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Abstract: Wave breaking in marine environments frequently occurs under the influence of wind forcing,
encompassing intricate processes of energy transfer and interfacial dynamics. This study numerically investigates
wave breaking under a range of wind intensities, at high wave steepness conditions. Distinct from traditional studies
focusing on wind-driven wave growth, the present work concentrates on energy evolution, spray droplet motion, and
bubble dynamics. The results indicate that strong wind forcing significantly enhances the turbulent kinetic energy
(TKE) and energy dissipation rate within the water. Wind-driven droplets generated at the jet tip exhibit extended

lifetimes and are transported in the wind direction due to complex interactions between initial momentum and

turbulence. While the overall bubble count and size distribution remain nearly unaffected, increased wind intensity

leads to a shallower vertical distribution of the bubble cloud centroid. These findings provide new insights into

wind-induced wave breaking, with implications for understanding marine spray generation and air-sea interaction

processes.
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0. Introduction

In nature, the calm sea surface is disturbed by
wind, generating the waves as wind energy is con-
verted into wave energy. As wind speed increases, the
waves become steeper and eventually break,

producing a large number of aerosols and white foams.

This process involves complex interfacial dynamics
and turbulent mechanisms. Moreover, it generates a
large number of splashing droplets and entrained
bubbles, which not only influence air-sea exchange
and climate systems, but also have important impli-
cations for the marine and naval engineering fields.
Understanding this process can enhance insight into
the impact of wave breaking on ocean structures!'!.
Wave breaking under no-wind conditions has
been extensively studied over the past several decades
through both theoretical analysis and experimental
investigations'®™!. In recent years, advances in compu-
tational hardware and numerical algorithms have
made high-fidelity numerical simulation an increa-
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singly effective approach. Wang et al.™ conducted
large-scale simulations of 3-D wave breaking using
uniform grids, reaching a total grid count of 1.2x10'.
Their results captured detailed features of droplet
splashing and air entrainment during wave breaking.
To reduce computational cost, adaptive mesh
refinement (AMR) techniques have been developed,
which dynamically increase resolution in regions with
strong variations of key physical quantities. Deike et
al® employed AMR in conjunction with direct
numerical simulation (DNS) to investigate wave
breaking mechanisms, categorizing them into parasitic
capillary breaking, spilling breaking, and plunging
breaking. Further studies”®”’ have also focused on
small-scale features such as bubble rising and droplet
distributions following wave breaking.

When wind effects are considered, research has
mainly focused on two areas: wind-driven wave
growth and wind-driven wave breaking®. The former
investigates the deformation of the free surface under
wind forcing. It is generally accepted that wave
growth proceeds through a linear stage, driven by
three-dimensional turbulence fluctuations, followed
by an exponential stage, dominated by the interaction
between the mean airflow and the wave surface’ ",
Wind-induced wave breaking refers to the process in
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which wave steepness increases continuously under
wind forcing until the wave breaks. Yang et al.l'”!
performed three-dimensional DNS to simulate
wind-driven wave breaking at various wind speeds,
analyzing the transport of turbulent kinetic energy and
momentum in the flow field. Cai et al.'"”! used a
two-dimensional adaptive Cartesian grid solver to
carry out parametric studies, examining the effects of
wind speed, surface tension, and initial wave stee-
pness on wave breaking. However, most current
studies focus on cases with low wave steepness, where
the intensity of wave breaking remains moderate. The
present study aims to investigate the influence of wind
forcing on wave breaking under conditions of high
wave steepness, with particular attention to the
dynamics of droplet splashing and bubble motion
following breaking.

This paper is based on an adaptive Cartesian grid
solver framework and explores wave breaking
phenomena under various wind speeds. The numerical
method is briefly introduced, including the governing
equations and free-surface capturing methods. The
model setup, mesh generation, and turbulence
precursor preparation stage are then described. Finally,
the evolution of energy in both air and water, along
with the dynamics of splashing droplets and bubble
motion under wind forcing, are analyzed and
discussed.

1. Numerical method

1.1 Governing equations

This study employs the open-source adaptive
Cartesian grid solver, Basilisk Flow Solver!"*'¥). For
incompressible fluids, the governing equations can be
expressed as follows:

p[aa_ltjﬂU.V)U}:_Vp+V'(2ﬂD)+pg+Fa M

V-U=0 (2)

where U is the fluid velocity, ¢ is the time, p is
the pressure, p is the density, x is the fluid
dynamic viscosity, D represents the deformation
tensor, g is the vector of gravitational acceleration,
and F, is the surface tension term.

1.2 Free surface capturing

The coupled level set and volume of fluid
(CLSVOF) method is adopted in this study to capture
the free surface. This approach ensures mass con-
servation while providing an accurate geometric
representation of the interface. The advection equation
is given as follows:

0.f+V-(fU)=0 3)
0,4+ V-(gU)=0 “)

where f represents the volume fraction obtained
using the VOF-PLIC method, while ¢ denotes the
signed distance function used in the level set method.
The surface tension term is modeled using an
improved continuum surface force model with
balanced forces. To address the issue of inconsistent
interface curvature at low resolutions, the method is
coupled with the height function curvature technique.

F, = ox(f)o.n 6)

where o is the surface tension coefficient, &; is the
Dirac delta function localized at the interface,
indicating that the surface tension force is applied
only at the interface, ¥ and n denote the interface
curvature and the unit normal vector, respectively.

2. Numerical setup

2.1 Model setup

As shown in Fig. 1, the computational domain is
a square with a side length of Lo =24, where
A=1m is the wave length, and two wave crests are
distributed along the x- direction. The domain
extends from -0.5<x/A<15 and 0<y/A<2 .
The water depth is set to Hy =0.54, and the air
height is H. =1.54. No-slip boundary conditions are
imposed on the top and bottom walls, while periodic
boundary conditions are applied in the horizontal (left
and right) directions.

Air: p, pt,

0.54

- T Water: p,, s,

2.04

Fig. 1 Schematic diagram of simulation setup

The wave field is initialized using three-order
stokes wave to prescribe both the free surface
elevation and the velocity distribution:

n(x) = L[a cos(2mx) + 152 cos(4mx)
2n 2
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+§e3 cos(6nx)} (6)
u, = ay gk(1+ &) exp(ky)cos(kx) (7)
u, =ay/gk(l+ &%) exp(kx)cos(ky) ®)

where ¢ denotes the wave steepness, which is set to
0.6 in this study, a is the wave amplitude, and g is
the scalar of gravitational acceleration. The wave-
number is given by k=2n/A.

The dynamic viscosity ratio between air g and
water s issetto su/pw =1.783x107°/1.138x107°,
and the density ratio between air p, and water p.
is ./ pw =1/998 . The wave Reynolds number is de-
fined as Rew = pwcd/ pw =40000, c=./g/k+ck/pw
is wave speed and the Bond number is set to
Bo=(pw—pa)g/ck?=2000 . Time is non-dimen-
sionalized using ¢ =¢'/T , where ¢ computing time,
T is the wave period. To facilitate the analysis of
energy evolution, turbulent kinetic energy Ei, poten-
tial energy E,, and total energy E: are defined:

1
E = [ pudady ©)
E, =_[pgydxdy (10)
E =E +E, (11)

2.2 Precursor preparation stage

To investigate wave breaking under wind forcing,
a precursor simulation is performed to generate a
realistic wind field"*"™. In this approach, the water
region is treated as a no-slip boundary using the
immersed boundary method, and only the air domain
is simulated. Turbulence flow is driven by imposing a
constant pressure gradient. It is worth noting that this
pressure drive is only added at this precursor
preparation stage. The nominal friction velocity u.
is used to characterize the wall stress 7o :

6= puil = 1,2 (12)
Ox

An AMR strategy is employed, with grid
resolution defined as A=1L,/2", where [ is the
refinement level. As shown in Fig. 2, a maximum
refinement level of /=11 is used, which is suffi-
cient to capture both free-surface breaking and wind
field variations in the air phasem]. The AMR
refinement criteria are set as fer =1x10™", wqer =
0.3u and wuw.er =0.001c.

In this study, simulations were conducted for
cases with u./¢=0,0.3,0.6,0.9,-0.9 . Figure 3(a)

presents the instantaneous velocity field for the case
us/c=0.9. The turbulent fluctuation field can be
observed on the air side above the wave surface,
particularly near the wave crests. Figure 3(b) shows
the evolution of air-side turbulent kinetic energy under
different conditions. It can be seen that, due to the
imposed pressure forcing, the turbulent kinetic energy
in the air increases continuously over time. Moreover,
higher values of u«/c lead to a more rapid growth in
turbulence intensity.

Refinement level
7 8 9 10 11
' —

Fig. 2 Schematic diagram of grid adaptive refinement
uc'
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Fig. 3 The flow field results of the precursor preparation stage
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Fig. 4 The evolution of the vortex field in the early stage of wave breaking. The color is vorticity 1" =0u/0x —0u/dy normalized

by the initial velocity profile slope I'o = pat? / pta

3. Results and discussions

Figure 4 shows the vorticity field during the early
stage of wave breaking. As the wave propagates
forward, the wind speed exceeds the wave phase
speed, resulting in the shedding of pronounced
negative vortices near the wave crests. Additionally,
the vortices shed from the front and rear interact due
to the wave-induced motion. Positive vortices are
mainly concentrated in the trough regions.

Figure 5 presents the vorticity field during the
wave breaking process. Compared with the initial
stage, the vorticity intensity increases significantly,
indicating that part of the wave energy is transferred
into the air and eventually dissipated. A large number
of splashing droplets can be observed. Due to the
velocity difference between the droplets and the
surrounding air, alternating positive and negative
vortices are shed from the trailing edges of the
droplets, resembling the vortex street observed in
cylinder wake flows. Furthermore, the dominant
negative vortex structures in the air grow in volume,
entraining droplets and inducing rotational motion.

During the wave breaking process, turbulent
kinetic energy in the air is extracted, as shown in Fig.

[19]

6. For the case u:/c=0, the energy in the air is
solely supplied by the underlying water, resulting in
an initial increase that peaks at approximately
t* =1.3. Subsequently, as wave breaking weakens, the
air turbulence gradually diminishes, completing the
process of energy transfer and dissipation from the
water phase. For the case with u./c=0.3, a similar
trend is observed, with the air-side turbulent kinetic
energy initially increasing and then decreasing. In
contrast, for other wind forcing conditions, the turbu-
lent kinetic energy in the air decreases continuously.
Particularly during the interval 1<¢" <2.8, which
corresponds to the active wave breaking stage, a more
rapid dissipation of energy is observed. This effect
becomes more pronounced with increasing wind
speed, indicating that stronger wind enhances energy
dissipation through wave breaking.

Furthermore, the evolution of energy in the water
phase is analyzed, as shown in Fig. 7. Figure 7(a)
illustrates the temporal variation of TKE in the water.
For the cases u-/c¢=0,0.3,0.6 , where wind forcing is
relatively weak, the influence on wave breaking is
minimal, and the water-side turbulence shows a slight
increase followed by a gradual decrease. In the case
u«/c=09, the TKE initially increases, exhibiting

@ Springer



0 1 1 1
—0.5 0 0.5 1.0 1.5
XA
o (a) r=1
L5 by
1.0

0.5 fem e
0 = L 1 L L
0.5 0 0.5 1.0 1.5
x4
(b) r=2
2.0
15F

F10f

L

1

0.5 1.0 1.5

do
in
=

XA

(d) r=4
Fig. 5 The evolution of the vortex field during the wave process

three distinct peaks before eventually decreasing. This
behavior is consistent with the findings reported in the
paper[l7], indicating that under strong wind forcing,
significant wind energy is injected into the water
during wave breaking. For the case u./c=-09,
where the wind opposes the wave propagation
direction, a slight decrease in TKE is observed during
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(b) 1./c=0.3,0.6,0.9, -0.9

Fig. 6 The time-history curve of TKE of air

the initial stage compared to the no-wind case.
However, once wave breaking occurs, the presence of
wind rapidly increases the TKE to a peak, followed by
a decay. Figure 7(b) shows the temporal evolution of
gravitational potential energy. In all cases, the poten-
tial energy exhibits an overall decreasing trend.
However, under wind-forced conditions, part of the
water is lifted into the air as droplets due to wind
action, resulting in more fluctuations in the potential
energy curve and a slower rate of decline. As shown
in Fig. 7(c), the total energy evolution generally follows
a trend similar to that of TKE. For wu./c¢=0,0.3,0.6,
the total energy decreases continuously. In contrast,
for the cases u./c=0.9,-0.9, an initial increase is
observed, followed by a decrease.

Figure 8 shows the energy dissipation rates of the
water phase under different wind conditions. For the
cases with u./¢=0.3,0.6, the dissipation rates are
similar to that observed in the no-wind case. In
contrast, for wu./c¢=0.9,-0.9, the presence of wind
forcing leads to a noticeable increase in the total
energy, accompanied by a significantly enhanced
dissipation rate. The dissipation profiles under these
conditions exhibit multiple pulsating peaks, reflecting
the strong and unsteady nature of energy transfer
during wave breaking.

Figure 9 presents the instantaneous distribution
of droplets during the wave breaking process. At
t=0.88,0.97, droplets are observed to detach from
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irregularity of the free surface breakup, a wider range
of velocity directions is observed. At ¢ =3,4, corres-
ponding to the late stage of wave breaking, the
number of droplets decreases significantly as most of
them fall back into the water body.
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Fig. 8 The energy dissipation rate of water body

the jet tip generated by the breaking wave, with their
trajectories aligned with the direction of wave
propagation. At ¢ =1.14,2.00, the influence of wind
on droplet motion becomes evident. The droplets are
distributed at higher altitudes in the air, and due to the

=0.5 0 0.5 1.0

x4

(f) r=4.00

Fig. 9 Instantaneous droplet distribution, where the blue circles

represent droplets and the red arrows indicate the direction of

@ Springer

the droplets



300p

== uc=0
wle=0.3
250F e i le=0.6
— u./c=0.9 ;
200f - w/c==0.9 &
= 150
100F
50F
0_

0 05 1.0 15 20 25 3.0 35 40
P
(a) The number

W ETES
8 “‘-.
®n
®g
T L B
= 10
= 10°F &ufe=0
< ufe=0.3
> u./e=0.6
10°F Oufe=0.9
o ufe=—0.9
10° , 10'
Fad
(b) Particle size spectrum
0.55¢
0.50F
~ 0.45¢
= ;
0.40F BT '
0.35F
0.30

0 05 1.0 15 20 25 3.0 35 40
r
(c) Vertical location

Fig. 10 Bubble distribution characteristics

Figure 10 illustrates the characteristics of bubble
distribution during the wave breaking process. Figure
10(a) shows the temporal evolution of the total bubble
count. Overall, the number of bubbles exhibits an
initial increase followed by a gradual decrease.
Notably, no significant increase in bubble quantity is
observed under wind forcing conditions. Figure 10(b)
presents the bubble size distribution spectra. Across
all five cases, a high degree of consistency is observed,
and the bubble size distribution follows a power-law
scaling of —10/3. Figure 10(c) displays the vertical
distribution of the bubble cloud centroids. After
" =2, significant differences emerge among the cases.
As u./c increases, the vertical position of the
centroid rises. This trend is attributed to intensified
surface breakup under higher wind speeds, which
drives the bubble cloud closer to the free surface,
resulting in shallower vertical distribution.

4. Conclusions

In this study, numerical simulations are condu-
cted to investigate the breaking of steep waves under
wind forcing conditions for cases with wu«/c=0,0.3,
0.6,0.9,-0.9 . Unlike many previous studies!'®*" that
primarily focused on wind-driven wave growth, the
present work emphasizes the influence of wind
forcing on the wave breaking process. Key aspects
analyzed include energy evolution®!), droplet gene-
ration'””), and bubble dynamics™™. The main conclu-
sions are summarized as follows:

(1) Wave breaking is found to transfer part of the
water’s energy into the air, leading to accelerated
energy dissipation in the air phase. Under strong wind
conditions, the wind significantly enhances wave
motion, resulting in a marked increase in turbulent
kinetic energy and dissipation rate in the water.

(2) Wind forcing promotes higher droplet spla-
shing, consistent with observed marine spray pheno-
mena. These droplets primarily originate from the jet
tip influenced by wind, and their subsequent trajecto-
ries are governed by both initial splash speed and local
turbulent fluctuations. This causes the droplets to float
in the air, greatly extending their existence time.

(3) The bubble size distribution generated by
wave breaking follows a —10/3 power law across all
cases. While the total bubble count remains largely
unaffected by wind, higher wind speeds cause the
vertical centroid of the bubble cloud to shift toward
shallower depths due to intensified surface breaking.

This study provides useful insights into wave
breaking, marine spray, and foam flow dynamics.
Future work will be extended to fully three-
dimensional simulations to further explore the impact
of turbulent wind structures, particularly vortical

. S [24-26
features, on wave breaking behavior>*>°,
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