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Abstract We investigate the effect of the sea spray on the air-
sea momentum exchange during the entire Blife cycle^ of a
droplet, torn off the crest of a steep surface wave, and its fall
down to the water, in the framework of a model covering the
following aspects of the phenomenon: (1) motion of heavy
particle in the driving air flow (equations of motion); (2) struc-
ture of the wind field (wind velocity, wave-induced distur-
bances, turbulent fluctuations); (3) generation of the sea spray;

and (4) statistics of droplets (size distribution, wind speed
dependence). It is demonstrated that the sea spray in strong
winds leads to an increase in the surface drag up to 40 % on
the assumption that the velocity profile is neutral.

Keywords Spray .Wind . Surface waves . Surface drag

1 Introduction

Anomalously low aerodynamic roughness of the sea surface at
hurricane wind speeds exceeding 30–35 m/s has been ob-
served recently in a number of field and laboratory measure-
ments (Powell et al. 2003; Donelan et al. 2004; Jarosz et al.
2007; Troitskaya et al. 2011). The first evidence has been
found in the pioneering experiment of Powell et al. (2003)
aimed to measure wind velocity profiles in the marine atmo-
spheric boundary layer (MABL) in tropical cyclones. The
similar effect of water surface drag’s Bcrisis^ has been detect-
ed in indirect measurements of currents, induced by tropical
cyclones in the coastal zone (Jarosz et al. 2007). Both exper-
iments have shown that the drag coefficient,

CD ¼ u2*
U 2

10

; ð1Þ

(u* is the wind friction velocity, U10 is the wind speed at
the standard height Н10=10 m) first grows with the wind
speed, reaches its maximum near U10 = 30–35 m/s, and
then decreases.

In the laboratory experiments (Donelan et al. 2004), the
similar saturation of drag coefficient CD at U10>33 m/s was
observed, and in (Troitskaya et al. 2011), the similar tendency
to saturation of CD for U10>25 m/s was found. Both experi-
ments demonstrated significantly lower values of CD than

Responsible Editor: Jörg-Olaf Wolff

Yuliya Troitskaya and Ekaterina Ezhova contributed equally to this work.

* Ekaterina Ezhova
ezhova@hydro.appl.sci-nnov.ru

Yuliya Troitskaya
yuliya@hydro.appl.sci-nnov.ru

Irina Soustova
soustova@hydro.appl.sci-nnov.ru

Sergej Zilitinkevich
sergej.zilitinkevich@fmi.fi

1 Institute of Applied Physics Russian Academy of Sciences,
46 Ul’yanov str., 603950 Nizhny Novgorod, Russia

2 Department of Radiophysics, Lobachevsky State University
of Nizhni Novgorod, 23 Gagarin avenue, 603950 Nizhny
Novgorod, Russia

3 Finnish Meteorological Institute, PO Box 503,
00101 Helsinki, Finland

4 Division of Atmospheric Sciences, University of Helsinki,
PO Box 48, 00014 Helsinki, Finland

5 Faculty of Geography, Lomonosov Moscow State University,
GSP-1, Leninskie Gory, 119991 Moscow, Russia

6 Institute of Geography, Russian Academy of Sciences,
29 Staromonetniy pereulok, 119017 Moscow, Russia

Ocean Dynamics (2016) 66:659–669
DOI 10.1007/s10236-016-0948-9

http://crossmark.crossref.org/dialog/?doi=10.1007/s10236-016-0948-9&domain=pdf


those given by Charnock formula extrapolated to hurricane
winds. Recent re-analysis of the experimental data in the pa-
pers by Foreman and Emeis (2010) and Andreas et al. (2012)
and a model of the air-sea interface by Bye et al. (2010, 2014)
confirmed a tendency to saturation of the surface drag coeffi-
cient at high winds qualitatively explained by geometric sim-
ilarity of surface waves maintained at strong winds.
Comparing experimental data in (Troitskaya et al. 2011) with
predictions of the theoretical model of a turbulent boundary
layer over a wavy water surface (Troitskaya and Reutov 1995;
Troitskaya and Rybushkina 2008) demonstrates reasonable
agreement when the theory accounts for the high-frequency
part of the wind-wave spectrum.

Note, however, that the theoretical model proposed in
(Troitskaya and Reutov 1995; Troitskaya and Rybushkina
2008) does not take into account the rheology of the atmo-
spheric boundary layer at hurricane winds due to the presence
of sea sprays. The influence of sea spray on the surface drag in
the atmospheric boundary layer has been estimated recently
by Kudryavtsev andMakin (2011). Two physical mechanisms
responsible for the deformation of the velocity profile in
MABL and hence aerodynamic drag change have been con-
sidered. The first one is the stable stratification in the air flow
due to levitating sprays (Makin 2005; Kudryavtsev 2006). The
second one is the direct spray effect on the momentum ex-
change (Andreas 2004; Kudryavtsev and Makin 2011).
According to Makin (2005), Kudryavtsev (2006), concentra-
tion of levitating sprays in the turbulent air flow decays with
the distance from the surface. This results in the stable density
stratification of the two-phase, air-spray medium. Suppression
of the vortex motion in the turbulent stably stratified boundary
layer leads to weakening of turbulent exchange, i.e., to de-
creasing of the tangential turbulent stress in the boundary layer
and, according to Eq. (1), reduction of the drag coefficient.
This mechanism has been investigated in detail by Andreas
et al. (1995) for the case of the heavy levitating droplets.
However, the estimates of Kudryavtsev (2006) have demon-
strated that for the spray concentration measured in MABL
(Andreas 1998), this mechanism provides a reduction of CD

by only 0.1 % for a wind speed of about 50 m/s. Noticeable
reduction of CD has been observed only when the spray con-
centration has been increased artificially by three orders of
magnitude as compared to the experimental data (Andreas
1998). To explain the observed effect, a volume spray source
located at the distance of a significant wave height from the
water surface has been introduced by Kudryavtsev (2006) to
model the droplets injected from the crests of the steep waves.
Within the hypothesis of the high concentration of levitating
spray created by this source, a considerable reduction of the
drag coefficient has been obtained (Kudryavtsev 2006). A
hypothesis of the volume spray source presumes the injection
of droplets in the air flow at a wind speed similar to a jet from a
sprayer. The effect of stratification due to spray has also been

considered by Bye and Jenkins (2006). They employ Monin-
Obukhov theory for stratified boundary layers and get a mod-
ified wind velocity profile in the presence of spray droplets
suspended in the air. This model also uses the estimates of
bulk velocity of spray injection and the result depends signif-
icantly on this velocity. The wide maximum of the drag coef-
ficient is obtained within the model, however, at somewhat
higher velocities as compared to the experimental data. These
results are in qualitative agreement with the theoretical predic-
tions in terms of the inertially coupled system of Bye et al.
(2010, 2014). The model uses several constants obtained from
the approximation of the experimental data and involves spray
effect for the explanation of the low friction at high winds.

Another option of the spray impact on the wind velocity
profile is a direct momentum exchange between spray and the
air flow (Andreas 2004; Kudryavtsev andMakin 2011). In this
case, the mechanism of the droplets’ formation is of impor-
tance. According to Andreas et al. (1995) and Andreas (1998),
three types of droplets can be specified: film, jet, and spume
droplets. Film and jet droplets appear from the bubbles burst-
ing on the surface. A bubble film degrades to form hundreds
of film droplets sized 0.5–5 μm. Bubble burst produces a jet
which in its turn is a source of several jet droplets, sized 3–
50 μm depending on the bubble diameter. Spume droplets are
formed as a result of the wind tearing spume off the wave
crests. Spume droplets are the largest ones with a minimum
size of 20 μm. Under strong and hurricane winds, jet and
spume droplets are the most important for momentum
exchange with the air flow. Torn from the water surface, a
droplet is entrained by the air flow whose velocity often far
exceeds its initial velocity. Thus, it might be expected that the
momentum would be taken from the air flow by droplets
which should lead to an increase of the surface drag. The
reverse process is also possible when the large droplets
accelerated in the air flow to high speeds, fell on the surface,
and adjusted to the low air velocities near the surface deliver
momentum to the wind. When the latter effect dominates, the
air flow accelerates and the drag coefficient reduces. This
mechanism has been considered by Kudryavtsev and Makin
(2011) within a semi-empirical model. An important element
of the model proposed in (Kudryavtsev and Makin 2011) sim-
ilar to (Kudryavtsev 2006) is a volume source of droplets
whose parameters determine the effectiveness of the momen-
tum exchange. The determining hypothesis assumes that the
droplets get to the air flow at the height of crests of dominant
surface waves having a speed equal to the wind speed.
Obviously, this assumption misses an important part of the
Blife cycle^ of spray during which droplets accelerate from
the velocity they had at the water surface to the wind speed.

The purpose of the paper is to calculate the effect of inertia
of droplets on neutral surface drag coefficient (or roughness
height), which is not affected by stratification of the boundary
layer. The effect of stratification can be then taken into account
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independently basing on the Monin-Obukhov similarity theo-
ry (see Bye and Jenkins 2006 and Bao et al. 2011). In the
present work, we consider the momentum exchange of the
air flow with sea spray during the complete life cycle of the
droplet, torn off the crest of a steep surface wave, and then
falling down to the water. The model includes the following
constituents: a model of motion of a heavy particle in the
forcing air flow (equations of motion); a model of the wind
flow (wind velocity, wave-induced disturbances, turbulent
fluctuations); a model of spray injection; and the statistics of
droplets (size distribution, wind speed dependence). We em-
ploy the Lagrangian stochastic model where the interaction of
the droplets with the turbulent fluctuations in the air flow has
been modeled in terms of the Markovian chain similar to
Edson and Fairall (1994). For modeling turbulent air flow,
we account only for the vertical velocity fluctuations. In esti-
mations of the initial velocities of the droplets at the water
surface, we used the recent field data on the statistics of white
caps from (Kleiss and Melville 2010).

2 The resistance law in MABL at strong winds
in presence of spray

We will first derive the resistance law of the sea surface taking
into account the momentum flux associated with spray. The
effect of spray on the air flow can be described by bulk force.
To calculate the density of this force, we consider a simplified
model of the two-dimensional waves on the water surface (the
problem, however, can be easily generalized to the three-
dimensional case) and use a wave following curvilinear refer-
ence frame defined by the mapping:

x ¼ x*; ð2Þ
z ¼ z*þ η x*; t*ð Þ; ð3Þ
t ¼ t*; ð4Þ
η(x*, t*) is a vertical displacement of the water surface due to
the wave. In this reference frame, a horizontal projection of the
Reynolds equation yields

ρa
∂ uh i
∂t*

−
∂ uh i
∂z*

∂η
∂t*

þ uh i ∂ uh i
∂x*

−
∂ uh i
∂z*

∂η
∂x*

� �
þ vh i ∂ uh i

∂z*

� �
þ

þ ∂ ph i
∂x*

−
∂ ph i
∂z*

∂η
∂x*

¼ ρa
∂σxx

∂x*
−
∂σxx

∂z*
∂η
∂x*

þ ∂σxz

∂z*

� �
þ f ;

ð5Þ
and the continuity equation is

∂ uh i
∂x*

−
∂ uh i
∂z*

∂η
∂x*

þ ∂ vh i
∂z*

¼ 0: ð6Þ

In Eqs. (5) and (6), u is a horizontal velocity, ν is a vertical
velocity, σxx, xz are Reynolds stresses, ρа is an air density, p is

pressure, and f is a horizontal projection of the density
of the bulk force due to the momentum exchange with
spray, i.e., momentum transferred from the droplets to
the air flow per unit volume per unit time. The designation
< … > corresponds to statistical averaging over the ensemble
of turbulent pulsations.

In stationary conditions, averaging of Eq. (5) over x*
(see Appendix) and integration over z* yields the following
expression for the conservation of momentum flux:

ρa σxz
x* ¼ ρau

2
*−ρaτwave z*ð Þ−F z*ð Þ; ð7Þ

where we take into account the boundary condition
σxz x* →u2* when z*→∞. Here, τwave(z *) is a wave
momentum flux caused by the form drag of the water
surface (a function of z* decreasing with the distance from the
surface),

F z*ð Þ ¼ −
Z∞

z*

�f
x*

z0Þdz0ð ð8Þ

is momentum delivered from the air flow to spray in the layer
from current z* to infinity. If droplets are accelerated by the
flow, then F>0; in the opposite case, F<0.

We use the Boussinesq approximation for the turbulent

momentum flux: σxz
x* ¼ Km

dU 0
dz* (U0 (z*) is a horizontal

component of the air flow velocity). For the eddy viscosity
coefficient Km, we adopt the empirical self-similar function
obtained by Smol’yakov (1973) for the turbulent flow over a
hydrodynamically smooth plate:

Km z*ð Þ ¼ νa 1þ κu*z*
νa

1−exp −
u*z*

νaH

� �2
( ) ! !

; ð9Þ

where H=22.4 and κ=0.4 is von Kármán constant.
Integrating Eq. (7) over z* with account of Eq. (9) gives the

velocity profile of the air flow in MABL:

U 0 z*ð Þ ¼
Zz*

0

u2*−τwave z0ð Þ−F z0ð Þ=ρa
Km z0ð Þ dz0: ð10Þ

Far from the surface, Eq. (10) tends to

U 0 z*ð Þ ¼ u*
κ
ln
z*

z0
−uspray; ð11Þ

where z0 is the surface roughness determined by the skin fric-

tion and form drag. uspray z*ð Þ ¼ ∫
z*

0

F z0ð Þ=ρa
Km z0ð Þ dz0 is a modifi-

cation of the air velocity profile due to the momentum ex-
change between the air flow and spray described by the force
F(z ). In order to calculate function F(z ), it is necessary to
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calculate the horizontal momentum gained by the droplet of
the radius a when it moves in the air flow above z*.

3 Motion of a heavy particle in the air flow

Momentum exchange of spray with the turbulent air flow
in MABL is described within the Lagrangian stochastic
model of turbulent transport developed by Edson and
Fairall (1994). We consider a separate droplet and calcu-
late the momentum delivered (or gained) by the droplet to
the air flow during its Blife cycle^ from being injected to
the air to dropping on the surface. The droplet is consid-
ered as a small sphere of radius а under the forcing of the
viscous resistance and gravity, the interaction between the
droplets is neglected:

4

3
πρpa

3 dV
!

p

dt
¼ 1

2
πa2ρaβ U

!
0−V
!

p

� �
jV!p−U

!
0j

þ 4

3
πρpa

3 g!: ð12Þ

Here, V
!

p is a droplet velocity, ρp is its density, U
!

p is the air

flow velocity, g! is the acceleration due to gravity, β ¼ 12
Re K is

the drag coefficient of a spherical particle, where K is
the dimensionless parameter equal to the ratio of the
resistance force at the droplet to the Stokes force. We
used the dependency of K on the Reynolds number from
(Edson and Fairall 1994).

Suppose that the droplet velocity can be represented as a
superposition:

Vpi ¼ Vpi þ vpi; ð13Þ

where Vpi is the average velocity and vpi is the pulsating
velocity due to the turbulent fluctuations in the air flow, i
stands for x, y. The difference between our model and the
model of Edson and Fairall (1994) is that the horizontal
droplet velocity in our model is not equal to the wind
speed. The droplet is injected from the water surface with
its own velocity (discussed in Section 4), and then subse-
quently relaxes to the velocity of the ambient air flow.
Note that the turbulent pulsations of the wind are accounted
only in the vertical velocity. Horizontal pulsations are small
compared to the average wind speed and in our model they are
neglected.

The equation in finite differences for the horizontal velocity

Up t þΔtð Þ ¼ 1−
KΔt

TR

� �
Up tð Þ þ KΔt

TR
U 0; ð14Þ

where TR ¼ 2
9
ρp
ρa

a2

νa
is the relaxation time of Stokes sphere.

The equation for the vertical velocity:

Wp t þΔtð Þ ¼ 1−
Δt

τpw

� �
Wp tð Þ þ σp

w

2Δt

τpw

� �1=2

ζ tð Þ

þ Δt

τpw
Wp: ð15Þ

here, τw
p is the droplet integral timescale, σw

p is the square root
of the droplet vertical velocity variance, and ζ(t) is the δ-
correlated random process with the Gaussian probability
density function. The parameters σw

p and τw
p can be derived

from the corresponding characteristics of the air flow tur-
bulent pulsations σw and τL, specified by the following
expressions based on experimental data (see Edson and
Fairall (1994) and references therein):

σw ¼ 1:27u*; τL ¼ 0:24z=u*: ð16Þ

4 Amodel of the air flow over the wavy water surface

The average wind velocity field in MABL is determined by
the turbulent, wave, and spray momentum exchange. The
turbulent momentum exchange was parameterized by the
formula for the friction velocity u* obtained by Foreman
and Emeis (2010) on the base of the experimental data for
U10>8 m/s:

u* ¼ Cm U 10−8ð Þ þ 0:27; ð17Þ

here, Cm=0.051, U10 and u* have dimension [m/s]. Thus,
accounting for the logarithmic profile of wind speed
U 10 ¼ u*

κ ln
z10
z0
, we get for the roughness height:

z0 ¼ z10exp
−κ u* þ 0:138ð Þ

0:051u*

� �
: ð18Þ

According to this parameterization, the roughness height
saturates at strong winds, opposite to classic Charnock

formula z0 ¼ αu2*
g .

Modeling wave-induced wind disturbances, was based on
the qualitative picture of the stormy sea. As can be seen from a
typical photo of the stormy sea (Fig. 1), the wave-breaking
events accompanied by the formation of spray and foam, are
close to the crests of the dominant waves. Then, we suggest
that the droplets are injected in the air flow near the wave
crests and in the model, we explicitly take into account only
the wave disturbances caused by the waves corresponding to
the peak in the wind-wave spectrum.
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The surface wave field was represented as the Stokes de-
composition up to the third order. In the reference frame, fol-
lowing the wave, the surface elevation is

zs ¼ A coskx*þ kA

2
cos2kx*þ 3 kAð Þ2

8
cos3kx*

 !
; ð19Þ

the horizontal velocity is

us ¼ ckA 1−
1

8
kAð Þ2

� �
ekz*coskx*þ kA

2
e2kz*cos2kx*þ 3kA

8
e3kz*cos3kx*

� �
;

ð20Þ

and the vertical velocity

ws ¼ ckA 1−
1

8
kAð Þ2

� �
ekz*sinkx*þ kA

2
e2kz*sin2kx*þ 3kA

8
e3kz*sin3kx*

� �
:

ð21Þ

The wave-induced perturbations of the air flow were cal-
culated in the framework of the model of atmospheric bound-
ary layer over the wavy water surface described in (Troitskaya
and Reutov 1995; Troitskaya and Rybushkina 2008). In
numerical modeling, they were approximated by the ana-
lytical formulas. The expression for the average horizontal
air flow velocity is

U 0 z*ð Þ ¼ −uspray z*ð Þ þ
u*
κ

z*

z0γ
lnγ ; z* < γz0;

u*
κ
ln
z*

z0
; z* > γz0;

8><
>: : ð22Þ

where γ = 3. For the wave-induced perturbations of the
air velocity, we applied the following approximate
expressions for the horizontal component:

U 1 z*ð Þ ¼ U0 z*ð Þ þ cð ÞkA e−kz*coskx*þ kA

2
e−2kz*cos2kx*þ 3kA

8
e−3kz*cos3kx*

� �
; ð23Þ

for the vertical component:

W 1 z*ð Þ ¼ U0 z*ð Þ þ cð ÞkA e−kz*sinkx*þ kA

2
e−2kz*sin2kx*þ 3kA

8
e−3kz*sin3kx*

� �
; ð24Þ

which, as can be seen from Fig. 2, agree with the numerical
results.

5 A model of spray generation

Spray contribution to the turbulent momentum flux depends
on the initial velocities of the droplets leaving the water sur-
face. These velocities define initial conditions for Eqs. (14)
and (15) and depend on the mechanism of spray generation.
Here, we consider the two principal mechanisms considered in
the literature (Soloviev and Lukas 2014). It should be noticed
that recently, a new mechanism of generation of droplets has
been observed in laboratory conditions (Veron et al. 2012),
but at the moment, it is not quantified and not considered
here. According to the first mechanism (referred hereafter
as Koga’s mechanism), the Kelvin-Helmholtz instability on
the air-water boundary leads to a development of small

Bprojections^ mainly on the crests of breaking waves,
which stretch and then break to droplets (Koga 1981).

According to (Koga 1981), the speed of these droplets on a
takeoff from the water surface varies from 0.5 to 2.5 of the
phase velocity of the dominant wave. It should be noticed that
very short fetch is typical for laboratory conditions and the
phase velocities of waves are more than an order less than the
wind speed. Thus, strongly nonlinear waves with many break-
ing events are observed. In the field conditions, wave breaking
has been explored recently by Kleiss and Melville (2010), and
Phillips function Λ(с) has been obtained which is the velocity
distribution function of the breaking wave crests’ lengths
(Fig. 3). It has been demonstrated that the breaking wave
crests have velocities up to 10u* with a pronounced peak at
5u*. By meaning of the phenomenon of wave breaking, initial
velocities of the droplets leaving the crest should be equal to
the crest velocity, and the number of the droplets—proportion-
al to the length of the crest. On this basis, the distribution
function of initial velocities of droplets was taken proportional

Fig. 1 The panorama of water surface in the ocean under hurricane wind
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toΛ(с). The angle distribution of initial droplets’ velocities was
supposed uniform within the range 0–45○ to the horizontal.

Another mechanism of spray generation is connected with
bursting of air bubbles on the water surface. When a bubble
bursts, it produces a jet subsequently breaking into droplets
due to the Rayleigh-Taylor instability. These droplets have
velocities, depending on the bubble diameter (Blanchard
1963; Spiel 1994, 1997). The dependence of initial velocity
of the droplet on its radius (Spiel 1995) can be approximated
by the function

Va ¼ v0exp −a=a0ð Þ ;
v0 ¼ 8:4 ms−1; a0 ¼ 141:5 μm

ð25Þ

According to the Koga’s mechanism of spray generation,
the initial conditions are as follows

xjt¼0 ¼ x0; z t¼0 ¼ z0 x0ð Þ;j u t¼0 ¼ c;j w t¼0 ¼ c tanθj ;

ð26Þ
where c is the random quantity with the density distribution
function proportional to the Phillips function Λ(с) taken from

(Kleiss and Melville 2010), θ is a random angle of injection
within the uniform distribution between 0 and 45○. Here, we
assume that at t=0 the droplet is on the water surface, i.e., its
vertical z0 and horizontal x0 coordinates satisfy the expression
for the water displacement in the Stokes wave (19). The am-
plitude of the waveA is determined by the wave age parameter

Ω ¼ U10
cp

according to the empirical formula suggested by

Donelan and Pierson (1987):

A ¼ 0:207

23=2Ω0:46kp
; ð27Þ

kp and cp are the wave number and phase velocity of the peak
wave.

For the second mechanism (bubbles bursting), the initial
conditions are

xjt¼0 ¼ x0; zjt¼0 ¼ z0 x0ð Þ; ujt¼0

¼ u x0; z0ð Þ þ vx; wjt¼0 ¼ w x0; z0ð Þ þ vy; ð28Þ

where vx=Va cosθ, vy=Va sin θ, 0
○< θ<180○ and Va is given

by (25).

6 The statistics of droplets

The number of droplets, injected in atmospheric boundary layer
from the sea surface, is described by the sea spray generation

function d F0
da (d F0

da da gives the number of the droplets with the
radii in the interval [a, a+da] injected in the air flow from unit

surface per unit time). Dimension of d F0
da is (m2 s μm)−1, if the

dimension of droplet radius is micrometers and of the surface
area square meters.

The empirical sea spray generation function taking into
account spume droplets was suggested by Andreas (1998).

Fig. 2 The mean wind velocity
profile and the wave-induced
perturbations of the vertical and
horizontal velocity components.
Filled circles denote profiles,
calculated in the framework of the
model of turbulent boundary layer
under the Boussinesq
approximation, solid curves
correspond to the formulas
(22)–(24)

Fig. 3 Velocity distribution function of the lengths of breaking wave
crests according to (Kleiss and Melville 2010)
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Figure 4 demonstrates the dependences d F0
da for different wind

speeds from 15 to 60 m/s. The curves can be approximated by
the exponential functions

dF0

da
¼ be−χa; ð29Þ

where χ=0.023 μm−1 =230 cm−1, and b is a function of wind
speed, which can be approximated by the polynomial:

b ¼ b0 U10=u0ð Þd; ð30Þ

with b0=1.9 · 10
−4 (m2 sμm)−1=1.9 · 10−4 (cm3 s)−1, u0=1 m/

s, d=5.5 for U10<40 m/s (we used d=5.6 for U10=50 m/s
and d=5.7 for U10=60 m/s). Finally, we obtain:

dF0

da
¼ b0

U10

u0

� �d

e−χa: ð31Þ

Equation (31) has higher power dependence of the gener-
ation function on the wind speed than in (Andreas 1998).
Possibly, this is due to the small droplets (a<20 μm)
originated from the bubble bursts. However, these droplets
do not contribute significantly to the momentum flux (see
estimates by Kudryavtsev and Makin (2011)) and they are
neglected here.

In order to calculate the momentum, delivered by the wind
to spray in the layer over the distance z* from the water
surface, i.e., the function F(z*) in Eq. (10), it is necessary
to calculate the horizontal momentum gained by the drop-
let of the radius a when it moves above z*. Note that for
z*=0, it corresponds to the total momentum of the droplet

gained during its life cycle from being injected from the
water surface to falling down to water.

 0.001

 0.01

 0.1

1

 10

 100

 1000

 10000

 100000

 1e+06

 1e+07

0  100  200  300  400  500

dF
0/
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, m

-2
s-1
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a, µm

U10=15 m/s
U10=30 m/s
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U10=50 m/s
U10=60 m/s

Fig. 4 The sea spray generation functions (Andreas 1998) for different
wind speeds. Solid curves are the approximations by Eq. (31)

a

b

c

Fig. 5 Tests: uspray as the function of the time step (a), uspray as
the function of the number of time steps (b), and uspray as the
function of the number of the realizations of Markovian process (c)
for U10 = 40 m/s, Ω= 3
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Averaging over N realizations of the Markovian process
(i.e., turbulent fluctuations in the atmosphere), over the angles
and taking into account Eq. (31), we obtain:

F z*ð Þ ¼ 1

θt

Z
amin

amax

dF0

da
da

Z
0

θt

dθ
1

N

XN
n¼1

pnx a; u*; z*; θð Þ: ð32Þ

7 Results of the numerical experiments
and discussion

Before the calculations, we defined the maximum time step Δt
and minimal statistical ensemble providing statistical conver-
gence of the problem. As a criterion of convergence, we used
the time dependence of the value

uspray ¼
Z∞

0

F z0ð Þ=ρa
Km z0ð Þ dz0: ð33Þ

The integration time step Δt was selected variable and

equal to the minimum between time scales τpw
�
N tau

and
TR=Kð Þ�

N tau
, which kept it small compared to both of the char-

acteristic time scales in Eq. (14) and (15). The dependence of

uspray on Ntau is shown in Fig. 5a; it approaches the constant
value for Ntau > 20. We investigated the dependence of uspray
on the number of time steps n and the number of realizations
of Markovian process nw. The results are shown in Fig. 5b, c.
Based on the tests Ntau = 20, n=20,000, and nw=200 were
chosen for calculations.

Figure 6 shows trajectories of droplets of different sizes in
the turbulent boundary layer over the wavy water surface, for
which the initial conditions were specified by the Koga’s
mechanism. It can be seen that a significant number of drop-
lets injected from the water surface fall down to water.
Dependences of the horizontal velocities of the droplets on
time shown in the right panels characterize the intensity of
momentum exchange between the droplets and the air flow.
As follows from Fig. 6, the largest changes are experienced
by the droplets that become levitating. These droplets are
accelerated from their initial velocities to the local wind
speed and thus take the momentum from the air flow.
The droplet falling back to the water may have velocity
either larger or smaller than initial velocity; however, the
total change of their velocities is small compared to the
wind speed on the standard height.

Within both mechanisms, we calculated the dependencies
of the momentum р, gained by the droplets during their life
cycle, on radii of droplets (Figs. 7 and 8).

Fig. 6 Trajectories of the
droplets in the turbulent air flow
(on the left) and their horizontal
velocities as the functions of time
(on the right) for U10 = 50 m/s,
Ω= 1.2. The radii of droplets are
а= 50 μm (upper figures),
а= 100 μm (middle figures),
а= 150 μm (lower figures)
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For Koga’s mechanism of sea spray generation, droplets
are larger and they have larger velocities. Thus, the momen-
tum exchange is more effective for the first mechanism which
is seen from comparing Figs. 7 and 8. Note that there are a
number of droplets delivering momentum to the air flow dur-
ing their life cycles. This effect is more pronounced for the
large droplets (a>200 μm). However, the average momentum
gained by all the droplets of the same size is positive. This
leads to the negative additive to the wind speed and to an
increase in the drag due to the effect of spray.

Figure 9 shows the functions F(z*) characterizing the mo-
mentum delivered by the air flow to spray in the layer over z* for
the two models of sea spray injection. Employing F(z*), we can
calculate the contribution to the sea surface drag from the spray
momentum exchange with the air flow. The dependences of the
drag coefficient on the wind speed (Fig. 10) demonstrate that the
air-spray momentum exchange leads to the increase of the drag
(for the mechanisms of sea spray generation that are known at
present). When spray is not taken into account, the drag coeffi-
cient saturates at strong winds. The account of spray leads to

increase in the drag coefficient, up to 30–40 % at U10=60 m/s.
The drag coefficient calculated in the framework of our model is
consistent with the available experimental data from Bell et al.
(2012), French et al. (2007), and Vickery et al. (2009).

It should be noted, however, that more strictly, according to
Holthuijsen et al. (2012), surface drag depends significantly on
the sector of the tropical cyclone, where it is measured. They
present the experimental data for the tropical cyclone sorted over
the azimuthal sectors, or equivalently, the type of swell: left-
front sector (cross swell), right-front sector (following swell)
and rear (opposing swell). Strictly speaking, the formulation of
the problem, considered in the present work, corresponds to the
conditions in the right-front sector of the tropical cyclone, where
waves propagate in the direction along the wind. According to
Holthuijsen et al. (2012), in this sector, the weak increase of the
aerodynamic drag coefficient is observed for the wind speeds
exceeding 40 m/s (Fig. 11). Our calculations in the framework
of the present model agree with the data of measurements.

We have demonstrated that the effect of air-spray momen-
tum exchange for the known mechanisms of spray generation
leads to the deceleration of the wind flow and increase in the
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drag coefficient. Note that, here, we have not accounted for
the stratification created by suspended droplets in the air (Bye
and Jenkins 2006; Bye et al. 2010, 2014), which can be done
independently basing on the Monin-Obukhov similarity theo-
ry as it is explained by Bye and Jenkins (2006) and Bao et al.
(2011). We can expect that it will lead to the decrease of the
surface drag, but the quantitative effect is significantly uncer-
tain due to strong uncertainty of the spray generating function
especially at strong winds (Veron 2015).

8 Conclusions

A stochastic model of the life cycle of the droplet injected from
the sea surface to the air is developed. The interaction of drop-
lets with the air flow is modeled in terms of the Markovian
chain. The interaction model consists of the model of motion
of heavy particle in the forcing air flow, the model of the wind
flow, the model of spray generation, and the statistics of drop-
lets. Two mechanisms of the spray generation are considered:
first, droplets are injected into the air with the velocities of the
breaking wave crests (Koga’s mechanism); second, they ap-
pear from the collapsing buoyant bubbles on the water surface.
Calculations within the model demonstrate that a droplet may
either deliver or gain the momentum during its life cycle de-
pending on peculiarities of the air velocity field, wave param-
eters, and the droplet’s radius, with the overall effect that the
sea spray decelerates the air flow and increases the drag.

We admit that our results depend on the assumptions within
the model. The most uncertain elements of the model are the
mechanism of the sea spray generation, defining the initial
velocities of droplets on the takeoff from the surface, and the
spray statistics, based on the field measurements of the spray
concentration (Veron 2015 and references therein). To specify
these parameters, special experimental investigations

employing modern experimental techniques are required. As
for now, our basic result is that the sea spray leads to increase
in the surface drag instead of its generally assumed decrease
on the assumption that the velocity profile is neutral. Hence,
one can expect that the stratification produced by the presence
of spray balances this growth and gives leveling or peaking
surface drag at extremely high winds.

Acknowledgments This work was supported by the grant of the govern-
ment of the Russian Federation (contract 11.G34.31.0048); the European
Commission ERC-Ideas PoC Project 632295-INMOST (2014–2015); the
Academy of Finland project ‘Atmosphere-hydrosphere interaction in the
Baltic Basin and Arctic Seas’ ABBA Contract No. 280700 (2014–2017);
RFBR (nos. 16-05-00839, 14-05-91767). Numerical code development and
numerical modeling were supported by the Russian Science Foundation
(nos. 14-17-00667 and 15-17-20009, respectively). YT was partially sup-
ported by FP7 collaborative Project No. 612610. Insightful comments by the
referees are gratefully acknowledged.

Appendix. Derivation of the law of the momentum
flux conservation

Here, we derive the conservation law for the momentum flux
averaged over horizontal coordinate. Transforming Eq. (5)
with account of Eq. (6) in Section 1 gives:

∂ρa uh i
∂t*

þ ∂
∂z*

ρa uh i vh i− ∂η
∂t*

− uh i ∂η
∂x*

� �� �
þ ∂ρa uh i2

∂x*
þ

þ ∂ ph i−ρaσxx

∂x*
−

∂
∂z*

ph i−ρaσxxð Þ ∂η
∂x*

� �
¼ ∂ρaσxz

∂z*
þ f :

ðA1Þ

Averaging (A1) over the coordinate x* yields the conser-
vation law for the momentum flux in MABL in curvilinear
coordinates:

∂ρa uh i
x*

∂t*
þ ∂

∂z*
ρa uh i vh i− ∂η

∂t*
− uh i ∂η

∂x*

� �x*

− ph i−ρaσxxð Þ ∂η
∂x*

x*
 !

¼ ∂ρa σxz
x*

∂z*
þ f

x*
: ðA2Þ

ðA2Þ
In stationary conditions (A1) yields:

d

dz*
ρa uh i vh i− ∂η

∂t*
− uh i ∂η

∂x*

� �
− ph i−ρaσxxð Þ ∂η

∂x*

x*0
@

1
A

¼ dρa σxz
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dz*
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Fig. 11 Drag coefficient for the two mechanisms of the sea spray
generation and the experimental data measured in the right sector of the
tropical cyclone (Holthuijsen et al. 2012)
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Integrating (A3) over z* and taking into account the boundary
condition σxz

x* →u2* when z*→∞, yields the following ex-
pression for the conservation of momentum flux:

ρa σxz
x* ¼ ρau

2
*−ρaτwave z*ð Þ−F z*ð Þ: ðA4Þ

Here

τwave z*ð Þ ¼ − uh i vh i− ∂η
∂t*

− uh i ∂η
∂x*

� �
þ ph i

ρa
−σxx

� �
∂η
∂x*

x*

ðA5Þ
is a wave momentum flux caused by the form drag of the
water surface (a function of z* decreasing with the distance
from the surface).

F z*ð Þ ¼ −
Z∞

z*

�f
x*

z0Þdz0ð ðA6Þ

is the momentum delivered from the air flow to spray in the
layer from current z* to infinity.
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