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Abstract

We investigate the air-sea momentum flux in the marine atmospheric boundary layer using a tower-based direct
measurement method. First,  we compare the collected data with previous observations, and the results are
roughly consistent. Next, in the low-to-moderate winds, the exchange coefficients (or drag coefficients) deviate
between onshore and offshore winds,  which exhibits the influence of  surface wave on the momentum flux.
Furthermore, we use a surface-wave-involved parameterization scheme to explain the dependence of momentum
flux on surface wave. The results consolidate the influence of surface wave on momentum flux on the one hand,
and validate the surface-wave-involved parameterization scheme on the other hand.
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1  Introduction
Air-sea momentum flux (also termed wind stress) in the mar-

ine atmospheric boundary layer (henceforth MABL) represents
the friction between ocean and atmosphere and serves as core
content in air-sea interaction (Hanley et al., 2010; Sun et al., 2015;
He and Xu, 2016; He et al., 2018b). In the atmosphere, wind stress
exports mechanical energy and takes part in the turbulent ex-
change of heat and moisture. At the same time, from the oceanic
side, wind stress drives ocean movement. The physics and para-
meterization of wind stress have undoubted scientific signific-
ance and practical value (Peng et al., 2007).

Specifically, air-sea momentum flux is the key process to-
wards multiscale ocean dynamics. On the sea surface, air-sea
momentum flux determines the momentum and energy flux
from wind to waves, and therefore influences the surface wave
state (Young, 1999; Xu et al., 2017; He et al., 2018a). For the near-
surface current, the magnitude is mainly controlled by the air-sea
momentum fluxes. The misalignment of near-surface currents
and surface winds represents the Ekman spiral of the upper
ocean current, which provokes the water mass and leads to sub-
surface upwelling and downwelling (Price, 1981; Song and
Huang, 2011). For oceanic meso-scale activities, the meridional
distribution of wind supplies favorable conditions for fronts and
meso-scale eddies (Pedlosky, 1964). For global ocean circulation,
the basin-scale ocean circulations are driven by corresponding

air-sea momentum fluxes (Wang et al., 2016). The forcing charac-
teristics of momentum fluxes therefore determine the patterns
and variations of oceanic waves and circulation.

Once the sampling frequencies of sensors are relatively lower
and are excluded from the turbulence frequency band, which
was confronted in the historic period, the measurement of wind
stress depends on the theoretical assumption of MABL. Accord-
ing to Monin-Obukhov Similarity Theory (Monin and Yaglom,
1971; henceforth MOST), the constant flux in the boundary layer
leads to the logarithmic profile of mean wind. Therefore, the mo-
mentum fluxes were coarsely estimated from wind profiles
(Paulson et al., 1972).

Accompanying the advances of sensor sampling frequency,
high-frequency sensors turn into the frequency band of air turbu-
lence. If the sampling frequency of sensors falls into but does not
cover the frequency band, then additional assumptions are fur-
ther introduced to fully describe the turbulence fluctuations. The
associated measurement method is the Inertial Dissipation
Method (Sjöblom and Smedman, 2004). Meanwhile, if the
sampling frequency of wind sensors covers the frequency band,
then the direct measurement of air turbulence is attained and
leads to the direct measurement method (or eddy-correlation
method; Pedreros et al., 2003; Weill et al., 2003; Sjöblom and
Smedman, 2004; Chen et al., 2018). Direct measurement of mo-
mentum flux is the most physical-sounding method, although  
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the demands of the observational platform are relatively strict
(Huang et al., 2013; Wang et al., 2013). Indeed, the tower-based
platform is the best choice for direct measurement at the present
stage compared to other oceanic platforms such as buoys, ships
and floats.

Observations lead to parameterizations. For instance, under
the framework of MOST, boundary layer scales, including rough-
ness length and drag coefficient, can be directly used to paramet-
erize the air-sea momentum flux. Following this rudimentary
idea, a large number of studies have revealed that wind speed
controls drag coefficient. Therefore, in the custom treatment,
wind stress is parameterized by wind speed only. In the overall
evaluation, air-sea momentum flux under moderate winds is
concentrated and relatively well-parameterized. In contrast, un-
der low wind conditions, the data scatter substantially and leave
large uncertainty (Edson et al., 2007; Sullivan et al., 2008). On the
other hand, state-of-the-art turbulence-revolving observation is
hardly achieved in the high-wind regime, and the parameteriza-
tion is left as the crux in the extreme air-sea interaction (Powell et
al., 2003; Donelan et al., 2004, 2006; Makin, 2005; Bye and Jen-
kins, 2006; Kudryavtsev, 2006; Kudryavtsev and Makin, 2007; He
et al., 2018b).

It is generally believed that the drag coefficient is correlated to
near surface parameters, such as wind speed, atmospheric stabil-
ity and wave state. However, the wind speeds are not fully correl-
ated with wave properties (Babanin and Makin, 2008). Recently,
the progress of wind stress parameterization has depended on
accounting for surface waves (Song et al., 2015; Zhang et al., 2016;
Zhang and Song, 2018).

The behavior of the drag coefficient as being influenced by
fetch has been reported in many studies (Mahrt et al., 1996; Fred-
erickson and Davidson, 2003), and it can also be explained by
wave-age dependence. Wind waves are directly forced by local
winds, and swells are those propagated from nonlocal area. Stud-
ies have shown that most of the energy transmitted by the atmo-
sphere to the ocean is directly absorbed in wind waves. The wind
waves gradually grow and can then significantly change the air
flow near the sea surface (Grare et al., 2013; Tamura et al., 2014).
The swell supplies momentum flux into air under some condi-
tions (Hanley and Belcher, 2008).

Overall, the limitations of previous studies are at least two-
fold. First, in situ observations require more tower-based obser-
vations, and second, the influences of surface waves on low-wind
momentum flux require further investigation. Therefore, the
present study aims to report direct measurements from a tower
in the South China Sea and will investigate the influences of sur-
face waves on wind stress. In addition, Zou et al.’s (2018) model
is used to explain the relationship between drag coefficient and
wave age.

The structure of the present paper is organized as follows:
Section 2 presents the theory of air-sea momentum flux. Section
3 introduces the data processing methods. Section 4 shows the
observational results of the air-sea momentum flux. Then, in Sec-
tion 5, we analyze the relationship between air-sea momentum
flux and wave age using a parameterization scheme, and finally,
Sections 6 and 7 are devoted to the discussion and conclusions,
respectively.

2  Theoretical background
The basic theory behind MOST is that the flux near the sea

surface is constant. According to Prandtl’s turbulent closure
schemes, the wind profile under the neutral boundary layer fol-
lows:

U (z) =
u∗

κ
ln

(
z
z

)
, (1)

where u* is the frictional velocity, z0 is the roughness lengths.
Considering the buoyancy effect, Eq. (1) becomes

U (z) =
u∗

κ

[
ln

(
z
z

)
− ψm

( z
L

)]
, (2)

where ψm is stability functions and will be zero under neutral
conditions.

Based on Eq. (2), the drag coefficient CD is defined as

CD =
u
∗

U
=

[
κ

ln(z/z)− ψm(z/L)

]
. (3)

It is theoretically shown that the exchange coefficients are re-
lated to the atmospheric stability and the measured height. To
compare measurements under various conditions, we usually
eliminate the stability dependence and choose 10 m as the stand-
ard reference height. As such, we obtain

CDN =

[
κ

ln(z/z)

]
. (4)

In practice, the Charnock relationship (Charnock, 1955) is
usually applied to describe the influence of the wave state in the
calculation of sea surface roughness, where the roughness length
z0 is specified as

z = αu
∗/g, (5)

where α is the Charnock parameter and is a function of wave age.
When there is no wave information to compute the Charnock
parameter, the common method is to parameterize the drag
coefficient CD as a function of wind speed; thus, the wind stress
or momentum can be computed by

τ = ρau∗
 = ρCDU


, (6)

where τ is the wind stress at the ocean surface, ρa is the air dens-
ity, U10 is the wind speed at 10 m elevation above the sea surface,
and CD is the drag coefficient.

The wave coupled model is widely used to depict the coupled
process between surface waves and the MABL. According to the
wave coupled model (Zou et al., 2018), the wind stress is inde-
pendent of height in the bottom part of the MABL, and the wind
stress τ is usually defined as a sum of three components:

τ = τt + τvis + τw, (7)

where τt is the turbulent stress, τvis is the viscous stress and τw is
the wave stress. The viscous stress is usually assumed to be negli-
gible. Therefore,

τ = τt(z) + τw(z). (8)

To avoid describing the stress within the viscous sublayer,
Makin et al. (1995) and Makin and Kudryavtsev (1999) proposed
the roughness scale at the top of the viscous sublayer:
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zv =
v

ul
∗
, (9)

ul
∗where  is the friction velocity of the top viscous sublayer, and ν

is the air kinematic viscosity. According to the first-order closure
method, the turbulent stress can also be defined as:

τt(z) = Km ∂U/ ∂z, (10)

where Km is eddy viscosity. Based on Makin and Kudryavtsev
(1999), Zou et al. (2018) analyzed the TKE equation and derived
the Km under nonneutral conditions:

K
ml

− + Km
u
∗

κz
z
L
= τ |τ − τw (z)| , (11)

where L is the Obukhov length scale, l is the mixing length, and κ
is the von Kármán constant (Zou et al., 2018).

Wave stress τw reflects the momentum extracted from atmo-
sphere by the wave. For the surface, it can be integrated and ex-
pressed as:

τw () =
∫ ∞


ρwωβΦ (ω)dω, (12)

where ρw is the water density, ω is the angular frequency, Ф(ω) is
the frequency spectrum, and β is the wave growth/decay rate.
Semedo et al. (2009) indicated that wave stress decays exponen-
tially with height and τw at height z should be expressed as:

τw (z) = τw () e−kz. (13)

After the turbulent stress and wave stress have been certified,
we can derive the formulation of wind profiles:

U(z) =
∫ z

zv

[τ − τw(z)]K
−
m dz. (14)

By using Eqs (7)–(14), the wind stress can be computed iterat-
ively when the wind speed and heat flux at specific height are giv-
en.

3  Data and processing
The data used in this study are collected from a tower in the

Flux Observation Platform in the South Sea (FOPSCS) campaign
(Zou et al., 2017; Fig. 1). The location is 21.44°N, 111.39°E in the
coastal region of the northern South China Sea. The water depth
is 14 m, and the minimum distance to the coastline is approxim-
ately 6.5 km.

At a height of 20 m above the sea surface, a three-dimension-
al ultrasonic anemometer is applied to measure wind velocity
and sonic temperature at a frequency of 10 Hz. Wind monitors
are loaded at heights of 13.4, 16.4, 20.0, 23.4 and 31.3 m above the
mean surface level to observe wind speed and direction as 30 min
averages. The data used in this study were measured between
September 2010 and August 2012, and the eddy-correlation
method is applied to calculate the momentum flux at the air-sea
layer (Moncrieff et al., 2004). Logically, quality control methods
are used to preprocess the raw observational data to guarantee
accuracy and effectiveness.

As we apply the eddy-correlation method to calculate mo-

mentum flux, it is crucial to choose a reasonable averaging time
to guarantee the accuracy. In the context of Reynolds averages,
the turbulent fluxes through the surface are estimated with en-
semble averages in theory. In practice, we replace the ensemble
averages with time averages (Moncrieff et al., 2004). Presumably,
the selected time scale need to be sufficient long to satisfy the er-
godic hypothesis, and supposed to be considerably short to avoid
the influences of mesoscale motions. Therefore, we use an Ogive
curve method to determine the time scale (Desjardin et al., 1989;
Oncley et al., 1996), where the time scale is given by the cumulat-
ive integral from high to low frequencies.

4   Overview of in situ observations
Figure 2 shows an overview of the drag coefficient changing

with wind speed, where the data before and after quality control
are plotted. The apparent phenomenon is that the black dots are
more scattered than the magenta dots, which shows the neces-
sity of quality control. However, the drag coefficient first de-
creases with wind speed, with a minimal value of approximately
4 m/s, and then increases with wind speed (Zou et al., 2017).

Figure 3 shows the dependence of the neutral drag coeffi-
cients on wind speed. For comparison, the observational data of
Drennan et al. (2003; Fig. 4 in their paper) and Vickers et al.
(2013; Fig. 5 in their paper), and the formulations of Smith (1980),
Large and Pond (1981), Yelland and Taylor (1996), COARE 3.0
and 3.5 are also plotted.

From our observation, there are four clear wind-speed re-
gimes, which is similar to the results of Vickers et al. (2013). For
wind speeds less than 5 m/s, CDN decreases with wind speed,
which agrees well with the findings of Drennan et al. (2003). A
minimum in the 10-m neutral value of the drag coefficient oc-
curred at 5 m/s, which is between the 4 and 6 m/s suggested by
Vickers et al. (2013) and Yelland and Taylor (1996), respectively.
It is noted that all observations are significantly greater than that
of COARE 3.0. For 5 m/s<U10N<12 m/s, CDN remains nearly con-
stant with wind speed at a value of approximately 0.001. Large
and Pond (1981) and Vickers et al. (2013) found similar results,
where CDN  were constants of 0.001 3 and 0.001 2 between
4 m/s and 10 m/s. For 12 m/s<U10N<19 m/s, CDN increases with
wind speed due to the onset and continued development of wave
breaking, which is similar to most of the previous studies. For
wind speeds greater than 19 m/s, CDN decreases with wind speed.
The same reduction also occurred at a wind speed of 20 m/s in
the study by Vickers et al. (2013). However, it is not certain if this
reduction is real because of the few data in these bins.

When the wind speed is in a low condition, observations
show that the drag coefficient is decreasing as the wind speed in-
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Fig. 1.   The location of the tower (21.44°N, 111.39°E).
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creases (Geernaert, 1988; Greenhut et al., 1995; Vickers et al.,

2013), which reflects the contribution of surface friction caused

by the viscous boundary layer to wind stress. As the wind speed is

in a moderate condition, the drag coefficient increases with wind

speed. This results from the contribution of shape resistance

caused by waves to wind stress (Zou et al., 2014).

In our study, according to the direction of the coastline, we

define the wind direction between 210°–340° as the onshore case

and 340°–360°–110° as the offshore case, respectively. The on-

shore case represents long fetch, while the offshore case indic-

ates short fetch. Figure 4 shows the CDN for onshore and offshore

winds. Generally, the two wind conditions share some similarit-

ies. In the low wind condition (U10N < 5 m/s), CDN decreases with

wind speed, while in the moderate wind condition (5 m/s < U10N <

12 m/s), CDN keeps relatively stable. Nevertheless, the difference

on CDN is evident between onshore and offshore winds, as the

CDN of the offshore wind is significantly larger than that of the on-

shore wind. Obviously, the difference could not be explained by

the wind-only CDN parameterization scheme, and the difference

reveals the impact of wave state on atmospheric activity.

5  Explaining the difference of drag coefficient
The observational result shows that the drag coefficient has

some dependence on wave age (or fetch); therefore, in this sec-
tion, we try to explore the physics underlying this phenomenon
using Zou et al.’s (2018, presented in Section 2) wave coupled
model. The advantage of this model is that the ocean waves cov-
er a wide range of frequencies, and high frequency waves (equi-
librium range in the wave spectrum) contribute mostly to wave
stress. Accordingly, MOST or z0-based methods only used wave
speed at the wave spectrum peak, which was far from the equilib-
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Fig. 2.     An overview of the drag coefficient versus wind speed.
The wind speed observed at 20 m above sea surface was used.
The black dots and the magenta dots are the data before and after
quality control, respectively.
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Fig. 3.   The drag coefficients versus wind speed with comparison
to  previous  studies  including  Smith  (1980),  Large  and  Pond
(1981),  Yelland  and  Taylor  (1996),  COARE  3.0  (Fairall  et  al.,
2003), Drennan et al. (2003), Vickers et al. (2013) and COARE 3.5
(Edson et al. 2013,).
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Fig. 4.   The neutral drag coefficient as a function of wind speed.
To examine whether fetch has an effect on the CDN, we separated
all data into onshore winds (a; wind direction: 210°–340°) and off-
shore winds (b;  wind direction:  340°–360°–110°).  The red and
blue crosses denote the mean values for onshore and offshore
winds, respectively, and error bars indicate the standard devi-
ations. The mean values in Figs a and b are replotted in Fig. c.
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rium range for computing wave age.
Here, we use the JONSWAP spectrum. Figure 5 shows the res-

ult with wave age 0.3. Compared with earlier studies, the model
can capture the behavior of the drag coefficient with a decrease
in wind speed for U10N < 5 m/s and an increase in wind speed for
U10N > 5 m/s, which suggests that this model is suitable to model
the drag coefficient.

The biggest difference between the wave coupled model and
MOST is the manner in which they depict the wave effect. Equa-
tion (15) shows how the momentum is derived from wind speed
and transport to the wave. It is a function of height and wave
length:

τw(z, λ) = ρwωβΦ(λ)e
−kz, (15)

It is noted that the wave stress decays exponentially with the
height, and it is negligible at the top of the wave boundary layer.

Figure 6 shows the dependence of wave stress on wave length
and vertical coordinates. The results show that the wave length
ranging from 5 to 7 m is effective in influencing the atmosphere.
The wave boundary layer is always limited in 8 m.

The contribution of waves to wave stress as a function of wave
length and height is defined as

Γw(z, λ) =
∫ λ


tw(z, λ)dλ, (16)

and the results are shown in Fig. 7. For wave lengths smaller than
approximately 7 m, Γw increases monotonically with λ, and when
the wave length is greater than approximately 7 m, Γw appears to
be constant, suggesting that wave length in this range contrib-
utes little to the total stress.

Figure 8 shows the drag coefficient changing with wind speed
and wave age, andthe observational data are also shown. It can
be seen that the influence of wave age on drag coefficient is signi-
ficant and covers the range of observational drag coefficients. For
low wind speed (U10N ≤ ~ 5 m/s), sea waves are too small to sup-
port large wave stress so that the total stress is almost provided by
Eq. (9). Equation (9) shows that ocean roughness will increase
with wind decrease because of friction velocity in the denominat-
or. At this time, the sea surface is almost aerodynamically

smooth; thus, the drag coefficient increases with a decrease in
wind.

With the increase of wind speed (U10N≥~ 5 m/s), the wave
dominates the ocean surface, and the drag coefficient begins to
increase, but the slope of the drag coefficient depends on wave
age. In the condition of larger cp/U10, which is larger than approx-
imately 0.6, the result is similar to our observations in 6–11 m/s
wind speed, which tend to be almost constant. When cp/U10 is
below 0.6, the drag coefficient CDN is very sensitive to the U10N.
CDN increases sharply with wind speed, which corresponds to our
observation data for U10N>11 m/s.

6  Discussion
As the viscous stress is negligible above the wave sublayer, it

is very important to clarify the other two stresses in different con-
ditions of wind speed. Smedman et al. (2003) proposed a wave
boundary layer where the wave stress contributes to the total
stress significantly. In pure wind conditions, the thickness of the
wave boundary layer is only approximately 1 m (Janssen, 1989).
However, it becomes much higher when the swell dominates in
the field (Smedman et al., 1994; Grachev et al., 2003). Belcher and
Hunt (1998) found that the wave-induced momentum flux from
the ocean to the atmosphere is strongly related to the wave age
cp/U10, where cp is the phase speed of the wave at the spectral
peak. When cp/U10<1, the wind speed is greater than wave speed;
therefore, the developing wind wave extracts momentum from
the atmosphere. In this condition, the wind profiles above the
surface follow logarithmic law. For cp/U10>1, the swells play a
dominant role in the observational field. This may lead to the
wave stress becoming negative and even the transfer of mo-
mentum from the ocean to the atmosphere. This hypothesis illu-
minates that a jet-like wind profile is obtained with a maximum
at the height of the wave boundary layer.

The footprints of waves on wind stress are evidenced in the
present study. These developing wind waves, which are charac-
terized by steeper slopes and younger wave ages, provide a
rougher surface that leads to greater CDN. The waves from the
open sea are usually related to a long fetch and feature a smaller
steepness, resulting in a smaller drag efficient.

7  Conclusions
We investigate the characteristics of air-sea momentum flux

in the coastal ocean. The tower-based wind measurements are
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Fig. 5.   The model validation. Earlier studies of Smith (1980), Wu
(1980), Large and Pond (1981), Garratt (1977), Smith et al. (1992),
Bumke et al. (2014), COARE 3.0 and 3.5 are added for comparis-
on. The wave-age 0.3 was selected to derived CDN.
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Fig. 6.   Contour plot of wave stress as a function of wave length
and height. The wave stress is normalized by total stress.
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deployed at 20 m above the mean sea surface, and the sampling
frequency is as high as 10 Hz. The time period starts from
September 2010 and ends in August 2012. The eddy-correlation
method is used to calculate the momentum flux. The tower is loc-
ated 6.5 km distance to the coast, and the water depth is 14 m.

The influence of surface waves on air-sea momentum flux is
evident in the present dataset. When we divided the wind condi-
tions into an onshore case (corresponding to large wave fetch)
and an offshore case (corresponding to small wave fetch), the
momentum flux was significantly different. Our results underpin
the wind-wave interaction theory that the air-sea momentum
flux is correlated to the surface wave.

A parameterization scheme is examined for the wave-af-
fected air-sea momentum flux. The scheme takes into account
the wave effects in terms of wave spectrum. The differences
between fetch-limited waves and saturated waves are consistent
with the observations.

The results emphasize the dependence of air-sea momentum
flux on wave age. Benefiting from the wave spectrum, other than
the dominant wave parameters as shown in previous studies
(Taylor and Yelland, 2001), the parameterization scheme is sup-
posed to contain more information on the surface wave. The new
scheme is capable of characterizing the air-sea momentum flux
for low-to-moderate wind; however, because the wave spectrum
used here is adopted from the JONSWAP spectrum, the scheme
calls for further quantitative validation in the future.
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Fig. 7.   Contribution of waves to wave stress as a function of wave
length and height. The wave stress is normalized by total stress.
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Fig. 8.   CDN as a function of wind speed and wave age.
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