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ABSTRACT

The effects of sea-surface waves and ocean spray on the marine atmospheric boundary layer (MABL) at different wind
speeds and wave ages were investigated. An MABL model was developed that introduces a wave-induced component and
spray force to the total surface stress. The theoretical model solution was determined assuming the eddy viscosity coefficient
varied linearly with height above the sea surface. The wave-induced component was evaluated using a directional wave
spectrum and growth rate. Spray force was described using interactions between ocean-spray droplets and wind-velocity
shear. Wind profiles and sea-surface drag coefficients were calculated for low to high wind speeds for wind-generated sea
at different wave ages to examine surface-wave and ocean-spray effects on MABL momentum distribution. The theoretical
solutions were compared with model solutions neglecting wave-induced stress and/or spray stress. Surface waves strongly
affected near-surface wind profiles and sea-surface drag coefficients at low to moderate wind speeds. Drag coefficients and
near-surface wind speeds were lower for young than for old waves. At high wind speeds, ocean-spray droplets produced by
wind-tearing breaking-wave crests affected the MABL strongly in comparison with surface waves, implying that wave age
affects the MABL only negligibly. Low drag coefficients at high wind caused by ocean-spray production increased turbulent
stress in the sea-spray generation layer, accelerating near-sea-surface wind. Comparing the analytical drag coefficient values
with laboratory measurements and field observations indicated that surface waves and ocean spray significantly affect the
MABL at different wind speeds and wave ages.
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1. Introduction
The air–sea boundary layer is an interface for the ex-

change for matter, momentum and energy between the ocean
and atmosphere (Wang et al., 2013). Understanding air–sea
interactions and oceanic and atmospheric dynamics requires
an accurate understanding of the physical processes that oc-
cur in the air–sea boundary layer (He and Chen, 2011; Li et
al., 2013).

Rapid advances in simulation techniques using comput-
ers have allowed complex physical processes in the marine
atmospheric boundary layer (MABL) to be simulated, but
coupled air–sea mechanisms are still not completely under-
stood. Most coupled air–sea mechanisms currently neglect
the physical processes induced by waves, such as wind–wave,
wave–wave and wave–current interactions. Neglecting the ef-
fects of ocean waves causes large errors in simulation re-
sults because near-surface ocean waves have a very strong
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influence on small-scale air–sea exchanges (Gao et al., 2009;
Zhao and Xie, 2010). It is therefore important to determine
how surface-wave effects on the MABL should be parameter-
ized and to develop an appropriate parameterization to use in
numerical models (Rutgersson et al., 2001; Liu et al., 2012).

Under normal conditions, air–sea interface stress has two
main components; namely, turbulent shear stress and wave-
induced stress. For weak winds, fast-moving waves (for
which the phase velocity is higher than the wind speed) in-
duce upward momentum fluxes. The momentum is trans-
formed upward when wave-induced stress is dominant. This
upward momentum directly influences and modifies the dy-
namic and turbulent structures in the atmospheric boundary
layer above the sea surface, causing jet flow to occur near the
sea surface (Harris, 1966), and causing the stress vector and
wind direction to be distinct (Grachev et al., 2003). Many
simple MABL models have been developed to investigate the
effect of swell on the MABL (Hanley and Belcher, 2008;
Makin, 2008; Semedo et al., 2009). Building on the find-
ings of Hanley and Belcher (2008) and Makin (2008), Song
et al. (2015) proposed a modified Ekman model to study the
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effects of surface waves on steady near-surface wind profiles
over the ocean. They assumed that the eddy viscosity coeffi-
cient varied linearly with height, and the Coriolis force was
considered. To identify the impact of surface waves on wind
profiles over the ocean, Song et al. (2015) used two examples
and compared the analytical solution with observations made
at a tower on the island of Ostergarnsholm in the Baltic Sea.
The results showed that surface waves can affect near-surface
wind profiles at low to moderate wind speed.

However, discussion on the effects of various wave ages
on air–sea momentum fluxes has not been presented clearly
in previous studies (Andreas, 2004; Kudryavtsev and Makin,
2011). Some field and laboratory observational data (Pow-
ell et al., 2003; Jarosz et al., 2007) have been processed to
show that the drag coefficient cannot increase with increas-
ing wind speed at high wind speeds but reaches a maximum
and then decreases as the wind speed increases. To explain
this phenomenon, Andreas (2004) proposed an empirical for-
mula describing the contribution of ocean spray to the total
sea surface stress and pointed out that spray droplets lead to a
reduction in drag coefficient at high wind speed. Since then,
many researchers have realized the importance of ocean spray
and many sea-spray-generation formulas have been proposed
(Andreas, 1998; Kudryavtsev, 2006; Zhao and Xie, 2010).
Considering the relationship between spray and sea-surface
roughness length, Liu et al. (2012) described the process of
air–sea interaction at high wind speeds by parameterizing the
sea-surface roughness length with ocean spray. Zhang et al.
(2016) proposed a formula for describing the effects of ocean
spray on the MABL as stress force based on the empirical
formula developed by Andreas (2004). Nevertheless, the de-
tailed physical process of spray production is hard to identify
through an empirical spray-generation formula.

In this paper, we investigate the effects of ocean surface
waves and spray droplets on air–sea fluxes. Firstly, we in-
troduce wave-induced stress to the model of the MABL in
the presence of sea-spray droplets (Kudryavtsev and Makin,
2011). Then, the analytical solution is obtained by assuming
the viscosity coefficient varies linearly with height. Secondly,
we calculate near-surface wind profiles and drag coefficients
theoretically for different wave ages using the Joint North Sea
Wave Project (JONSWAP) spectrum. The theoretical solu-
tions obtained are compared with the model solutions with
wave-induced stress or spray stress neglected. Thirdly, we
compare the theoretical solutions with laboratory measure-
ments presented by Donelan et al. (2004) and Troitskaya et
al. (2012), and with field observations presented by Powell et
al. (2003), to allow the accuracy of the model to be verified.
Finally, we draw our conclusions and discuss how the model
can be developed further in future work.

2. MABL model

2.1. Momentum conservation equation
In winds approaching hurricane strength, ocean-spray

droplets proliferate. According to Kudryavtsev and Makin

(2011), sea-spray droplets are torn from the breaking waves
and injected into the airflow at the height of the breaking-
wave crests. Thus, the interactions between ocean-spray
droplets and wind-velocity shear are notable. The droplets
being torn from breaking-wave crests inject momentum into
the air flow. Therefore, the volume source of the momentum,
defined as the rate of injection of the momentum of droplets
per unit volume, should be introduced in the momentum con-
servation, which becomes (Kudryavtsev and Makin, 2011)

∂

∂z
(ρu′w′) = ρwFs(z)

∂U
∂z

, (1)

where z is the vertical coordinate, which is the height above
the sea-surface roughness length z0; ρu′w′ is the vertical tur-
bulent fluxes of momentum; U is the mean wind velocity; ρ=

ρa(1+σs) is the air-droplet mixture density; σ = (ρw−ρa)/ρa
is the relative excess of the water density over that of air; ρa
and ρw are the air and water densities; s� 1 is the volume
concentration of droplets; and Fs(z) is the droplet flux defined
via Vs as

Fs(z) =

∫ +∞

z
Vs(z′)dz′ , (2)

where Vs is the total volume of droplets injected per unit time
in unit volume of air and z′ is the derivative of variable z.
As argued by Kudryavtsev (2006), being torn from breaking-
wave crests by wind and accelerated to the wind velocity in-
stantaneously, spume droplets are injected into the airflow
along the mean wind direction. Thus, the effect of spume
droplets on the airflow mainly concentrates along the mean
wind direction.

It is worth noting that winds blowing over the oceans ex-
cite the sea-surface waves. These wind waves are responsible
for the formulation and regulation of the momentum transfer
between the atmosphere and ocean (Gao et al., 2009; Song et
al., 2015; Zhang et al., 2016). Herewith, we propose that sur-
face waves extract part of the momentum flux from the total
turbulent momentum flux. Based on the assumption that the
mean wind and surface wave fields are aligned, we introduce
the effect of surface waves into Eq. (1). The momentum con-
servation equation in consideration of the surface waves and
ocean spray can be written as

∂

∂z
[ρu′w′−τw(z)] = ρwFs(z)

∂U
∂z

, (3)

where τw(z) is the wave-induced stress along the wind direc-
tion due to the organized waves motions in the atmosphere
induced by the waves. If the wave-induced stress is positive
[τw(z) > 0], momentum is supplied from the atmosphere to
the sea surface; whereas, if the wave-induced stress is neg-
ative [τw(z) < 0], the momentum is transferred from the sea
surface to the atmosphere (Grachev et al., 2003; Hanley and
Belcher, 2008; Semedo et al., 2009).

2.2. Closure
Equation (3) indicates that the total momentum flux of

turbulence and that induced by waves varies with height.
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Therefore, we reasonably suppose that the effects of droplets
and surface waves on airflow dynamics can be neglected well
above the sea surface, so that ρ = ρa and ρu′w′ − τw(z) =

−ρau2∗, where u∗ is the friction velocity outside the layer af-
fected by the sea-spray droplets and surface waves. Thus, Eq.
(3) can be rewritten as

ρau2
∗ = τt(z)+τw(z)+

(
ρwFs(z)U(z)−ρw

∫ +∞

z
Vs(z′)U(z′)dz′

)
,

(4)
where τt(z) = −ρu′w′ is the local turbulent stress and the third
term in parentheses on the right-hand side of Eq. (4) is re-
ferred to as “spray stress”, τsp(z):

τsp(z) = ρwFs(z)U(z)−ρw

∫ +∞

z
Vs(z′)U(z′)dz′ , (5)

in which the first term describes the redistribution of the mo-
mentum between the air and spray droplets and the second
term depicts the injection of the droplets’ momentum.

The wave-induced stress τw(z) can be estimated by inte-
grating the contributions from waves of all scales (Semedo et
al., 2009; Song et al., 2015) using the equation

τw(z) = ρw

"
ωcos(θ)βE(k, θ)e−2k(z+z0)dkdθ , (6)

where ω is the angular frequency in rad s−1, k is the mod-
ulus of the horizontal wavenumber vector kkk = (kx,ky) =

(k cosθ,k sinθ) given by the dispersion relation ω2 = gk for
deep water, E(k, θ) is the directional wavenumber spectrum
of the surface waves, θ is the direction of the wave vector,
and β is the dimensionless rate of growth or decay of a com-
ponent of the wave spectrum at wavenumber k.

According to the classical closure for turbulent flow with
suspended particles (Kudryavtsev, 2006; Mueller and Veron,
2009), turbulent stress can be parameterized as

τt(z) = ρKM(z)
∂U(z)
∂z

, (7)

where KM(z) is the vertical eddy viscosity coefficient.
Substituting Eqs. (5)–(7) into Eq. (3), normalized to the

density of the mixture in the air, gives the equation

KM
d2U
dz2 +

(
dKM

dz
+
ρw

ρ
Fs

)
dU
dz

+ Tw = 0 , (8)

where

Tw(z) = −2
ρw

ρ

"
ωk cos(θ)βE(k, θ)e−2k(z+z0)dkdθ . (9)

The boundary conditions are

U = 0 , z = 0 , (10)

and
U = Uh , z = h , (11)

where Uh is the wind speed at the reference level z = h.

3. Solution for eddy viscosity increasing lin-
early with height

The solutions to Eqs. (8), (10) and (11) can be deter-
mined theoretically if the eddy viscosity, wave-induced stress
and spray stress are known. Kudryavtsev (2006) argued that
ocean-spray droplets influence the stratification of the lower
MABL additively. Therefore, he applied Monin–Obukhov
similarity theory to the boundary layer stratified due to the
presence of sea spray. Thus, the turbulent eddy viscosity
reads

KM(z) =
κ2(z + z0)2

(1 + 5z/LS)2
dU(z)

dz
, (12)

where κ = 0.4 is von Karman’s constant, LS is the Obukhov
length for the turbulent flow stratified due to the presence
of droplets, and z0 is the sea-surface roughness length de-
termined by

z0 = 0.014
u2∗
g
, (13)

which is Charnock’s relation (Charnock, 1955).
However, applying Eq. (12) to the theoretical model of

the MABL, Kudryavtsev and Makin (2011) pointed out that
ocean spray affected the air–sea momentum flux in two ways:
by changing the stratification of the lower MABL, and by the
effect of spray on the mixture momentum via the spray stress.
The latter played such a dominant role that the efficiency of
the stratification mechanism could be negligible. Also, An-
dreas (2004) verified that stratification effects on wind pro-
files could be negligible, since the residence time of spray
droplets in the airflow is too short. In addition, sea-surface
waves have no effect on atmospheric stratification (Semedo
et al., 2009; Song et al., 2015). Thus, without consideration
of the effect of spray on stratification, we can define the eddy
viscosity increasing linearly with height for neutral stratifica-
tion as (Xiao and Taylor, 2002; Andreas, 2004)

KM(z) = κ[v∗(z)](z + z0) , (14)

where v∗(z) = (|τt(z)|/ρ)1/2 = (|ρau2∗ − τw(z)− τsp(z)|/ρ)1/2 is
the local surface friction velocity from the turbulent stress.
Equation (14) denotes that spume droplets and surface waves
influence the eddy viscosity. Since a thin part of the surface
layer adjacent to the surface turns into a regime of limited sat-
uration with spume droplets under high wind speed, the eddy
viscosity is significantly affected by the “rain of spray” at the
lower bound of the MABL (Kudryavtsev and Makin, 2011;
Liu et al., 2012). Furthermore, the surface-wave motions ev-
idently disturb the airflow in the lower part of the MABL
(Semedo et al., 2009; Song et al., 2015). That is, eddy vis-
cosity can be rationally related to the local friction velocity
right at the sea surface, v∗ ≡ v∗(0) (Lewis and Belcher, 2004;
Song, 2009), as

KM(z) = κv∗(z + z0) . (15)

Inserting the KM shown in Eq. (15) into Eq. (8) gives

κv∗(z + z0)
d2U(z)

dz2 +

[
κv∗+

ρw

ρ
Fs(z)

]
dU(z)

dz
= −Tw(z) . (16)
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The general solution to Eq. (16) is

U(z) = ĉ1 + ĉ2Φ(z) + c1(z) + c2(z)Φ(z) , (17)

where ĉ1 and ĉ2 are constants,

Φ(z) =

∫ z

0

z0

z′+ z0
exp[−A(z′)]dz′ , (18)

c1(z) =

∫ z

0

Φ(z′)Tw(z′)
B(z′)

dz′ , (19)

c2(z) = −
∫ z

0

Tw(z′)
B(z′)

dz′ , (20)

B(z) = κv∗z0 exp[−A(z)] , (21)

and

A(z) =

∫ z

0

ρwFs(z′)
κρav∗(z′+ z0)

dz′ . (22)

It can be concluded from the surface boundary layer con-
dition shown in Eq. (10) that ĉ1 = 0, and the condition shown
in Eq. (11) gives

ĉ2 = [Uh− c1(h)− c2(h)Φ(h)][Φ(h)]−1 . (23)

The solution of Eqs. (8)–(11) is therefore

U(z) = c1(z) + [ĉ2 + c2(z)]Φ(z) . (24)

Several interesting special cases can easily be derived
from Eq. (24), as follows:

(1) Neglecting the influence of wave-induced stress
means that Tw = 0 and spray stress and turbulent stress are
retained, so the mean wind solution [Eq. (24)] is reduced to

Usp(z) = ĉ2Φ(z) =
Uh

Φ(h)
Φ(z) . (25)

(2) Neglecting the influence of spray stress means that
Fs = 0 and the effects of wave-induced stress are retained, so
the mean wind solution [Eq. (24)] is reduced to

Uw(z) =
1
κv∗

{∫ z

0
Tw(z′) ln

(
1 +

z′

z0

)
dz′

− ln
(
1 +

z
z0

)∫ z

0
Tw(z′)dz′

}

+
ln

(
1 + z

z0

)

ln
(
1 + h

z0

)
{

Uh− 1
κv∗

[∫ h

0
Tw(z′) ln

(
1 +

z′

z0

)
dz′

− ln
(
1 +

h
z0

)∫ h

0
Tw(z′)dz′

]}
. (26)

(3) Neglecting both wave-induced stress and spray stress
means that Tw = Fs = 0, so the wind speed is reduced to a
logarithmic velocity profile,

U0(z) = Uh
ln

(
1 + z

z0

)

ln
(
1 + h

z0

) . (27)

For neutral-stability wind speed considered here, the sur-
face drag coefficient Cd,h (the subscript d is the abbreviation

of drag) at z = h (uinits: m) can be estimated using the equa-
tion (Makin et al., 1995; Kudryavtsev and Makin, 2011)

Cd,h =

(
u∗
Uh

)2

. (28)

Using Eqs. (7), (15) and (24) gives

τt(z) = ρKM
dU(z)

dz
= ρκv∗z0[ĉ2 + c2(z)]exp[−A(z)] . (29)

Using the definition of v∗ = |τt(0)/ρ|1/2, we therefore get
v2∗ ≡ |τt(0)/ρ| = κv∗z0|ĉ2| and

v∗ = κz0|ĉ2| . (30)

4. Illustrative examples and validation
Several examples are presented in this section to illus-

trate the effects of surface waves and ocean spray on wind
profiles and the drag coefficient in the MABL. As shown by
Kudryavtsev and Makin (2011), the volume flux of droplet
Fs(z) can be described using the equations

Fs(z) =
2
3

(
u∗
cb

)3

ζ−3/2
1

∫

r<r0

F̂0,sdr (31)

and
F̂0,s = 3csv∗r−3

0 r2 , (32)

where cb =
√

g/kb is the phase velocity of the shortest break-
ing waves producing spume droplets, kb is the corresponding
wavenumber, ζ1 = max(ζ,1), ζ = kb(z + z0), cs is a constant,
and r is the droplet radius, with its maximum r0 defined by

r0 = cr(γν/kb)1/3u−1
∗ , (33)

where γ is the surface tension, ν is the molecular viscosity
coefficient for air, and cr is a constant. Here, we use the val-
ues kb = 5 rad m−1, cr = 4.5, cs = 1.4× 10−5, z = 10–100 m,
ν = 1.46×10−5 m2 s−1, and γ = 7.18×10−2 kg s−2.

The behavior of the surface drag coefficient Cd,h and
mean wind profiles shown in Eqs. (24)–(27) are investigated
using ρa = 1.2 kg m−3 and ρw = 1025 kg m−3 and the JON-
SWAP theoretical directional spectrum (Lucas and Soares,
2015):

E(ω,θ)=α
(
ω

ωp

)−5

exp

−1.25
(
ω

ωp

)−4γ
exp

[
− 1

2

(
ω−ωp
σωp

)2
]
2
π

(cosθ)2,

(34)
where σ = 0.07 (0.09) for ω 6ωp(ω>ωp), ω =

√
gk, γ = 3.3,

and ωp = g/(u∗Ω∗) in relation to wave age Ω∗ (Ω∗ = cp/u∗),
which is the peak circular frequency of the wave energy spec-
trum.

The constant α used here depends on the significant wave
height Hs through the equation

α =
5πH2

s

8ωp

(
1.15 + 0.1388γ− 0.925

(1.909 +γ)

)−1

, (35)

in which, because we investigated sea spectra for different
wave ages, the significant wave height uses the 3/2 power
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law Hs = [0.063
√

u∗(0.912πcp)3/2]/g, applicable to all wind
seas (Liu et al., 2012; Zhang et al., 2016), and cp = g/ωp.

As described by Polnikov (2011), the growth rate β is

β = cβω
ρa

ρw

(u∗
c

)2
, (36)

where cβ is a dimensionless function (usually parameterized
from various experimental measurements) represented in the
form (Polnikov, 2011)

cβ=32



1 +
0.136

u∗
c

+
0.00137
(

u∗
c

)2

cosθ−0.00775
(u∗

c

)2
 . (37)

Hara and Belcher (2004) pointed out that the contribution
to the wave-induced stress from waves propagating against
the wind is negligible because energy in these components is
so small. Herewith, Eqs. (6) and (9) can be reduced, respec-
tively, to

τw(z) = 2
(
ρw

ρ

) √
g
∫ ∞

0

∫ π/2

−π/2
k1/2βcos(θ)E(k, θ)e−2k(z+z0)dθdk

(38)
and

Tw(z)=−4
(
ρw

ρ

)√
g
∫ ∞

0

∫ π/2

−π/2
k3/2βcos(θ)E(k, θ)e−2k(z+z0)dθdk .

(39)
For a given Uh, U10 and u∗ can respectively be calculated

using the equations

U10 = Φ(10)[Uh− c1(h)− c2(h)Φ(h)][Φ(h)]−1

+c1(10) + c2(10)Φ(10) (40)

and

u∗ =

{
τw(0)
ρa

+
ρ

ρa
κv∗z0[ĉ2 + c2(0)]exp[−A(0)]

−ρw

ρa

∫ ∞

0
Vs(z)U(z)dz

}1/2

, (41)

and v∗ can be estimated based on the Newton–Raphson iter-
ative technique. Then, the wind profiles Uw(z), Usp(z), U(z)
and U0(z), in the lowest 100 m of the MABL, can be cal-
culated after the corresponding friction velocity u∗ and local
friction velocity v∗ become known.

4.1. Mean wind profiles
In this section, the solutions of Eqs. (24)–(27) are calcu-

lated for different 100-m wind speeds Uh and four different
wave ages (Ω∗ = 20, 25, 30, and 40) representing different
developmental states of sea-surface waves. The behaviors of
the wind profiles Uw(z)/Uh, Usp(z)/Uh and U(z)/Uh, in the
lowest 100 m of the MABL, are shown in Figs. 1–3, respec-
tively, for wind speeds Uh of 15, 25 and 40 m s−1.

Firstly, the effects of surface waves (only) on the near-
surface wind speed are investigated. The vertical profiles of
Uw(z)/Uh for four different wave ages with different fixed

Uh values are shown in Figs. 1a–c. Four different wave ages
(Ω∗ = 20, 25, 30 and 40) that characterize the development
of sea waves were used to allow the effects of surface waves
on the wind speed at different wave ages to be investigated.
A higher wave age corresponds to more mature waves, and
in particular, Ω∗ > 35 represents fully developed wind waves
(Liu et al., 2012). It can be seen from Figs. 1a and b that sur-
face waves decrease the wind speed relative to U0/Uh in the
lowest 100 m of the whole MABL, only taking surface waves
into account at low-to-moderate wind speeds. It can be seen
from Fig. 1c that surface waves decrease wind distinctly less
at a Uh higher than 30 m s−1. This can be attributed to wave
breaking at wind speeds reaching hurricane strength.

Ignoring the effects of surface waves on the wind profiles,
the Usp(z)/Uh profiles from low to high wind speeds can be
calculated. The profiles are shown in Fig. 2. It is worth not-
ing that the spray stress expression shown in Eq. (5) is not
related to the wave age, so the Usp/Uh profiles can be plotted
irrespective of the wave age. It can be seen from Fig. 2 that
the spray force only accelerates the wind in the lowest 100 m
of the MABL at strong Uh relative to U0/Uh. This is consis-
tent with the conclusion drawn by Kudryavtsev and Makin
(2011) that the large amounts of spray droplets torn from
breaking waves at high wind speeds cause the wind veloc-
ity to increase. However, the effect of spray can be neglected
at low and moderate wind speeds, as shown by the overlap-
ping lines in Fig. 2. This is because, at such wind speeds,
not enough spray droplets are produced to affect the wind
speed. The higher the 100-m wind speed, the more ocean
spray droplets are produced and the more the wind is accel-
erated relative to U0/Uh.

The U(z)/Uh and U0(z)/Uh profiles for different Uh and
Ω∗, taking both wave-induced stress and spray stress into
consideration, are shown in Fig. 3. The physical processes
of the air–sea interactions can be seen more clearly by in-
specting the u∗, v∗, τw(0)/ρa and τsp(0)/ρa values for differ-
ent wave ages (Ω∗ = 20, 25, 30 and 40), shown in Table 1.

Table 1. Values of u∗, v∗, τw(0)/ρa and τsp(0)/ρa for wave ages
Ω∗ = cp/u∗ of 20, 25, 30, and 40 for Uh = (a) 15, (b) 25, and (c)
40 m s−1.

τw(0)/ρa τsp(0)/ρa
Ω∗ u∗ (m s−1) v∗ (m s−1) (Pa m3 kg−1) (Pa m3 kg−1)

(a) Uh = 15 m s−1

20 0.3294 0.3117 0.0144 0
25 0.4217 0.4024 0.0218 −0.0026
30 0.4488 0.4301 0.0235 −0.0042
40 0.4690 0.4512 0.0242 −0.0045

(b) Uh = 25 m s−1

20 0.8252 0.8125 0.0906 −0.0658
25 0.8482 0.8420 0.0884 −0.0756
30 0.8585 0.8559 0.0859 −0.0806
40 0.8681 0.8693 0.0831 −0.0855

(c) Uh = 40 m s−1

20 1.6492 2.1465 0.4532 −2.3410
25 1.6552 2.1664 0.4086 −2.3623
30 1.6592 2.1843 0.3743 −2.3927
40 1.6612 2.2047 0.3512 −2.4523
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Wind speed (m s-1)

Fig. 1. Uw(z)/Uh wind profiles for different wave ages Ω∗ and wind speeds Uh = (a) 15, (b) 25, and (c) 40 m s−1. The solid
blue, red, green and pink lines are for wind profiles with wave ages (Ω∗ = cp/u∗) of 20, 25, 30 and 40, respectively. The dashed
black lines show the reference wind speed U0(z)/Uh calculated with no waves and no spray effect from Eq. (27).

As shown in Tables 1a and b, the wave-induced stress val-
ues are higher than the spray stress values at low-to-moderate
wind speeds, indicating that surface waves affect the MABL
more than ocean spray at such wind speeds. The wind pro-
files shown in Figs. 3a and b are similar to the wind profiles
shown in Figs. 1a and b. Nevertheless, there is a significant
difference between Figs. 1c and 3c. It can be seen from Ta-
bles 1a and b that the u∗ values vary less and less as the wave
age decreases for a fixed wind speed. This could theoreti-
cally be regarded as the reason why the wind speed decreases
more for young wave fields than for old wave fields at a given
100-m wind speed, as shown in Figs. 3a and b.

Comparing Figs. 3a and b shows that surface waves de-
crease the wind speed at low wind speeds more obviously. At

wind speeds Uh exceeding hurricane strength (40 m s−1), the
wind speed is stronger compared with U0/Uh in the lowest
100 m of the MABL, as shown in Fig. 3c. This is the same
as found in Fig. 2. The overlapping colored lines in Figs. 1c
and 3c show that the effects of surface waves on near-surface
wind speeds can be neglected. As stated by Kudryavtsev and
Makin (2011), spray droplets generated by the wind acting
on breaking-wave crests fall back to the sea surface. This
accelerates the airflow in the spray-generation layer through
interactions between the spray droplets and the wind-velocity
shear. In turn, this increases the wind speed above the spray-
generation layer because of the continuity of the wind ve-
locity. The higher the wind speed, the more spray droplets
will be produced and the more clearly the near-surface wind
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Wind speed (m s-1)

Fig. 2. Usp(z)/Uh wind profiles for Uh = 15 (blue), 25 (red),
and 40 (green) m s−1. The solid lines show the results when
the effects of spray are considered and the dashed lines show
U0(z)/Uh excluding wave and spray effects.

profiles will be affected by ocean spray. Correspondingly, lo-
cal turbulent stress (v∗) near the sea surface will increase and
exceed total stress (u∗), as shown in Table 1c. The increase
in local turbulent stress is a consequence of the action of the
force required to tear the droplets from breaking crests and
accelerate them to the wind velocity.

It can be concluded that both surface waves and ocean
spray affect air–sea momentum fluxes, which in turn influ-
ence near-sea surface wind profiles. Various wave fields also
play a significant role in the air–sea momentum exchanges.

4.2. Sea-surface drag coefficient
As mentioned above, the theoretical model shows that

the friction velocity u∗ is smaller for young than for ma-
ture wave fields at low-to-moderate wind speeds, causing the
wind speed to be lower for young wave fields than for old
wave fields in the lowest 100 m of the MABL. The theoreti-
cal model also indicates that the friction velocity will increase
slowly at extremely high wind speeds because of ocean spray,
causing near-surface wind to accelerate. Here, in order to
compare the theoretical values with the observations, we cal-
culate the drag coefficient Cd10 using Eq. (28) for six different
wave ages (Ω = 0.2, 0.3, 0.4, 0.6, 0.8 and 1.2) and compare
the results with previous laboratory and field observations.
The wave age is herein defined as Ω = cp/U10, similar to the
way we define the developmental sea-surface wave field ob-
servations Ω∗ = cp/u∗. The relationships between the drag
coefficient and 10-m wind speeds for different wave ages are
shown in Fig. 4. The solid lines are the results of using Eq.
(28), taking into account the ocean spray and the effects of
surface waves at different wave ages, and the dotted lines are
the results taking only the effects of ocean spray into account

(τw = 0, τsp , 0).
As shown in Fig. 4, the drag coefficients Cd10 at low-to-

moderate wind speeds increase as the wind speed increases,
and the Cd10 values are lower for young than for old wave
fields. The differences between the dotted and solid lines
calculated by taking surface waves into account indicate that
surface waves decrease the drag coefficient markedly, so sur-
face waves cannot be ignored as they have been in previous
studies (Andreas, 2004; Kudryavtsev and Makin, 2011).

It can be seen from the almost overlapping solid and dot-
ted lines in Fig. 4, however, that at high wind speeds the drag
coefficient starts to decrease at U10 = 40 m s−1. This corre-
sponds to the friction velocity increasing more slowly as the
wind speed increases [illustrated in Eq. (28)], which is con-
sistent with observations and the theoretical results of several
previous studies (Powell et al., 2003; Andreas, 2004; Jarosz
et al., 2007). This indicates that the effects of surface waves
on the drag coefficient are negligible at high wind speeds
compared with the effects of ocean spray caused by the wind
tearing droplets from breaking waves and suppressing the to-
tal momentum in the MABL. As pointed out in Kudryavtsev
and Makin (2011), at very high wind speeds, a thin part of
the surface layer adjacent to the surface turns into a regime
of saturation with spume droplets, resulting in a reduction in
the drag coefficient as U−2

10 . It is worth noting from Fig. 4a
that, the lower the wave age, the higher the wind speed at
which the drag coefficient begins to decrease. Spray stress
is therefore indispensable in the MABL model, especially at
high wind speeds.

Laboratory measurements made by Donelan et al. (2004)
and Troitskaya et al. (2012) are shown in Fig. 4a to verify the
accuracy of the model. Donelan et al. (2004) used a wind–
wave tank to examine the wind stress at different wind speeds.
The data presented by Troitskaya et al. (2012) were measured
using a wind–wave tank with a wind fetch of 7 m. Liu et al.
(2012) stated that wind fetch limitations in laboratory exper-
iments mean that the waves, as measured, are younger than
waves measured in field experiments. Field data from the
Southern Ocean Waves Experiment for low and extreme wind
speeds presented by Powell et al. (2003) are shown in Fig. 4b
to validate the theoretical solutions for old waves. Powell et
al. (2003) analyzed 311 wind profiles measured using a GPS
dropsonde in the vicinity of hurricane eyewalls between 1977
and 1999, and the drag coefficients were estimated from the
wind profiles obtained from measurements made in several
layers above the sea surface. The data shown in Fig. 4b are
the 10–100 m and 10–150 m layers estimates. As shown in
Fig. 4a, the experimental observations and theoretical values
matched very well for lower wave ages when U10 6 30 m s−1,
meaning the model presented here more accurately predicts
drag coefficients for young wave fields than was possible us-
ing the previous model (dotted line in Fig. 4a), which does
not take surface waves into consideration. However, as can
be seen from Fig. 4a, the drag coefficients measured in the
laboratory did not decrease as the 10-m wind speed increased
above 30 m s−1. This was not consistent with the theoretical
results. In other words, breaking waves in young wave fields
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Wind speed (m s-1)

Fig. 3. U(z)/Uh wind profiles for different wave ages for Uh = (a) 15, (b) 25 and (c) 40 m s−1. The solid blue, red, green and
pink lines show wind profiles for wave ages Ω∗ = 20, 25, 30 and 40, respectively. The dashed black lines show U0(z)/Uh when
wave and spray effects are neglected.

cannot generate enough ocean spray to decrease the drag co-
efficient. The theoretical solutions cover the range of existing
field observations well, as shown in Fig. 4b, and can be used
to make predictions at high wind speeds when it may be dif-
ficult for certain field observations to be made.

5. Conclusion and discussion

The effects of surface waves and ocean spray on the
MABL were studied by introducing wave-induced stress
into the model of the MABL in the presence of sea-spray
droplets described by Kudryavtsev and Makin (2011). A

steady analytical solution to the wave-spray-modified model
was obtained when the eddy viscosity coefficient was as-
sumed to vary linearly with height. The main advantage of
the model is that momentum exchange in the MABL can
be investigated at low to extremely high wind speeds and
different sea states, extending the research performed by
Hara and Belcher (2004), who studied momentum exchange
at low-to-moderate wind speeds, and by Kudryavtsev and
Makin (2011), who investigated momentum distribution in
the MABL under hurricane conditions.

Illustrative examples for 100-m wind speeds of 15, 25
and 40 m s−1, and surface wave fields with wave ages Ω∗ =

20, 25, 30 and 40, respectively, are presented. The growth
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Fig. 4. Relationships between the drag coefficient Cd10 and the 10-m wind speed U10. The solid lines show the results cal-
culated using Eq. (28), taking into account the effects of surface waves and ocean spray (τw , 0, τsp , 0) for various wave
ages Ω = 0.2 (blue), 0.3 (red), 0.4 (black), 0.6 (cyan), 0.8 (pink), and 1.2 (green). The dotted lines show the results calculated
taking only the effects of ocean spray (τw = 0, τsp , 0) into open green circles show data presented by Troitskaya et al. (2012).
(b) The open black circles and asterisks show data presented by Powell et al. (2003) for the 10–100 m and 10–150 m layers,
respectively. The vertical line around each data point shows the 90% confidence limit.

rate β was determined using an expression proposed by Pol-
nikov (2011), who investigated interactions between the air
and surface waves. The directional JONSWAP spectrum de-
scribed by Lucas and Soares (2015) and spray force defined
by Kudryavtsev and Makin (2011) were both used to calcu-
late the near-surface wind profiles over the ocean for different
wind speeds and wave ages. The results were compared with
the results obtained if wave-induced stress and/or spray stress
was neglected.

The theoretical drag coefficients calculated using the
model were compared with previous laboratory and field ob-
servations reported by Powell et al. (2003), Donelan et al.
(2004), and Troitskaya et al. (2012). Comparing the lab-
oratory observations with theoretical solutions showed that
young sea-surface waves have considerable effects on the
wind profile and turbulent structure in the MABL at low-
to-moderate wind speeds. The drag coefficient and friction
velocity were found to increase as the wind speed increased.
However, at high wind speeds the drag coefficient started to
level off and decrease as the wind speed increased, consistent
with field observations. The results showed that ocean spray
droplets produced by wind acting on breaking-wave crests af-
fect the wind profile and turbulent structure, suppressing the
sea-surface drag coefficient. In summary, including a wave-
induced component and spray component in the total stress
allows the range of existing observations to be covered and
the scatter in current observations to be predicted to some ex-
tent.

Although we have only presented results for the JON-
SWAP spectrum here, the model can also be applied to other
wave spectra. The model has, of course, some weaknesses,
including that the analytical drag coefficient values at high
wind speeds for young wave fields were not consistent with

laboratory data and the effects of mature sea waves on the
wind profile and drag coefficient appeared to be too weak.
We assumed that the Coriolis term can be neglected when
calculating total stress, and that the eddy turbulent coefficient
varies linearly with height. The parameterization of spray
stress was found not to be related to the wave age. All the as-
sumptions simplified the model construction and allowed the
model to give relatively rational results. However, some com-
mon phenomena over the oceans, such as rain, atmospheric
rolling, and large eddies, can markedly influence the MABL
under certain conditions, but these physical processes were
beyond the scope of this study.
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