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[1] One of the possible mechanisms responsible for the reduction of the sea surface drag

at high winds is explored. The mechanism is based on the direct effect of sea drops
(as heavy particles) on the turbulent mixing. If assumed that sea drops are ejected upward
from the sea surface, no significant effect can be found. A more realistic picture presumes
that the spume drops (resulting from a mechanical tearing of wave crests) are ejected
‘‘horizontally’’ at altitudes of breaking crests. A model of the spume drops generation is
proposed. The spume drops, being torn off from breaking crests and sprayed inside
the airflow, significantly affect the surface drag. At highest model wind speeds
(60–80 m/s) the model actually predicts an effect of the ‘‘slippery surface’’ when the drag
coefficient is reduced in about 10 times. A comparison with available observations is
given.
Citation: Kudryavtsev, V. N. (2006), On the effect of sea drops on the atmospheric boundary layer, J. Geophys. Res., 111, C07020,
doi:10.1029/2005JC002970.

1. Introduction
[2] Recently, the experimental evidence of the saturation
of the surface drag at high (hurricane) wind speeds was
reported. Powell et al. [2003] measured the wind velocity
profiles in the tropical cyclone, and found that the neutral
stability drag coefficient were leveled off and then dropped
as the wind speed increases above the hurricane force. As
noted, this behavior contradicts to the parameterizations
which are currently used in the hurricane and storm surge
modeling. Revealed reduction of the drag coefficient is
supported by estimates of the angular momentum budget
and the frictional dissipation made by Kaplan and Frank
[1993]. Sensitivity studies of the tropical cyclone models
performed by Emanuel [1995] showed that cyclones cannot
attain their observed intensity with traditional parameterizations of the drag coefficient, and it is necessary to reduce
the drag. He argued that at hurricane winds the ratio of
enthalpy to momentum exchange coefficient to be in the
range 1.2– 1.5 that twice exceeds the ‘‘normal’’ value. This
leads to a speculation that at hurricane wind conditions the sea
drag coefficient should be in 4-times reduced in respect to a
‘‘standard’’ parameterizations. Andreas and Emanuel [2001]
were the first who incorporated effect of spray into a tropical
cyclone model, and showed that at hurricane force winds the
spray-induced enthalpy flux is very significant, more than
enough to offset the increased surface drag.
[3] Donelan et al. [2004] investigated the aerodynamic
roughness of the water surface at extreme winds in the
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laboratory conditions. They observed a saturation of the
surface drag at the wind speed exceeding 33 m/s. As a
plausible mechanism, the separation of the airflow from
continually breaking crests was suggested.
[4] Saturation of the surface stress at increasing high
winds is implicitly supported by the scatterometer measurements. Data by Donnely et al. [1999] on C-band ocean
backscatter at high wind conditions clearly showed a
saturation of the backscatter power at wind speeds exceeding 25 m/s. A similar effect was found by Donelan
et al. [2004] in the laboratory conditions. Relation of the
surface ‘‘roughness’’ (which scatters radio waves) to the
wind surface stress is not obvious. However, if such
relation does exist, the saturation of the backscatter at
high winds presumes decreasing of the surface drag
coefficient.
[5] Recently, Andreas [2004] and Makin [2005] proposed
two different model approaches to estimate effect of the sea
drops on the wind stress. Makin [2005] suggested that at
high wind speeds (>35 m/s), a thin (with thickness of about
10% of significant wave height) atmospheric boundary
layer adjacent the surface turns to a regime of limited
saturation by suspended sea drops. At this regime the
Richardson number of this layer reaches the critical value
that results in a reduction of the surface drag and acceleration of the airflow. However, no argumentation on validity
of this regime for the real rate of the sea spray production
(e.g., as predicted by Andreas [1998]) had been done. On
the contrary, Andreas [2004] ignored effect of the sea spray
on the atmospheric stratification, and focused on their
impact on the momentum balance in the atmospheric
boundary layer. He suggested that once created, sea drops
are accelerated to the wind speed, and thus redistribute the
stress in the near surface atmosphere. As found, at wind
speed of 30 m/s and less effect of sea drops on momentum
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flux in the atmospheric boundary layer is negligible. However, due to strong wind dependence of the sea drops
production, their impact rapidly increases, and at wind
speed of 60 m/s the sea drops dominate momentum balance
and affect the sea surface drag.
[6] In the present paper we explore a mechanism of the
direct impact of the sea drops (as heavy particles) on
marine atmospheric boundary layer through the buoyancy
forces that influence the turbulence kinetic energy and
turbulent mixing. In that sense, considering mechanism is
similar to that occur in the dust storms, or/and to the
suspension of mixed-sized gravel and sand in water in a
turbidity current. Entrainment of dust from the surface
into the atmospheric boundary layer damps the turbulent
mixing (similar to the effect of the stable thermal stratification) and results in acceleration of the airflow (see,
e.g., Barenblat and Golitsyn [1974] and their references
for the dust storms, and Bagnold [1962] for a turbidity
current). With some modifications the model approach
proposed by Barenblat and Golitsyn [1974] is adopted in
the present study. As far as possible, the model calculations presented here are based on empirical estimates on
the rate of sea drops production which are systematized
and given by Andreas [1998]. Our analysis is limited to
the case when mass of the drops is small in comparison
with the air one. Therefore effect of sea drops on
momentum balance (considered by Andreas [2004]) is
omitted.
[7] The paper is organized as the following. In section 2
we describe the governing equations. Effect of sea spray at a
‘‘natural’’ assumption that they are ejected upward at the sea
surface is considered in section 3. In section 4 we further
develop a model of generation of spume drops (as shown in
section 3 the role of bubble drops is weak) and their impact
on the atmospheric boundary layer and the surface drag.
Model calculations and comparison with available data are
presented in section 5. In section 6 we discuss what model
does predict if production of spume drops and their vertical
distribution are imposed empirically. Conclusion is given in
section 7.

2. Governing Equation
[8] Sea droplets are ejected into the Marine Atmospheric
Boundary Layer (MABL) by means of two basic mechanisms: bursting of the air bubbles (generated by the wave
breaking) at the sea surface, - bubble droplets, and the wind
tearing of wave crests, - spume droplets (see, e.g., review by
Andreas [1998]). Once ejected into the airflow, the sea
droplets (depending on their size) may be either fallen down
to the surface or transported upward by the turbulence.
Though the volume concentration of the sea droplets
normally is small, water density (density of an individual
droplet) is much larger the air one. Thus, following the
analogy with the dust storm, we may anticipate an impact of
sea droplets on MABL dynamics.
[9] The present study is based on the model for the
turbulent flow with suspended heavy particles proposed
earlier by Barenblat [1953], Kolmogorov [1954], and described in more complete form by Monin and Yaglom
[1965] and by [Barenblat and Golitsyn, 1974]. Governing
equations accounting for effects of both thermal stratifica-
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tion and heavy suspended particles are [Barenblat and
Golitsyn, 1974]:
kuz ¼ u2*

ð1Þ

kqz ¼ q

ð2Þ

ksz ¼ as þ Is

ð3Þ

ku2z ð1  Ri  KoÞ  diss ¼ 0

ð4Þ

Ri ¼ ð g=q0 Þqz =u2z

ð5Þ

Ko ¼ sgsz =u2z

ð6Þ

where subscript z at any quantity y denotes its partial
derivative over z (yz  @y/@z); u, q, s are the wind velocity,
potential temperature and concentration of droplets correspondingly; u* and q are the friction velocity and kinematic
heat flux; Is is a volume source/sink of droplets; k is the
turbulent eddy viscosity coefficient, which is assumed to be
the same for any quantity; diss is the turbulent kinetic
energy (TKE) dissipation; Ri and Ko are the Richardson and
the Kolmogorov numbers; g is the gravity acceleration; q0 is
the characteristic air temperature in K; s = (rw  ra)/r is a
relative excess of the sea droplets density rw over the air
density ra; r is the mean density; a is the terminal fall
velocity of the droplets defined by the Stokes relation

aðrÞ ¼

2 rw gr2
9 ra na

ð7Þ

r is droplet radius (which is assumed much smaller than the
turbulent scale); na is kinematic coefficient of the air
molecular viscosity.
[10] Equations (1) – (6) are written in the Boussinesq
approximation. This presumes that variation of the air and
sea spray mixture density in respect to the air one is small,
i.e. ss  1, and thus sea drops can affect the MABL
dynamics through the action of the buoyancy force only. For
the same reason, impact of sea drops on momentum balance
(1) (so called spray stress considered by Andreas [2004]) is
omitted. Also, in order to focus on the direct effect of sea
drops on MABL, their impact on the heat balance (2) by
means of the latent heat flux from the spray surface is
omitted. This problem was studied in detail by, e.g.,
Andreas et al. [1995] and Makin [1998]. Notice, that unlike
the model by Barenblat and Golitsyn [1974], we have
introduced a volume source/sink of droplets Is in the spray
conservation equation (3). This source may model, e.g., a
decrease of s due to evolution of drops in size at evaporation, or generation of spume droplets, which are torn off
from wave crests and ejected into the airflow at some
altitude. The latter is considered below, in section 4.1.
[11] Originally equations (1) – (6) were derived for the
stationary Cartesian coordinate system, and their use for the
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Figure 1. (a) Spectra of the sea surface displacement [Donelan et al., 1985] (solid line; wave age 1.5),
and white caps coverage (dotted line) and length of wave breaking fronts (dash line) [Phillips, 1985]
normalized on their peak values. Shaded area indicates spectral interval k < 2kp, where kp is the spectral
peak wavenumber. (b) Sketch of the sea surface which is represented as a superposition of dominant
waves (thick line), modulated shorter waves and a breaking crest of a dominant wave (shaded triangle).
Thin solid lines above are coordinate lines z = const (8) following smooth dominant waves.

wave boundary layer should be argued. Production of
bubble and spume drops are normally associated with the
wave breaking events. Rate of generation of bubble drops is
proportional to the white caps coverage (qb) [Andreas,
1998], while generation of spume drops - to the length of
wave breaking crests (Lb) (e.g., Anguelova et al. [1999] and
section 4.1). Phillips [1985] argued that the main contribution to these quantities comes from breaking of shortest
to qb /
waves, and
q and Lb are proportional
R quantities
R 3/2
k1/2dk and Lb / u*3 g3/2
k dk. Spectral
u*3 g3/2
density of qb and Lb normalized on their peak values are
shown in Figure 1a. Empirical wavenumber spectrum by
Donelan et al. [1985] of the sea surface displacement for
inverse wave age 1.5 (at high wind conditions wind waves
are apparently not mature) normalized on its peak value is
also shown. As it follows from this figure, wind waves that
generate sea drops and that provide the main vertical
displacement of the surface are strongly separated in k-space.
This presumes that fixed Cartesian coordinate system cannot
be used due to apparent difficulties with an averaging of the
governing equations between crest and troughs of the energy
containing wave. Spectrum of real wind seas is quite narrow
(see Figure 1a), and in the range of inverse wave age from
1 to 2 the wind waves with k < 2kp and k < 3/2kp contain
about 80% and 65% of the total sea surface variance (s2z) or
about 90% and 80% of its total std.dev.(sz) correspondingly.
Moreover, in the mean the slope of these waves is small,
szkp ’ 0.05, thus they can be treated as waves of a ‘‘small
amplitude’’. Hereinafter we introduce the coordinate system
following the energy containing waves, which may be
defined (for concreteness) as waves with k = kp ± 1/2kp.

This coordinate system follows a ‘‘smooth’’ sea surface,
with filtered out higher frequency waves including superharmonics of the dominant waves. Coordinate systems
following the dominant waves are normally used in sea
spray studies (see, e.g., review by Andreas et al. [1995]).
[12] The conformal mapping proposed by Benjamin
[1959] is the most suitable for study of shearing flow over
a wavy boundary (see, e.g., direct numerical simulations by
Sullivan et al. [2000]). If x1 and x3 are the Cartesian
coordinates, the ‘‘upward’’ component z of the coordinate
system following a wave with amplitude A, wavenumber K
and frequency W is defined as
z ¼ x3  AeKx3 cosð Kx1  WtÞ

ð8Þ

As shown, e.g., by Kudryavtsev and Makin [2004, equations
(A12) and (A18)], in the case of a quasi-monochromatic
surface wave, the momentum and TKE conservation
equations written in the wave-following orthogonal coordinate system proposed by Benjamin [1959], and then
averaged over the wavelength are similar to that in the
Gartesian coordinate system. It is easy to show that in this
coordinate system the averaged equations for the stratified
turbulent boundary layer are also similar to (1) –(6), if
correction of the drops fall velocity a in the second order on
the wave slope is ignored.
[13] Notice that in the field of real waves, amplitude A in
(8) is not a constant, but is varying function in space and
time. For the Donelan et al. [1985] spectrum restricted by
the interval k = kp ± 1/2kp, the mean number of waves in
wave groups (as defined by Longuet-Higgins [1957]) is
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about 4.5. It means that in the coordinate system moving
with the phase speed, time scale of local amplitude variability in 10-times exceeds the wave period, i.e. A is a
slowly varying function. This may justify validity of the
comformal mapping of the governing equations for the real
conditions.
[14] Thus we consider the coordinate system following
the ‘‘smooth’’ surface formed by dominant waves with
k < 3/2kp. The shorter wind waves and super-harmonics
of the dominant waves are superimposed on the smooth
surface as shown schematically in Figure 1b. Definition
of smooth surface does not presume its breaking. As
found by Longuet-Higgins [1978], breaking of the dominant wave crests results from strong hydrodynamic
instability of super-harmonics, which are excluded from
the definition of the ‘‘smooth’’ surface. The tail of wave
spectrum, through wave-induced momentum flux and
airflow separations from breaking crests, supports the
major part of the form drag [see, e.g., Kudryavtsev and
Makin, 2001]. Besides, one may anticipate that a major
part of sea drops is also produced by these waves (see
Figure 1a). Thus, after averaging over the scales of
dominant waves, the shorter wind waves (including
super-harmonics of dominant waves) can be parameterized through an aerodynamic roughness scale of the
smoothed surface, z0, and a spray generation function
(and/or volume source of drops generation Is in (3)). Note
also that dominant waves strongly modulate breaking of
the shorter waves [Dulov et al., 2002]. Therefore almost
all of wave breaking events occur on the crests of
dominant waves, and acceleration of the airflow over
these crests provide auspicious conditions for the sea
drops generation.
[15] Thus hereinafter we consider equations (1) – (6) as
equations written in the coordinate system following the
smoothed dominant surface waves, and averaged over
their scales. The vertical coordinate z counts off the wavy
surface, and z
z0. In these equations the shorter waves
are parameterized through a source of sea drops Is, and
an aerodynamic roughness scale z0. When solution of
equations (1) – (6) is found, any quantity Y(z) can be
transformed to the mean quantity in the ‘‘regular’’ fixed
Cartesian coordinate system as Y(x3) = Y ð zðx3 ÞÞ, where
bar over Y means averaging over z at x3 = const which
are linked by (8) with wavenumber corresponding
pﬃﬃﬃ to the
spectral peak wavenumber and amplitude A ’ 2sz.
[16] As in the work of Barenblat and Golitsyn [1974], the
following closure for (1) – (6) are adopted:
k ¼ le1=2

ð9Þ

diss ¼ e3=2 l 1

ð10Þ

l ¼ kzFð BÞ

ð11Þ
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of simplicity is included in e. With use of (9) – (11),
equations (1) –(6) are reduced to:
e ¼ u2* ð1  BÞ1=2

ð12Þ


 k @u
@s
¼ w s  s*
@z
u* @z

ð13Þ

@u u*
¼ ð1  BÞ1=4 F1 ð BÞ
@z kz

ð14Þ

where w = a/(ku*) is the dimensionless falling velocity, s* =
Is/a is an integral volume source of droplets normalized on
a.
[17] To define the mixing length function F we note that
thermal and sea drops effects appear in equations (12) – (14)
additively. Therefore, function F can be determined through
the Monin-Obukhov (MO) similarity theory for the temperature stratified boundary layer. Within the frame of this
theory the wind velocity gradient is
@u u*
¼ jð z=LÞ
@z kz

where L = (q0/g)u3*/(kq) is the MO length scale. For the
stably stratified boundary layer function j reads
jðVÞ ¼ 1 þ bV

ð16Þ

where V = z/L, and b is an empirical constant normally taken
as b = 5. Substituting (15) in (5), we see that function j and
the Richardson number Ri are linked as
Ri ¼ V=jðVÞ

ð17Þ

At large V 1 the Richardson number is limited to a critical
value Ricr = 1/b. If Ko = 0 (there are no droplets) equation
(14) must be consistent with (15). Thus with the use of (17)
function F reads
Fð RiÞ ¼

1  Ri=Ricr
ð1  RiÞ1=4

’ 1  Ri=Ricr

ð18Þ

where the second expression takes into account that at 0 <
Ri < Ricr denominator (1  Ri)1/4 is between 0.95 and 1, and
further is replaced by 1.
[18] As mentioned, Ri and Ko appear in equations (12) –
(14) additively. Thus, F must be of the same form (18)
independently on whether the buoyancy is forced by the
thermal or drops factor, or by both factors. Hereinafter we
are focusing on the effect of sea drops only. Then, similar to
(18), the turbulent mixing length function in the presence of
droplets is
Fð KoÞ ¼ 1  Ko=Kocr

where e is the TKE; l is the turbulent mixing length; k is the
von Karman constant; F is a mixing length function of the
buoyancy parameter B = Ri + Ko. Notice, that diss is written
with an accuracy to a universal constant, which for the sake

ð15Þ

ð19Þ

where Kocr = 1/b is the critical value of the Kolmogorov
number. With the use of (19) and definition (6) the
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Kolmogorov number Ko relates to parameters of the
boundary layer as:
Ko ¼

z=Ls
1 þ bz=Ls

C07020

[20] Solutions of equations (13) (at s*  0) and (22) are

ð20Þ

where Ls is the parameter of stratification (with a dimension
of the length):

"
#
F0
kuð zÞ
sð zÞ ¼
exp w
a
u*

ð24Þ



Z z
u
L1
ð
z
Þdz
uð zÞ ¼ * lnð z=z0 Þ þ b
s
k
z0

ð25Þ

with Ls defined by (21).

 g
1
¼ k2 ws s  s* 2
Ls ð zÞ
u*

ð21Þ

Parameter Ls is similar to the MO length scale L. However,
unlike L, the length scale Ls depends on the height (via s(z)
and s*(z)), and may be called as the local length scale. With
the use of equations (19) – (21), the wind velocity gradient
(14) now reads


@u u*
z
1þb
¼
@z kz
Ls ð zÞ

u
uð zÞ ’ * lnð z=z0 Þ
k

ð26Þ

sð zÞ ’ s0 ðz0 =zÞw

ð27Þ

ð22Þ

This equation together with (13) are the main equations of
the present study. The surface boundary conditions for these
equations are defined at the height corresponding to the
roughness length scale z0. In the present study (focusing on
the effect of spray only), we simply prescribe z0 by the
Charnok relation
z0 ¼ c0 u2* =g

3.1. Asymptotic Behavior
[21] First we consider an asymptotic behavior of (24) –
(25) at z/Ls  1. This takes place at small z or/and at a
rather small concentration of sea droplets. In this case the
solution of (24) – (25) is

ð23Þ

with c0 = 1.5 102. Since we work in the coordinate
system following the smooth dominant waves, z0 parameterizes the aerodynamic roughness supported by the
shorter waves. As shown by Kudryavtsev and Makin
[2001], at wind speeds <25 m/s the Charnok relation quite
well parameterizes aerodynamic roughness of the sea
surface which is defined by the wave-induced momentum
flux and the airflow separations. However, at high wind
conditions additional mechanisms, like impact of the foam
or effect of the airflow separations from continuous
breaking waves, as suggested by Donelan et al. [2004]
[see also Kudryavtsev and Makin, 2001, equations (11) and
(12)], can modify the aerodynamic roughness and thus
affect the following results.

where s0 = F0/a is the surface concentration. This solution is
well known, and was obtained by Prandtl [1949]. At this
condition the stratification parameter z/Ls varies with height
as
z
z0 z0 ðw1Þ
¼
Ls Ls0 z

where Ls0 is the length scale based on the surface flux of the
droplets:
1
kgsF0
¼
Ls0
u3
*

ð29Þ

At w > 1 (relatively large particles) parameter z/Ls is a
decreasing function of z. Thus solutions (26) –(27) are valid
at any height. On the other hand, for small droplets with w <
1, parameter z/Ls is an increasing function of z, and one may
anticipate that at a large height, z
Ls0, the solution (26) –
(27) loses its validity.
Ls0 and w < 1 the vertical gradients of the
[22] At z
wind velocity and the droplets concentration (described by
(22) and (13) at s*  0) are reduced to

3. Effect of Spray: Ejection at the Surface
[19] In this section, we assume that ejection of sea
droplets into the airflow results from the upward flux at
the surface (similar to the dust storms considered by
Barenblat and Golitsyn [1974]). Thus the integral volume
source s* in (13) is omitted for the time being. At z = z0
the wind velocity is zero, u(z0) = 0 and the upward flux
F0 of droplets of radius r is assumed known. We shall
relate this flux to the spray generation function (SGF)
which normally is available from the measurements (see
review by Andreas [1998]. Dimension of F0 is [F0] = m3/
m2/sec and it describes the rate of production of the
droplets volume at the unit surface.

ð28Þ

u
@u
*
’ Ko1
cr
kLs
@z

ð30Þ

@s
ws
’ Ko1
cr
@z
Ls

ð31Þ

Substituting (21) in (31), we obtain the following profile for
s(z) at large z, z
Ls0:

5 of 18

sð zÞ ’

2
Kocr u*
k2 sw2 gz

ð32Þ

KUDRYAVTSEV: EFFECT OF SEA DROPS

C07020

With the use of this equation, the length scale (21) and the
velocity gradient (30) are:
Ls ¼ wz=Kocr

ð33Þ

u
@u
¼ *
@z wkz

ð34Þ

[25] Examples of the spectral SGF dF0/dr for 10-m wind
speeds from 10 m/s to 35 m/s are shown in Figure 2a. As
discussed by Andreas [1998], droplets with a radius r <
20 mm are the bubble droplets, while the larger one are the
spume droplets. We shall consider integral characteristics
of these droplets, their mean radius rm and the surface flux
F0 defined as

The latter equation gives the following wind velocity
profile:
uð zÞ ¼

u
lnð zÞ þ const
kw

rm ¼

ð35Þ

As well as at small heights (z  Ls0), the wind profile at
large z has a logarithmic shape. However, unlike (26) the
von Karman constant in this case is multiplied by factor w <
1, i.e., the wind velocity gradient is larger. It is worthy to
note that the droplets profile (32) and the velocity gradient
(34) far from the surface does not depend on the surface flux
of droplets, i.e., dynamics of the airflow obeys a selfregulation law. It is easy to check that in this regime the
Kolmogorov number (6) with (32) and (35) is equal to its
critical value Kocr.
[23] Equations (35) and (32) were first derived by Barenblat
[1953] [see also Barenblat and Golitsyn, 1974] from rather
different arguments. He found these solutions from the
analysis of the general properties of equations (1) – (6) for
such asymptotic regime when at w < 1 the storage of
droplets (dust in his case) at the surface is unlimited.
Barenblat [1953] called this regime a saturated flow. As
it follows from the present analysis, the regime of the
saturated flow (described by (35) and (32)) does not
inevitably require the unlimited storage and can be realized
far from the surface, at z
Ls0. Since the scale Ls0 depends
on F0, one may expect that at a strong droplets production,
the saturated flow may go down to the surface. Nevertheless, at large F0 the droplets concentration attains relatively large values, and the governing equations (1) –(6)
may lose their validity which requires both s and ss to be
small: s  1 and ss  1.
3.2. Impact of ‘‘Real’’ Sea Spray
[24] Let us consider predictions of equations (25), (24)
with (21) for the real sea conditions associated with an
empirical SGF. It is accepted that sea droplets are
basically generated by the air bubbles bursting at the
surface (bubble droplets), and by means of tearing off of
drops from breaking wave crests (spume droplets). The
latter are the largest droplets. Production of droplets are
described by the ‘‘spectral’’ SGF which gives the droplets
volume flux from the unit surface per unit droplets radius
interval. A comprehensive review of empirical SGF is
given by Andreas [1998]. Based on previous investigations, he proposed an expression for the SGF, adopting
existing empirical knowledge. However, the question on
what height empirical SGF should be applied to, is still
open. In this section, as a first guess, we suggest that F0
is equivalent to the SGF, that explicitly presumes that all
type of sea drops (both bubble and spume) are ejected
upward from the sea surface.

C07020

Z

rðdF0 =drÞdr=

F0 ¼

Z

Z

ðdF0 =drÞdr

ðdF0 =drÞdr

ð36Þ

ð37Þ

where for the bubble droplets the limit of integration is r <
20 mm, and for the spume droplets is r > 20 mm. The mean
radius for the bubble and spume droplets correspondingly
are rbm = 15 mm and rsm = 180 mm, and they are almost wind
independent. Figure 2b shows the dependence of SGF for
the bubble Fb0 and spume Fs0 droplets versus the friction
velocity. The wind dependence of Fb0 is close to u3*, that is
consistent with wind dependence of the white caps coverage. Generation of spume droplets is stronger and in the
mean it is proportional to u4*, though a trend to stronger
wind dependence is visible at largest u*.
[26] The dimensionless fall velocity w = a/(ku*) for the
bubble wb and spume ws droplets are shown in Figure 2c. As
it follows from this plot, wb  1. Therefore the bubble
droplets (according to (27)) are distributed over the whole
MABL, and may affect its dynamics if Fb0 is large enough.
On the other hand, ws > 1, and thus spume droplets are too
heavy to be transported upward by the turbulence. The
length scale Ls0 (defined by (29)) calculated for the sum of
bubble and spume SGF is shown in Figure 2d. Important
conclusion is that the stratification length scale Ls0 is quite
large and depending on u* varies from 300 to 2000 m. As
discussed above, in this case the regime of the saturated
flow may be realized at very large altitudes (z > Ls0), and the
effect of drops on the main domain of the MABL is weak.
In this case spray concentration and wind velocity profiles
are given by equations (27) and (26).
[27] To explore this in more detail, we fixed wind speed
uh (as an external parameter) at a reference level hr, and
solved equations (24), (25) with (38) numerically by iterations for the empirical SGF shown in Figure 2. Assuming
that hr belongs to the log-boundary layer, the resistance law
(relating the surface wind stress to uh) follows from (25) and
reads

1
Z h
u
1=2
Cdh  * ¼ k lnðh=z0 Þ þ b
L1
dz
s
uh
z0

ð38Þ

In order to check the effect of sea drops on the main body of
the MABL, the reference level was chosen as hr = 103m.
Certainly, at moderate winds this level belongs to the
Ekman part of the planetary MABL, where equations (24)
and (25) are not valid. However, we tolerate this inaccuracy
(as well as the use of Andreas’s [1998] SGF at u10 > 32 m/s)
because these calculations, in fact, perform just for an
illustrative purpose. Model calculations for the SGF shown
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Figure 2. (a) Spray generation function (SGF) proposed by Andreas [1998] at wind speeds from 10 m/s
to 35 m/s (over 5 m/s), corresponding curves are from the bottom to the top. (b) Wind dependence of the
integral SGF for the bubble droplets (r < 20 mm; lower solid line) and spume droplets (r > 20 mm; upper
solid lines) which calculated through (37) with spectral SGF shown in Figure 2a. (c) Dimensionless fall
velocity w = a/(ku*) versus u* for the bubble (low solid line) and spume (upper solid line) droplets with
radius defined by (36). (d) Stratification length scale (29) versus friction velocity.
in Figure 2b indicated that the effect of ‘‘real’’ spray on
MABL is negligible, and thus not shown. For instance, it
was found that even at the highest wind speed u10 = 50 m/s
the sea spray reduce Cdh on 0.1% only.
[28] As discussed by Andreas [1998], empirical estimates
of SGF are quite controversial and demonstrate a large
scatter in the magnitude. A question rises, could a possible
uncertainty in the SGF magnitude enlarge the impact of
drops? To find an answer, we made the calculations with
Andreas’s [1998] SGF enhanced in 10-, 102- and 103-times
in the magnitude. In the two first cases, no remarkable effect
was revealed. When SGF is enhanced in 103-times, a
pronounced effect of bubble droplets on MABL has
appeared (though the impact of spume droplets was still

weak). Figure 3 shows the drag coefficient (38) for the
reference level and the drag coefficient Cd10 = u2*/u210 for
the ‘‘standard’’ 10 m-level. When the SGF is enhanced in
3-orders, the impact of bubble droplets on Cdh becomes
10 m, the drag
strong. At that wind speeds when Ls0
coefficient Cd10 coincides with the reference (no droplets)
one. When Ls0 approaches 10 m, the drag coefficient Cd10
rapidly drops.
[29] Figure 4 shows the wind velocity and the bubble
droplets concentration profiles at uh = 80 m/s. Effect of the
droplets lead to significant deviation of the wind profile
from the reference one, and results in a deceleration of the
near surface wind (similar to the thermal stably stratified
atmospheric boundary layer). Dash-dotted lines show the
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Figure 3. Drag coefficient for the reference level hr = 103m versus reference wind speed uh. (right)
10-m drag coefficient Cd10 versus wind speed u10.
asymptotic solutions (26) (at small z) and (35) (at large z),
which fit well u(z) at the height of their validity. The right
plot in Figure 4 shows the vertical profile of the droplets
concentration and asymptotic solutions (27) and (32), which
again well fit s(z) at small and large z correspondingly.
[30] To resume this section, we note the following:
[31] 1. The model adopting the real estimate of the SGF
(as proposed by Andreas [1998]) and based on an assumption that the droplets (both bubble and spume) are ejected

upward from the sea surface, cannot predict any significant
effect of sea spray of the airflow dynamics.
[32] 2. The only possibility to achieve an effect is to
enhance the SGF magnitude in 103-times. Such enhancement very likely exceeds a range of uncertainty in empirical
estimates of the SGF. However, even at such strong enhancement, contribution of the spume drops to the effect is
negligible in comparison with the bubble one.

Figure 4. Profiles of wind velocity (left) and bubble droplets concentration (right) at reference wind
speed uh = 80 m/s. Solid lines are full solution of equations (25) and (24). Dash line in left plot shows the
wind velocity profile when effect of droplets is ‘‘switched off’’. Dash-dot lines are the asymptotic
solutions: (26) and (27) at small z, and (35) and (32) at large z.
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Figure 5. Sketch illustrating kinematics of the airflow
(streamlines with arrows) over a breaking wave and spume
drops (shown by dots) generation.
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time, wind tears the breaking crests and generates spume
droplets. Kinematics of the airflow over breaking waves is
quite complicated, and the most extensive study of this
phenomenon was performed in laboratory conditions by
Reul et al. [1999] with use of DPIV technics. The main
observed features are separation of the airflow from steep
breaking crest and its re-attachment on the front slope of the
following wave, and re-circulating well-organized vortex in
the separation zone. Once torn off from the crest, the drops
carry away by the airflow along its streamlines, and fill both
the separated zone and the area ahead the breaking crest.
Scheme of the airflow kinematics and spume drops generation is shown in Figure 5.
[38] Let us suggest that during the time interval T a large
enough number N of wave breaking events has occurred on
the sea surface area A. The mean life span of breaking
waves is tb, and the length of an individual breaking crest is
lib. The volume vis of droplets torn off by wind from an
individual breaking crest during its life span is

[33] Does it mean that the effect of sea spray is really
weak, or that is a shortcoming of the considered above
model?

4. Effect of Spray: Wind Tearing of Breaking
Crests
[34] Assumption that sea drops are ejected upward at the
surface is reasonable for the bubble droplets, and certainly is
not applicable for the spume one. Spume droplets result
from a mechanical tearing of breaking crests, and they are
rather ejected ‘‘horizontally’’ into the airflow at some
height, and then blown away by the wind. Since spume
drops are relatively heavy, w > 1, they are finally falling
back to the surface. As mentioned, the magnitude of the
SGF for spume drops is conventionally established, but the
question to what height this SGF should be applied, is still
open. Nevertheless, since spume drops are created near the
wave crests, one may suggest that some scaling with the
wave amplitude is inevitable.
[35] The spume drops production by the wind tearing of
wave crests was recently studied by Anguelova et al. [1999]
in laboratory conditions. They found that the rate of spume
drops production merges effectively when normalized on
the number of wave breaking events. They concluded that
the wave breaking occurrence is the dominant factor of the
spume drops production.
4.1. Volume Source of Spume Droplets
[36] Spume drops are ejected into the airflow at the
altitude of breaking waves crests. Though these waves can
be relatively short, spume drops (in the mean) appear in the
airflow well above the aerodynamic roughness height z0.
Therefore, to take into account this fact, we introduce a
volume source Is in (3) (or s* in (13)) which describes mean
rate (i.e. averaged over many periods of the spectral peak
waves) of spume drops production per unit volume by all
breaking wind waves (including breaking crests of dominant waves).
[37] In order to derive this source we start with an
assumption of a narrow band surface waves with the mean
wavenumber k. Sporadically, crests of these waves break
and lose the energy coming from the wind. At the same

vis ¼ Fs tb hs lbi

ð39Þ

where Fs is the flux of spume droplets, and hs is a height of
the layer where spume drops are distributed (see Figure 5);
we assume that hs / k1, i.e., the longer is the wave the
higher level of the drops ejection. Then the total volume of
spume drops pulverized into the airflow volume va = hsA
from all breaking waves is
vs ¼

N
X

vis ¼ Fs tb hs

N
X

lbi

ð40Þ

and the volume source of droplets (the rate of droplets
production in a unit volume of the air) dVs = vs/(va T) is
P
Fs tb hs N lbi
hs AT
PNA j
lb
¼ Fs
A

dVs ¼

ð41Þ

To derive the last equation (41) we took into account that
the number N of breaking events appearing on the area A
during the time interval T relates to the number NA of
breaking events on the same area at any instant moment
as: N = NAT/tb, and thus
N
X

lbi ¼ ðT =tb Þ

NA
X

lbj

ð42Þ

[39] As assumed,Pthe length of wave breaking fronts per
NA j
lb/A is related to the waves of a
unit surface area
narrow band, from k to k + dk. This quantity is the spectral
surface density of wave breaking fronts originally introduced by Phillips [1985]:
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drops in (3) is defined as

dVs ð zÞ ¼ Fs H ð  kzÞLðkÞdk

ð44Þ

Is ð zÞ ¼

Z

1

Vs ð zÞdz
z

where  is a constant relating hs to k, hs = /k, and H(x) is the
Heaviside step function truncated action of the volume
source at z > /k. The total volume source of spume drops to
be found by integration of (44) over all scales of breaking
waves, and reads:

/ 2=3Fs ðu =cb Þ3 fI ð z=zb Þ

ð51Þ

Quantity L(k) also defines the rate of energy dissipation in
breaking waves [Phillips, 1985]

with fI = (zb/z)3/2 at z/zb > 1 and fI = 1 + 3/2(1  z/zb) at z/zb
 1. Sources Vs(z) and Is(z)) are rapidly decreasing
functions of the height. This is a consequence of that the
shorter are the waves the larger is their contribution to the
total length of breaking crests, and thus to spume drops
production.
[41] To define the rate of spume drops generation from an
individual breaking crest (term Fs in (51) and (50)), we shall
follow the thermodynamic approach proposed by Andreas
et al. [1995]. The energy required to form a single droplet
is:

dD / g1 c5 LðkÞdk

De ¼ 4=3pgr2

Vs ð zÞ ¼ Fs
¼ Fs

Z

H ð  kzÞLðkÞdk

Zk

LðkÞdk

ð45Þ

jkj<=z

ð46Þ

where c is wave phase velocity. Since dD is proportional to
the wind energy input
dIw ¼ gvbk 4 BðkÞdk

ð47Þ

(v is wave frequency) the wave breaking statistics L(k) can
be expressed in terms of the wind wave growth rate b and
the saturation spectrum B(k) as
LðkÞ / k 1 bBðkÞ

where g is the surface tension. If the spume droplets are
produced continually by the wind tearing with the rate Ns
(the number of droplets produced per unit time from unit
area), then
4=3pgr2 Ns / u3s

ð48Þ

The growth rate parameter b is b / (u*/c) [e.g., Plant,
1982]. It is normally accepted that the saturation spectrum is
proportional to u*/c in some power: e.g., B / (u*/c) [Toba,
1973; Donelan et al., 1985], B / (u*/c)0.2±0.2 [Banner et al.,
1989].
[40] Melville and Matusov [2002] provided a description
of the wave breaking distribution at the ocean surface. They
found that the length of wave breaking fronts is proportional
to the cube of the wind speed. In order to be consistent with
these observations, we estimate L(k) via (48) with the
saturation spectrum B(k) / u*/c:
ð49Þ

This equation is valid at k < kb, where kb is the wavenumber
of shortest breaking waves generating white caps and thus
spume drops. An estimate of kb is kb  10 rad/m. Then
equation (45) with (49) can be rewritten as

3
Vs ð zÞ / Fs kb u*=cb fV ð z=zb Þ

ð53Þ

where us is the scale of the wind speed. Since Fs = 4/3pr3Ns,
we have the following equation for Fs:
Fs ¼ c

2


3
LðkÞ / k 1 u*=c

ð52Þ

ð50Þ

where cb = (g/kb)1/2 is phase velocity of shortest breaking
waves, zb = /kb, and fV is the volume source profile function
equal to fV = (zb/z)5/2 at z/zb > 1 and fV = 1 at z  zb. From
the top, V(z) is bounded by z = /kp. However, contribution
of the breaking waves rapidly (as /k5/2) reduces with
decreasing wavenumber, and we shall ignore a small drop of
V(z) at z = /kp. The integral volume source Is(z) of spume

ru3s
* g

ð54Þ

where c* is a constant to be defined after a comparison with
measurements. Then the volume (50) and the integral
volume source (51) of spume droplets take the form
Vs ð zÞ ¼ c*

ru3s
g

2
ru3
Is ð zÞ ¼ c* s
g
3

3

u*
cb

kb fV ð z=zb Þ

u

*
cb

ð55Þ

3

fI ð z=zb Þ

ð56Þ

These relations predict a very strong wind dependence of
the spume drops production, with the wind exponent near 6.
As mentioned above, both enhanced wave breaking and
acceleration of the airflow produce an auspicious conditions
for spume drops generation on the crests of dominant
waves. To take into account this fact we assume that the
wind scale us in (54) is the wind speed at height of the sea
surface standard deviation, i.e. us = u(sz).
[42] Note the following. As it follows from (49), length of
breaking fronts is an increasing function of both k and u*.
Therefore one may anticipate that at very high winds
exceeding some ‘‘threshold’’ wind speed, L(k) will be
saturated at

10 of 18

Lðk Þ / k 1

ð57Þ

KUDRYAVTSEV: EFFECT OF SEA DROPS

C07020

We may assume that saturation of L(k) starts at shortest
breaking waves and in the course of the wind increasing
will spread towards the larger breaking scale. In this case
volume source V(z) (45) tends to
Vs ð zÞ /

ru3s
gz

ð58Þ

In the regime of wave breaking saturation, the volume
source attenuates with the height slower (z1 instead of z5/2
in (55)) and rate of spume drops production is cubic in wind
speed, i.e., is twice less than in (55). Presumably, this regime
may be realized at the highest hurricane winds when
conception of the air-sea interface becomes relative as the
sea surface is totally covered by the foam and near surface
concentration of the sea drops is very large. Analysis of such
conditions is out of the scope of the present study.
4.2. Wind and Spume Drops Profiles and
Resistance Law
[43] As shown in section 3, the ‘‘real’’ bubble droplets
cannot affect the MABL dynamics unless the rate of their
production is enhanced in 103-times. Such strong enhancement exceeds the limits of uncertainty in the empirical SGF,
and further the effect of bubble droplets is ignored.
[44] Solution of equation (13) with the volume source
(55) and the boundary condition @s/@z = 0 at z = z0 reads
sð zÞ ¼ s ð zÞ 
*

Z

z
z0

exp½w½b
uð zÞ  b
uðz0 Þv ðz0 Þdz0
*

ð59Þ

where ^u(z) = (k/u*)u(z) is normalized velocity, s*(z) = Is(z)/a
is the droplets concentration produced by the integral
volume source, and v* = Vs(z)/a. Second term in the r.h.s. of
(59) describes contribution of turbulent mixing on the
vertical distribution of spume drops. Equations (59) and
(25) with (21) can be easy solved numerically for an
arbitrary spectral volume source, describing rate of production of spume drops of different radius.
[45] However, here we are considering a ‘‘monochromatic’’
spume drops with the size corresponding to the mean
observed radius, rm = 180 mm. We remind that for the
such drops dimensionless fall velocity w is rather large
(see Figure 1c). In this case, the integral in the r.h.s. of
(59) can be evaluated approximately, and equation (59)
accurate to the order 1/w reads.
sð zÞ ’ s*ð zÞ þ w1 zv*ð zÞ

ð60Þ

i.e., concentration of the spume drops is mainly resulted
from the balance of their tearing off from breaking crests
and falling down due to gravitation (so-called ‘‘rain’’ of
drops). The length scale (21) now is
1
g
¼ k2 szv ð zÞ 2
* u
Ls ð zÞ
*

ð61Þ

With use of (61) and (55) the wind profile (25) is rewritten
as

u
z
uð zÞ ¼ * ln
k
z0

þ dw1

Fs
fu ð z=zb Þ
cb


ð62Þ
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where d = k2s/(2Kocr) is a constant adopting other
constants, and fu is a wind velocity profile correction
function, which is equal to fu = (z/zb)2 at z/zb < 1 and fu = 5
1. Notice that according to this
 4(z/zb)1/2 at z/zb
equation, effect of spume drops on wind profile decreases
with increase of the drops size, and at w = 1 effect is
disappeared. The physical meaning is that very large drops
(torn off from breaking crests) are falling too fast to affect
the turbulence while they are airborne.
[46] At z/zb
1 the wind velocity profile reads

u
z
uð zÞ ¼ * ln
k
z0

þ 5w1 d

Fs
cb



u
z
¼ * ln
k
Z0

ð63Þ

ð64Þ

where Z0 is the effective roughness scale defined as
1

Z0 ¼ z0 e5w

dFs =cb

ð65Þ

with z0 corresponding to the Charnock relation (23). The
rate of the spume drops production from a breaking crest Fs
is cubic in wind speed, thus Z0 rapidly decreases at strong
winds. We emphasize again, that since w / r2 and Fs / r
effect of drops on the effective aerodynamic roughness
become weaker at increasing drops size.
[47] The wind scale us defining Fs by (54) was determined as the wind speed at the height the sea surface
standard deviation, z = sz, thus with use of (62) the scale
us is

u
sz
us ¼ * ln
k
z0

þ 5w1 d


u
Fs
sz
¼ * ln
k
cb
Z0

ð66Þ

[48] In order to determine the tuning constant c* in (54),
we shall use the data for the rate of production of spume
drops surface area FA (its dimension [FA] = m2/m2/sec)
which were analyzed in [Andreas, 1998], and shown here in
Figure 6. Quantity FA relates to the integral volume source
Is(z) as: FA(z) = 3Is(z)/r. The shaded area in Figure 6 is the
model values of FA with the tuning constant c* = 5 109
and kb = 20 rad/m, e = 2. The upper and lower bounds of
this area correspond to FA(z) at z = 0.2 m and z = sz (for
mature seas) respectively. In this range of z the data shown
in Figure 6 were presumably collected. Empirical relations
are quite different in magnitude of FA and its wind dependence. However, the model values are inside the area
covered by the empirical curves, and this value of c* is
further used in the model calculations. Notice, that the only
upper bound of the shaded area in Figure 6 indicates wind
exponent of FA; a different slope of the lower bound is
caused by dependence of sz on wind speed. Notice also that
the model wind exponent in Figure 6 is rather ‘‘5’’ than ‘‘6’’
as expected from (56). This results from that the wind scale
us is not simply proportional to u*, but varies so as u3s / u2*.
[49] To see how the sea drops affect the whole MABL,
we adopt a simplified model of the planetary boundary layer
model proposed by Brown [1982]. Some details of this
model are given in Appendix A. The wind profile in the
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Ekman part of the planetary MABL (at z > h, where h is
defined by (A3)) is given by
uð zÞ  G ¼ 



ð1  iÞ u*
zh
exp ð1 þ iÞ
k
2e
H

ð67Þ

where G is the geostrophic wind velocity; the bold symbols
denote complex variables where the argument corresponds
to a vector direction (the geostrophic velocity or the wind
stress). This profile provides continuity of the momentum
flux at the lower boundary of the Ekman boundary layer, z =
h. Patching wind profiles (64) and (67) at z = h results in the
resistance law for the planetary boundary layer (see also
(A5))


u*
ku
ð1  iÞ 1
¼ k ln 2e2 * þ
G
fZ0
2e

Figure 6. Rate of production of spume droplets surface
area FA versus friction velocity. Shaded area is the model
values FA = 3Is(z)/r with Is(z) defined by (56) for z in the
range from z = 0.2 m (upper bound) to z = sz (lower bound),
sz is the standard deviation of the sea surface. Empirical
data are shown by: dash-dot line [Wu, 1993], dash line
[Monahan, 1986], dotted line [Iida et al., 1992], upper solid
line [Andreas, 1992], lower thin solid line [Andreas, 1998],
modified [Smith et al., 1993].

ð68Þ

Thus the geostrophic wind speed is the only external
parameters of the problem. Solution of the equation for the
resistance law (68) with the effective roughness scale (65)
gives the friction velocity u* in the MABL, that in turn
defines the full description of the MABL, - its wind profiles
(equations (62) and (67)) and the spume droplets distribution (60).

5. Model Results and Comparison With
Observations
[50] The resistance law (68) with (65) is solved by
iterations. Figure 7 shows the geostrophic drag coefficient
CD = (u*/G)2 and the deviation j* of the surface wind stress
from the direction of the geostrophic wind velocity.
The model calculations with and without (reference run)

Figure 7. Geostrophic drag coefficient CD = (u*/G)2 (left), and angle between surface wind stress and
geostrophic wind velocity (right) as a function of G calculated on the resistance law (68). Dash lines are
the reference (no spray effect) calculations. Solid line correspond to the calculations with the effective
roughness scale (65) which accounts for the effect of sea drops.
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Figure 8. Wind speed profile in the MABL at (a) G = 60 m/s and (b) G = 100 m/s. Dash lines in
Figures 8a and 8b are reference (no spray effect) calculations, and solid lines are calculations on full
model. (c) Profiles of the stratification parameter z/L at G = 60 m/s (dash line) and G = 100 m/s (solid line).
accounting for the effect of the spume droplets are plotted.
Departure of the geostrophic drag coefficient from the
reference one starts at G around 30 m/s. With the increasing
wind speed a strong generation of spume droplets results in
a rapid drop of the surface drag. Suppression of the surface
drag is accompanied with a rotation of the wind surface
stress towards the geostrophic wind direction.
[51] Figures 8a and 8b show the wind velocity profiles at
G = 60 m/s and 100 m/s, and Figure 8c shows vertical
distribution of the stratification parameters z/L(z) (with L
defined by (61)) at these wind speeds. Maximum of z/L(z) is
located approximately at the altitude of the shortest breaking
wave crests, and z/L rapidly attenuates with increasing
height. According to (22) wind velocity shear directly

depends on z/L. At large values of z/L wind velocity shear
deviates from the reference one that results in an acceleration of the airflow. Thus suppression of turbulent mixing
(and the surface drag) and acceleration of the airflow is the
coupled effect of spume drops on MABL dynamics. Notice
an apparent reduction of the planetary MABL depth (which
is proportional to the height of the local maximum in the
wind speed profile) in comparison with the reference one.
[52] A standard representation of the model results in
terms of the drag coefficient at 10-meter height, Cd10, is
shown in Figure 9. The drag coefficient starts to deviate
from the reference one at wind speeds above 20 m/s, and
at u 1 0 > 30 m/s C d 1 0 rapidly drops to very low
values. Dependence of the friction velocity on u10 is not

Figure 9. Drag coefficient Cd10 (left) and friction velocity u* (right) versus wind speed at 10 m height.
Dash lines are reference calculations (no effect of sea drops) for the Charnock roughness scale (23). Solid
lines are model calculations corresponding to the roughness scale (65) which accounts for the effect of
sea drops. Open symbols are data taken from Powell et al. [2003, Figures 3a and 7c]. Stars are estimates
of Cd10 and u* listed in Table 1.
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Table 1. Estimates of u* Via Wind Profiles
G, m/s

u10, m/s

zmax, m

u*, m/s

Cd10 103

34 – 39
40 – 49
50 – 09
60 – 69
70 – 85

27
33
40
50
65

500
600
600
500
450

1.30
1.56
1.56
1.30
1.17

2.32
2.23
1.52
0.68
0.32

monotonic,- at u10 < 40 m/s u* is a growing function of u10,
and then at stronger winds u* (due to the suppression of the
surface drag) is leveling off and tends to decrease.
[53] Note that at u10 > 45 m/s the model surface concentration of drops attains relatively large values and parameter
ss0 becomes of order 1. As mentioned, validity of the
governing equation requires parameter s s0 be small.
Therefore some heed of interpretation of model results at
highest wind speeds is needed.
[54] Significant reduction of the surface drag in real
conditions at wind speeds over 40 m/s was first reported
by Powell et al. [2003]. Open symbols in Figure 9 are the
data taken from Powell et al. [2003, Figures 3a and 3c]. As
was noted, at u10 < 30 m/s their data on Cd10 are consistent
with numerous investigations. However, at winds approaching the hurricane force (30 m/s) Cd10 levels off and then
falls down at higher winds. In overall, the model calculations agree with the data, though the model u* levels off at
smaller wind speed than it could be expected from the data.
[55] To extract more information from this unique data
(especially for the case of highest wind speeds 70– 85 m/s
where Powell et al. [2003] were failed to assess z0 through
fitting by the least-square line the wind profile) we make an
attempt to assess u* through the vertical scale of the MABL.
According to the similarity theory for the planetary boundary layer [Kazanski and Monin, 1961], the wind velocity
profiles in the Ekman part of the MABL are universal
functions of the dimensionless height zf/u*. If we assume
that the similarity theory may be applied for the tropical
cyclones, then a remarkable feature in the wind profiles may
be used to assess u*. As an apparent feature we choose
height zmax of the local maximum in the wind speed
profiles, which is well pronounced in Figure 2 of Powell
et al. [2003]. The eye-ball estimate of zmax as well as
corresponding values of u10 are listed in Table 1. According
to the similarity theory, the dimensionless height zmax to be
a constant, i.e.,
zmax f =u ¼ const
*
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depends on the air friction velocity. If we adopt this
assumption, then the saturation of the backscatter may be
interpreted as a saturation of the surface stress at wind
speeds above 25 m/s, and thus decrease of the sea surface
drag coefficient as predicted by the present model.
[57] All the equation discussed above are written in the
wave following coordinate system, and a question may arise
is how does profile of any quantity in this coordinate system
relate to the profile in the regular fixed Cartesian coordinate
system. As mentioned in section 2, any mean quantity Y(z)
in wave-following coordinate system can be transformed to
the mean quantity in the fixed Cartesian coordinate system
as Y(x3) = Y ð zðx3 ÞÞ, where the wave-following z and
Cartesian x3 coordinates are linked by (8). Figure 10 shows

ð69Þ

We have defined the constant in (69) so as to have an
‘‘expected’’ value of u* = 1.3 m/s at the lowest wind speed
u10 = 27 m/s. Then this constant was further used to assess
u* for the other cases. The estimate of u* and corresponding
values of Cd10 = (u*/u10)2 are also listed in Table 1 and
plotted in Figure 9. These estimates demonstrate much more
pronounced suppression of the surface drag at strong winds.
Reduction of the drag is so strong that it leads to decrease of
the friction velocity at u10 > 40 m/s.
[56] Saturation of the C-band backscatter from the sea
surface at high wind speeds (>25 m/s) was observed by
Donnely et al. [1999]. It is normally accepted that a
spectrum of the surface roughness scattering radiowave

Figure 10. Comparison of sea drops concentration (top)
and wind velocity (bottom) profiles in the wave-following
(dash lines) and fixed (solid lines) coordinate system at
geostrophic wind speed 100 m/s. Dotted lines indicate
standard deviation of the model sea surface. Dash-dotted
lines in the top plot is empirical profile (70).
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Figure 11. (a) Wind dependence Rof the surface concentration of droplets s0 (solid line) defined through
SGF shown in Figure 2a as: s0 = a1(dF0/dr)dr. Dash line is s0 = 2.5 107 u*5 which fits empirical
curve at high wind speeds. (b) and (c) Geostrophic drag coefficient (CD) and 10-meter drag coefficient
(Cd10). Solid lines are the model calculations with roughness scale (65) (the same as in Figures 6 and 8).
Dash lines are reference calculations (no effect of sea drops). Dash-dot lines are model calculations with
the effective roughness scale (75) and ‘‘empirical’’ concentration (76) (thick dash-dot lines) and (77) (thin
dash-dot lines).
fragments of spume drops and wind velocity profiles at G =
100 m/s in both coordinate system. Unlike wave-following
coordinate system, profiles of s and u in the fixed coordinate
system have a meaning above the wave crests only. Dotted
lines in this figure indicate standard deviation of the model
wavy surface. Concentration of spume drops is strongly
stratified, therefore profiles of s in the wave-following and
fixed coordinate systems are very different. In the fixed
coordinate system profile of s is sharper, and it is in
qualitative agreement with empirical profile shown by
dash-dotted line (see equation (70) below). Wind velocity
profile in the wave-following coordinate system is relatively
‘‘smooth’’, thus the difference between profiles is rather
small.

Wind dependence of s0 is plotted in Figure 11a. At highest
wind speeds, trend s0 / u5* can be easily observed and it is
shown by dash line. Since we are focusing on the high wind
conditions, we parameterize empirical wind dependence of
s0 as: s0 = 2.5 107u5*.
[60] Adoption of empirical profile (70) excludes use of
equations (21) and (20) (and correspondingly (22)) which
are essentially based on the model drops conservation
equation. Instead, we return to the Kolmogorov number
defined through the gradient of sea drops concentration,
equation (6). In this case relation of Ko to parameters of the
boundary layer is:

6. Discussion
[58] As shown in section 3.2, model calculations based on
assumption that spume drops are ejected upward at the
surface can predict no significant effect unless ‘‘real’’ SGF
is enhanced in 103-times. On the other hand, the model
based on assumption that spume drops are ejected at
altitudes of the breaking crests, predicts quite strong effect.
Therefore one can conclude that vertical spreading of spray
generation plays a crucial role.
[59] It is worthy to check what model does predict if
vertical profile of spume drops concentration is imposed
empirically. Normally, the vertical profile of droplets concentration is scaled with the significant wave amplitude As,
as, e.g., in [Andreas, 2004]:
sð zÞ ¼ s0 expðz=dÞ

ð70Þ

where d = cdAs is a vertical scale, cd = 0.3, As = 102u2*/g, and
s0 is surface concentration of drops. Surface concentration
can be estimated through empirical SGF
R discussed in
section 3.2 (and shown in Figure 2a) as s0 = a1(dF0/dr)dr.

Ko ¼ z=Lse ð1  Ko=Kocr Þ2

ð71Þ

1=Lse ¼ k2 szsz ð zÞg=u2*

ð72Þ

where sz is vertical gradient of drops concentration. These
equations combined with (19) define the wind velocity
shear (14). Notice, that substituting to (72) the model sz(z)
we arrive again at the equations discussed in section 2.1.
For the sake of simplicity, we assume that the empirical
stratification parameter z/Lse is small enough. Then inverse
mixing length function is approximately 1/F ’ 1 + Ko1crz/Lse,
and velocity shear (14) is then reduced to (22), and with use
of (70) the wind velocity profile reads
u
uð zÞ ¼ * ½lnð z=z0 Þ þ de s0 ð1  expðz=dÞð1 þ z=dÞÞ
k

ð73Þ

where de = 102cdk2s/Kocr is a constant (or a function of
wave age if wind sea is not developed). At z
d wind
profile reads
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where Z0 is the effective roughness scale defined as
Z0 ¼ z0 ede s0

ð75Þ

with z0 defined by the Charnok roughness scale (23). Since
s0 is strongly wind dependent, this equation predicts a fast
decrease of the effective roughness scale, if surface
concentration of drops is large enough.
[61] Model calculations with the original Andreas [1998]
SGF gave a small effect on the surface drag (Cd10 is reduced
on 10% or less) and thus not shown. In order to simulate
dynamics of the tropical cyclones, Andreas and Emanuel
[2001] proposed to use a ‘‘heuristic’’ spray generation
model, which is in 10-times amplified SGF shown in
Figure 1b. In terms of the sea drops surface concentration
a similar ‘‘heuristic’’ model is:

C07020

[64] Makin [2005] assumed that at strong enough wind
speed, a thin near surface layer of limited saturation (with
Ko ’ Kocr) by suspended droplets is generated. In some
sense this assumption is similar to that shown in Figure 8c),
in the narrow layer with large values of z/L the Kolmogorov
number attains its critical value. However, according to the
model by Makin [2005], such layer appears when dimensionless fall velocity w = a/(ku*) becomes w < 1, and wind
velocity and drops concentration profile inside this layer
obey the asymptotic solutions (32) and (35). As discussed
above, at w < 1 such asymptotic solutions are valid far
from the sea surface, and unlike ‘‘heavy’’ spume drops,
light drops with w < 1 cannot be confined within a thin
near surface layer as they are transported upward by the
turbulence.

7. Conclusion
s0 ¼ cs u5*

ð76Þ

with cs = 2.5 106. As an alternative, we also consider the
similar dependence, but scaled with wind speed at altitude
of significant wave amplitude:
s0 ¼ Cs u5As

ð77Þ

where uAs = u*/k ln(As/Z0) is wind speed at z = As, and
Cs is a constant chosen so as to fit (77) to (76) at
reference (no effect of drops) roughness scale: Cs = 2.6
1013. Parameterizations (77) looks more attractive
because concentration of sea drops should be rather
defined by the wind speed at z = As (which tears off
wave crests) than u*.
[62] The resistance law (68) with the effective roughness
scale (75) and SGF specified by (76) and (77) were solved
numerically by iterations. Calculations of geostrophic drag
coefficient and 10-meter drag coefficient are shown in
Figures 11b and 11c along with the reference (no drops)
calculations and the model predictions already shown in
Figures 7 and 9. If s0 is defined by (76), the effect of drops
is well pronounced (but weaker than that predicted by the
model described in section 4) and results in leveling off of
both CD and Cd10. Note that the behavior of Cd10 versus
wind speed and magnitude of the effect is very similar to
that were obtained by Andreas [2004] from rather different
model approach based on the impact of the sea drops on
momentum balance in the MABL.
[63] If s0 is defined by (77) effect of drops is enhanced
significantly. As it follows from this figure, when wind
speed increases above a threshold value (60 m/s for G, and
40 m/s for u10), the surface drag coefficient is rapidly
reduced (crisis of the surface friction). The origin of this
phenomenon is quite clear, and can be treated as a feed-back
mechanism. Since spume drops generation is determined by
wind speed (77) at altitude of the significant wave amplitude, suppression of surface drag results in acceleration of
the airflow (similar to that shown in Figure 8), that in turn
enhances drops production, that again stimulates stronger
suppression of the drag and further acceleration of the wind.
Thus model calculations adopting empirical data on drops
concentration predict the effect comparable with the full
model predictions.

[65] In the present paper we explored one of the possible
mechanism responsible for the reduction of the sea surface
drag at high winds. The mechanism is based on the direct
effect of sea drops (as heavy particles) on the buoyancy
force that affects the turbulent mixing. In that sense,
considered mechanism is similar to that takes place in the
dust storms [e.g., Barenblat, 1953; Barenblat and Golitsyn,
1974].
[66] Two cases were investigated. In the first case was
assumed that the sea drops (both bubble and spume) are
ejected upward from the sea surface with the rate which
corresponds to the spray generation function (SGF) proposed by Andreas [1998]. It was found that in this case the
model cannot predict any significant effect unless the SGF
is enhanced in 103-times. Such enhancement exceeds very
likely a range of uncertainty in the empirical SGF.
[67] Assumption that sea drops are ejected upward at the
sea surface is only plausible for the bubble droplets. The
spume droplets result from a mechanical tearing of breaking
crests, and they are ejected into the airflow at altitudes of the
breaking crests. To describe this phenomenon we have
introduced and modeled a volume source of spume drops.
According to the model, production of spume drops is
defined by the total length of wave breaking crests, and
the vertical profile of the volume source depends on the
spectral distribution of breaking crests. The latter means
the longer is the breaking wave, the higher is the altitude of
the spume drops ejection. On the other hand, production of
spume drops by the wind tearing from an individual
breaking crest is cubic in the wind speed (that results from
a thermodynamic arguments). Since the total length of
breaking fronts is also proportional to the cube of the wind
speed, the total volume source of spume drops is strongly
wind dependent, with the wind exponent about 6.
[68] Spume drops are relatively heavy, therefore the
turbulent mixing is not too efficient in their vertical distribution. The profile of spume drops concentration is defined
through the balance of their tearing off from breaking crests
and falling down due to the gravitation.
[69] Unlike the first case, the spume drops, being torn off
from breaking crests and sprayed inside the airflow, significantly affect the turbulent mixing at strong wind speeds.
The role of bubble droplets is negligible. Suppression of the
turbulent mixing in the lower part of the boundary layer
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leads to acceleration of the airflow and reduction of the
surface drag. The effect becomes remarkable at the wind
speed u10 > 20 m/s. At u10 ’ 30 m/s the drag coefficient
levels off, and then rapidly decreases at stronger wind
speeds. At highest model wind speeds the model actually
predicts the effect of the ‘‘slippery surface’’ with the drag
coefficient 104. In overall, the model results are consistent with unique observations by Powell et al. [2003].
[70] Model calculations based on empirically imposed
spume drops profile and rate of their generation, give the
similar results that justifies essentially important impact of
sea drops on the MABL and momentum exchange at the sea
surface at high wind conditions. Further improvement of the
model is needed. First of all, the direct effect of spume
drops on the momentum balance has to be taken into
account, that would allow to extend the approach to the
conditions of hurricane winds of the highest force. On the
other hand, the evolution of the sea drops in size due to
evaporation, as well as corresponding impact on the heat
balance (by means of the latent heat flux from the spray
surface) can obviously affect dynamics of the atmospheric
boundary layer, and thus should be further included in the
model.

Appendix A:

Planetary Boundary Layer (PBL)

[71] Brown [1982] proposed a simple model for the PBL,
which consist of two layers,- the surface boundary layer
(SBL) at z < h, and the Ekman boundary layer (EBL) at z >
h. Inside the EBL model eddy viscosity kh is constant and
equal to the eddy viscosity in the SBL k(z) at its upper
bound, i.e., kh = k(h). For the neutrally stratified EBL kh is:
kh ¼ ku h
*

ðA1Þ

The eddy-viscosity kh defines the scale of the PBL:
H¼

2kh
f

1=2

u
¼ 2ke *
f

ðA2Þ

where e  0.15 is a tuning constant relating the SBL height
h to the PBL scale H:
h ¼ eH

ðA3Þ

In the SBL wind profile is logarithmic, and in our case is
described by (64). At z > h wind profile result from the
solution of the Ekman equation which is:
uð zÞ  G ¼ 



ð1  iÞ u*
zh
exp ð1 þ iÞ
k
2e
H

ðA4Þ

where bold symbols denote complex variables (argument
corresponds to the direction). Solution (A4) obeys continuity of the momentum flux at z = h.
[72] Wind profiles in the SBL (64) and EBL (A4) must be
continuous at z = h. This condition defines the resistance
law for the PBL which relates wind stress (friction velocity)
to the geostrophic wind velocity:

u
¼ k ln 2e2 k *
G
fZ0

u*

þ


ð1  iÞ 1
2e

ðA5Þ
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