histories of the viscous
dissipation in the pure water and air domains for the wind and
no-wind cases are provided in Fig. 21. As discussed in [31], the
computation of the viscous dissipation is limited to the pure air and
water domains in order to avoid the spurious effects caused by the

Fig. 21. Time histories of the viscous dissipation in water (a) and air (b) for the wind (black) and no-wind (green) solutions. Note that the contribution to the dissipation of
the variable density region is not accounted for. The data are scaled by the initial energy content in water. In (c) and (d) the same curves are provided shifted with the origin
of the time at the onset of the breaking. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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variation of the fluid density in the transition zone. As such, they
do not represent the entire dissipation in the two fluids as they do
not account for the dissipation taking place in the very thin layer
close to the interface, which can be rather significant. Bearing in
mind the above limitation, the comparisons between the viscous
dissipation in the two fluids in the wind and no-wind conditions
provide some additional insights on the physical phenomena.

In the wind case, soon after the start, the viscous dissipation
in water displays an increase which is related to the acceleration
of the top water layer due to the tangential stress at the crests.
Due to the tangential stress at the troughs caused by the recir-
culating bubbles, the viscous dissipation in water remains much
higher than in the no-wind case up to about t = 10Tp. The
comparison between the wind and no-wind solutions shown in
Fig. 21c displays a rather close agreement at the onset of breaking
when the first spilling breaking starts. In the next stage, because
of the anticipated air entrainment, the wind solution displays a
sharper and anticipated growth. However, there are no substantial
differences in the total area beneath the curves in the breaking
phase, which again indicates that the action of the wind does not
affect the total energy dissipated by the breaking process directly
but it might have an indirect influence due to the changes in the
wave dynamics before the onset of the breaking.

A last open question concerns the dissipation in air. In [17] it
was observed that a significant amount of energy is dissipated in
air due to the flow separation occurring on the back of the breaking
crests. Hence, there is the interest to see what happens in presence
of wind blowing in the direction of the wave propagation, when
flow separation occurs on the forward face rather than on the rear
one. The results in Fig. 21b show that the viscous dissipation in
air for the wind case is characterized by a basic level associated
with the stresses at the water surface. During the breaking there
are some differences in the peaks but, more important, the viscous
dissipation is much higher in the wind case.

4. Concluding remarks

A numerical investigation of the role played by the wind on the
development of the modulational instability process and on the
subsequent breaking process has been carried out by using a two-
phase numerical solver. The effect of the wind is evaluated by es-
tablishing comparisons with the corresponding no-wind solution.

It has been found that, shortly after the initial start, the airflow
separates from thewave crests and generates recirculation bubbles
above the wave troughs. From the analyses of the tangential and
normal stresses, favourable tangential stress and pressure gradi-
ent have been observed at the crests whereas negative tangen-
tial stress induced by the recirculating structures is found at the
troughs. The action of such tangential stress at the troughs is
responsible for a reduction of the growth rate of the modulational
instability. With respect to the no-wind case the breaking is de-
layed. Partly, this is justified by the reduced growth rate. However,
in thewind case the steepness at the onset of the breaking is higher
than in the corresponding no-wind condition, as if the wind has a
stabilizing effect on the wave.

Beside the reduction in the growth rate, a reduction in the
energy content of the lower side-band at the end of the downshift
is also noticed. No significant differences have been detected for
the total energy fraction dissipated by the whole breaking process,
but the dissipation rate has been found significantly higher in the
wind case. The higher dissipation rate has been explained with the
enhanced air entrainment.

As a concluding remark, it is worth recalling that the study
has been carried out under a two-dimensional flow assumption.
As already discussed in the Introduction, in spite of the relevance
of three-dimensional phenomena in the bubble fragmentation

process, there is numerical evidence that the two-dimensional
assumption is still able to provide rather satisfactory estimates
of the energy dissipation associated with the breaking process.
However, it is less clear if three-dimensional effects in the airflow,
which affect the flow separation and the dynamics of turbulence,
are really negligible or not. This question will be the subject of a
future study.
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