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[1] Wind stress over the ocean depends on the sea surface roughness which is determined
by the sea state. On one hand, underdeveloped wind seas, rougher than their fully
developed counterpart, increase the drag. On the other hand, the presence of swell can
modify wind stress by modifying the wind sea roughness. This latter mechanism is
believed to have a great impact at high winds whenever underdeveloped local waves
coexist with swell. Detailed measurements of wind stress and wavefield in fetch-limited
growth conditions were made in an area subjected to strong and persistent winds.
Through the analysis of wavefield observations, it is found that the presence of swell
dampens the short wind waves. The observed attenuation is greater for younger wind seas
and decreases as the wind waves become older. Results obtained from modeling the
interaction of wind waves and the air flow above point out that the attenuation of
short wind waves causes a reduction of the wave-supported stress, which in turn
decreases the total wind stress.
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1. Introduction

[2] The wind stress is a key parameter for ocean and atmo-
sphere dynamics and coupling. The momentum exchange
between the air flow and the sea is determinant in processes
that occur at the upper ocean and lower atmosphere layers, in a
broad time and spatial scales. The processes impacted range
from mixing and wave generation to storm development and
large scale ocean and atmosphere dynamics. Over the ocean,
wind stress depends on the aerodynamic roughness of the sea
surface, z0, which is physically related to the waves. Thus, the
sea state, among other parameters, modifies the momentum
transfer between the ocean and the atmosphere.
[3] Wind wave development depends on the fetch and

duration of driving wind. Theoretically, the waves may reach a
fully developed state for unlimited fetch and unlimited dura-
tion. For a given wind speed, as fetch reduces waves become
less developed or “younger”, as compared with the more
developed “older” waves observed at a longer fetch. Young
waves are rougher than their older counterpart and have been
associated with increased stress [Donelan, 1990; Drennan
et al., 2003].
[4] The presence of swell modifies the wind stress in at

least two ways: (1) swell can exchange momentum with the
air flow [e.g., Grachev and Fairall, 2001; Kudryavtsev and

Makin, 2004], and (2) swell can modify the wind sea asso-
ciated roughness [Donelan and Dobson, 2001]. The former
modifies wind stress in low wind conditions where, depend-
ing on swell propagation direction relative to the wind, it
enhances or reduces the drag [Donelan et al., 1997; Drennan
et al., 1999]. The latter mechanism, far less studied, has been
proposed to have an impact at higher winds in fetch-limited
conditions where it is believed that swell causes a reduction
of wind sea associated roughness [García-Nava et al., 2009].
[5] Here we first explore the effect of swell on developing

wind seas as observed through field measurements made on
moderate to high wind conditions. Then, the impact of swell
on wind stress is assessed by means of a comparison
between the observed wind stress and that estimated through
the quasi-linear theory of wind wave generation. The results
suggest that the presence of swell dampens the short wind-
waves, this reduces the amount of stress supported by the
waves hence reducing the total wind stress in comparison
with the corresponding wind stress in the absence of swell.
[6] This paper is organized as follows: In section 2 we

briefly describe the field campaign and the procedures of
numerical experiments. Results on the effect of swell on the
wind sea and its impact on wind stress are presented in
section 3. Further discussions and conclusions are drawn in
section 4.

2. Experiment Description

2.1. Field Measurements

[7] Field measurements were made during the Gulf of
Tehuantepec air-sea interaction experiment (INTOA). The
INTOA experiment took place from February to April 2005
in the Gulf of Tehuantepec as part of a program to study the
physical and biological response of the Gulf of Tehuantepec
coastal waters to the strong and persistent offshore wind that
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occur in the region. In this context INTOA’s goal was to
study the air-sea interaction processes under this particular
condition. In the following we give a brief description of the
Gulf of Tehuantepec area, data collection and processing. A
more comprehensive description of the INTOA experiment is
given by Ocampo-Torres et al. [2011].
2.1.1. Gulf of Tehuantepec
[8] The Gulf of Tehuantepec is located in the Pacific

Ocean at the southeast of México. This region is well known
for the occurrence of the so-called Tehuano events, strong
and persistent mountain gap winds that blow offshore with
speeds that can exceed 20 ms�1.
[9] The Tehuano events commonly occur during the

winter [Romero-Centeno et al., 2003]. A single event can
last from a few hours to several days. In winter, swell arrives
the area from the south; so during a Tehuano event swell
propagates against the wind and the young locally generated
wind sea coexists with the incoming swell.
2.1.2. Data Collection and Processing
[10] Wind and wave observations were made from a

moored Air-Sea Interaction Spar (ASIS) buoy, deployed in
the central part of the Gulf of Tehuantepec at 16�N and
95�W from February to April 2005. At this location the buoy
was fixed at 22 km from the coast in a 60 m depth area.
[11] The ASIS buoy continuously sampled atmospheric

turbulence, the wavefield and other related atmospheric and
oceanic variables. The three dimensional wind velocity vec-
tor U = (U, V, W) was measured with a sonic anemometer at
6.5 m above the sea level. Surface elevation was measured
with an array of 8 wave wires. Wind speed and surface ele-
vations were corrected for buoy motion following algorithms
described by Anctil et al. [1994] and Drennan et al. [1994].
[12] Wind speed was decomposed in its mean, Ū, and

turbulent, u′, components as U = Ū + u′. Wind stress was
computed from the turbulent components through the
covariance method

t ¼ raðu′w′ ; v′w′ Þ ð1Þ

where ra is the air density and the over bars denote a tem-
poral mean over a 30 min period.
[13] Wave parameters were obtained from the motion-

corrected surface elevation measurements. Wave variance
was computed as the integral of the frequency spectrum and
the variance of wind sea and swell were computed as the
integral over the corresponding frequencies. Throughout this
paper we use the wave variance to represent the wave energy,
E. The wind sea and swell components of the wave spectrum
were separated as described by García-Nava et al. [2009].
For the runs within the first 8 days, when reliable information
from at least four wave staffs was available, the frequency
and wave number directional spectra were calculated through
the Maximum Likelihood Method (as described by Drennan
et al. [1994]) and the Wavelet Directional Method [Donelan
et al., 1996], respectively.
[14] A full description of data acquisition and processing, as

well as motion correction procedure and its induced error on
wind stress calculation is given by García-Nava et al. [2009].
[15] From the whole data set we selected runs represen-

tative of fetch-limited wave growth at moderate to high wind
conditions. In practice, we selected runs with wind speeds
greater than 7.5 ms�1 and wind direction around 180� � 30�.

These criteria ensures that wind blows offshore and that the
fetch, determined by the ASIS position, is shorter than that
needed for the waves to reach its full development. In fact for
U10 > 7.5 ms�1 the wave age of the locally generated wind
waves, defined as cp/u∗ where cp is the phase speed of the
spectral peak component, comply with cp/u∗ < 20 considered
as threshold for underdeveloped waves.

2.2. Quasi-Linear Theory

[16] The quasi-linear theory of wind wave generation, first
introduced by Fabrikant [1976], describes the interaction of
wind-generated gravity waves and the air flow above based
on the Miles resonance mechanism. Here we use the
approximation to the quasi-linear theory due to Janssen
[1991]. The theory and its approximation is fully described
in a series of papers by Peter Janssen and others [Janssen
et al., 1989; Janssen, 1989, 1991, 2004], therefore only a
concise description follows.
[17] From conservation of momentum in steady condi-

tions, the total air-water momentum flux is given by the sum
of the turbulent stress tturb, the viscous stress tvisc, and the
wave-induced stress tw, that is

t ¼ tturb þ tvisc þ tw: ð2Þ

Here, for convenience, the x axis points in the wind speed
direction. The turbulent stress is modeled by means of a
mixing length hypothesis

tturb ¼ ral
2

���� ∂∂zU0

���� ∂∂zU0; ð3Þ

where l = kz is the mixing length, z is the vertical coordinate
with the mean surface at z = 0, U0(z) is the wind profile, and
k is the von Kármán constant. The viscous stress is given by

tvisc ¼ ma
∂
∂z

U0; ð4Þ

with ma, as the dynamic viscosity of air.
[18] Wave-induced stress represents a loss of momentum

from the air flow. At the surface this momentum loss can be
related to the rate of change of wave momentum M due to
wind, as

twðz ¼ 0Þ ¼
Z

∂
∂t
M

����
wind

dkdq; ð5Þ

for linear waves the wave momentum is given by the
expression

M ¼ rwgkw
�1Fðk; qÞ̂l ; ð6Þ

where rw is the water density, g is the gravitational accel-
eration, w is the wave angular frequency, F(k, q) is the wave
number spectrum, and l̂ is the unit vector in the wave
number direction [Janssen, 1989, 2004].
[19] The change in wave momentum exerted by the wind

must be compensated by the growth of wind waves Sin, that
can be estimated from the wave growth rate g as follows

∂
∂t
F
����
wind

¼ Sin ¼ gFðk; qÞ: ð7Þ

GARCÍA-NAVA ET AL.: REDUCTION OF WIND STRESS DUE TO SWELL C00J11C00J11

2 of 11



The corresponding wave growth rate can be written as

g ¼ �bw
u∗
c

� �2
cos2q; ð8Þ

where u* =
ffiffiffiffiffiffiffiffiffiffi
t=ra

p
is the friction velocity, � is the air-water

density ratio, c is the wave phase speed, q is the waves
propagation direction, and b is the so-called Miles parame-
ter. According to Janssen [1991] b can be parameterized as

b ¼ 1:2

k2
xln4x; ð9Þ

where x is the critical height defined as

x ¼ u∗
kc

� �2
Wekc=u∗ cosq; ∣q∣ ≤

p
2
; ð10Þ

W is the profile parameter

W ¼ gz2k2

u2∗
; ð11Þ

and z2 = z0 + z1 is the surface roughness, expressed in this
way to distinguish between the effects of gravity-capillary
waves and gravity waves. The effect of gravity-capillary
waves is modeled by means of the Charnock relation
z0 = au∗

2/g, with a = constant, and the effect of short gravity
waves is introduced to the model by means of z1, which is
solved as part of the problem. Then, the logarithmic wind
profile that satisfies U0(z0) = 0 is

U0ðzÞ ¼ u∗
k
ln

zþ z1
z0 þ z1

� �
: ð12Þ

[20] At a height z = z0 the effect of viscous stress can be
neglected, the momentum balance becomes t = tturb(z0) + tw(z0),
and an expression for z1 can be found if tturb(z = z0) is eval-
uated from (3) using (12), such as

z1 ¼ z0
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� tw=t
p � 1

 !
: ð13Þ

From the wind profile (equation (12)) at a height z ≫ z1 we
can get an expression for the total stress as

t ¼ ra
kU0 zð Þ
ln z=z2ð Þ
� 	2

: ð14Þ

[21] Now, with wave growth rate expression (8), wave
induced stress can be written in terms of wave directional
frequency spectrum F(f, q) as

tw ¼ t
Z ∞

0

Z p=2

�p=2
k2bFðf ; qÞ cos2 q l̂dqdf ; ð15Þ

where we have used the deep water dispersion relationship
w2 = gk.
[22] Thus, for any given wind speed and directional fre-

quency spectrum, wind stress can be calculated by solving
(14) and (15) iteratively.
2.2.1. Wave Frequency Spectrum Approximation
[23] To estimate the stress from a non-directional wave

spectrum, i.e. frequency spectrum E( f ), we must assume

that b is independent of the wave propagation direction,
which will be a reasonable assumption for waves traveling
close to the wind direction as is the case for small and
strongly forced waves. Wave directional spectrum can be
expressed as the product of the frequency spectrum and a
directional spreading function D( f, q) such as

Fð f ; qÞ ¼ Eð f ÞDð f ; qÞ; ð16Þ

where the spreading function must satisfy
R
�p
p

D( f, q)dq = 1
in order to preserve the wave energy. With these last
assumptions (15) can be rewritten as

tw ≃ t
Z ∞

o
k2bE fð Þ

Z p=2

�p=2
D f ; qð Þ cos2q l̂ dqdf

tw ¼ Ct
Z ∞

0
k2bEðf Þdf ;

ð17Þ

where C is the result of the evaluation of the integral over
direction. Then, total stress can now be computed from
the wind speed and the wave frequency spectrum using (14)
and (17).
[24] Most commonly used directional spreading function

has the form of cosine to the 2s power [Longuet-Higgins
et al., 1963], such as

D cos ¼ N sð Þ cos2sð0:5ðq� q̂ÞÞ ð18Þ

where s is a function of the dimensionless frequency f /fp and
the inverse wave age U/cp, U is the wind speed, andN(s) is a
constant. The Gulf of Tehuatepec data used here are char-
acterized by 1.5 < U/cp < 2.6. For this range of U/cp the
mean values of C are in the range 0.46 < C < 0.55. Here we
used C = 0.5.
[25] To test this approximation, u* was estimated through

quasi-linear theory with both the frequency and directional
wave spectra for the period when directional wave infor-
mation is available. There is a very good agreement between
both estimates, the mean difference between estimates is 4%
with a standard deviation of 2%. Almost all the computed
differences (95%) are lower than 7% and never exceed 10%.
[26] By setting C as a constant we have imposed a con-

strain on the shape of the spreading function. However, we
can further assume that the angular spreading of the wave
energy is the same at all frequencies. This is a widely used
assumption for waves few times shorter than the peak
wavelength [Donelan et al., 1985], which support a great
part of the surface stress.
[27] Finally, it is important to notice that although the

wave directional distribution (18) is sufficient for our pur-
pose of setting a value for C, it does not represent adequately
some directional features observed recently, as the bimodal
structure of angular distribution observed at high frequencies
[Long and Resio, 2007; Romero and Melville, 2010].

2.3. Wave Coupled Model

[28] In this study we use the WAM wave model to provide
an independent estimate of the wind stress for offshore
winds in the absences of swell. The procedure that the WAM
wave model [WAMDI, 1988; Komen et al., 1996] uses to
estimates wind stress is outlined below.
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[29] The model describes the evolution of the directional
spectrum by solving the wave energy balance equation

∂F
∂t

þrxðCgFÞ þ rf ;qðCgFÞ ¼ Sðf ; qÞ ¼ Sin þ Snl þ Sds; ð19Þ

where S, the source term, represents the gain or loss of wave
energy through independent physical processes: wave
growth by wind Sin, wave-wave nonlinear interactions Snl,
and dissipation by whitecapping Sds.
[30] In the current standard version of the WAM model

(Cycle 4.5), waves are coupled to the atmospheric surface
layer via the quasi-linear theory, Sin is computed from (7),
and u* estimated by solving (14) and (15).
[31] Since the conditions we wanted to reproduce corre-

spond to winds blowing offshore nearly perpendicular to
the coast, we performed a series of numerical experiments
with a one dimensional version of the WAM model. The
numerical domain was 30 km long with a constant depth of
60 m and the coast at one end. The wind was kept constant
within 6 days for each model run. Output data used here
correspond to the last simulated time for a node at 22 km
from the coast, approximately the same position of the ASIS
buoy during the INTOA experiment. Wind speed was varied
from 8 ms�1 to 20 ms�1.

3. Analysis of Results

3.1. Swell Influence on the Wind Waves

[32] In Figure 1 we show the wind sea energy Ew as a
function of friction velocity, as observed during the INTOA
experiment. The gray scale represents the relative impor-
tance of swell through the swell index z, defined as the
energy of swell Es divided by the wind sea energy, such as

z ¼ Es

Ew
; ð20Þ

so the relative importance of swell increases as z increases.
The results presented in Figure 1 clearly show a decreasing
wind sea energy as the swell index increases despite of the
large statistical variability. These results point out that the
long period swell present during INTOA dampens the short
wind generated waves. In this figure, the dashed line repre-
sent the empirical wave growth function for mixed seas
obtained from the BHDDB data ensemble [Hwang et al.,
2011b]. The BHDDB data ensemble is a compilation of five
individual data sets obtained in near-neutral atmospheric sta-
bility and steady wind conditions [Burling, 1959;Hasselmann
et al., 1973; Donelan et al., 1985; Dobson et al., 1989;
Babanin and Soloviev, 1998] used to represent the fetch-
limited wave growth in “ideal” conditions [e.g., Hwang and
Wang, 2004b; Hwang et al., 2011b].
[33] Now, we will explore the effect of swell on the short

wind waves by means of an analysis of the spectral equi-
librium range and the dimensionless wave number spectrum,
B(k) = f(k)k3, the so-called saturation spectrum. In this
section we specially consider the wave number spectra rather
than the frequency spectra since the latter can be distorted by
Doppler-shifting particularly at high frequencies.
[34] Characteristically, wind-wave spectra exhibit a region

in the immediate vicinity of the peak toward higher fre-
quencies, where the wave energy is in dynamic balance.
Within this region, known as the equilibrium range, it is now
generally accepted that the spectral shape is given by

fðkÞeq ¼ bu∗g
�0:5k�2:5; ð21Þ

where g is the gravitational acceleration and b is a dimen-
sionless coefficient. Early wave studies suggested b as a
constant [see, e.g., Phillips, 1985, Table 1], and more recent
studies have found that b depends on wave age cp/u* [Resio
et al., 2004; Long and Resio, 2007; Romero and Melville,
2010]. In any case, for a given spectrum the quantity
ɛ = f(k)k2.5 is expected to remain relatively constant within
the equilibrium range so in this sense ɛ gives an idea of the
energy level of the short waves.
[35] The observed f(k) presents an equilibrium range

around 2.25 < k/kp < 9.0, which correspond to frequencies
in the range 1.5 < f /fp < 3.0. Within this frequency range ɛ
was computed as ɛ = 〈f(k)k5/2〉eq, where the brackets denote
the average over this particular range.
[36] Figure 2 shows ɛ as a function of a scaling velocity

proposed by Resio et al. [2004] , such as ua = u∗(cp/u∗)
1/3

and characterized with the swell index, z. Although there is
some resemblance of a linear trend with ua, ɛ values are
somewhat scattered. The observed ɛ tends to be lower than
that observed by Resio et al. [2004] in the absence of swell
(Dash dotted line) and it decreases as the swell becomes
more important. In this figure, the dashed line represents the
GoTEX (acronym of Gulf of Tehuantepec Experiment)
results [Romero and Melville, 2010], as can be seen these
results are in better agreement with the INTOA data, spe-
cially when the wind sea energy exceeds the corresponding
swell energy (solid line). The GoTEX measurements were
made at the Gulf of Tehuantepec in similar wind conditions
as the INTOA experiment. The GoTEX wave spectra given
by Romero and Melville [2010, Figure 8] show a ubiquitous
presence of swell and suggest that GoTEX measurements
correspond to wind sea dominated conditions. Also notice

Figure 1. Wind-sea energy Ew as function of friction
velocity u*. The diamonds are the mean value for bins of
scaling velocity at different swell index z ranges (gray scale)
and the dashed line is the best fit to the BHDBB data
ensemble.
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that Hwang et al. [2011b] find out an underestimation
between 10% and 15% on the determination of u* during
GoTEX and so, the GoTEX data shown in Figure 2 were
corrected assuming a constant 10% underestimation on u*.
[37] Similarly to the determination of ɛ performed here,

both Resio et al. [2004] and Romero and Melville [2010]
computed ɛ within the range 1.5 < f /fp < 3.0. Although,
Resio et al. [2004] used 2.5fp as the lower limit for two of the
data sets in their analysis to avoid shoaling wave harmonics.
[38] It is known that atmospheric stability can affect the

wave growth rate [e.g., Kahma and Calkoen, 1996]. Data
presented here were collected under neutral and weakly
stable conditions represented by �0.01 < z/L < 0.1, where L
is the Obukhov length. No correlation between ɛ and the
stability parameter z/L was noted. These findings agree well
with those of Romero and Melville [2010] who also offer a
more comprehensive discussion on the subject.
[39] The results presented in Figure 2 suggest that the

swell may cause a reduction of the energy of the short
waves. Following up with another approach of analysis,
from the deep water wave dispersion relation w2 = gk, the
spectral form of the equilibrium range (21) can be written as

fðkÞeq ¼ b
u∗
c

� �
k�3; ð22Þ

and the saturation spectrum can be expressed as

B kð Þeq ¼ b
u∗
c

� �
: ð23Þ

In general, for waves several times shorter than the dominant
waves, the dependence of B(k) on wave age can be

expressed by a power law function [Hwang and Wang,
2004a], such as

B k;
u∗
c

� �
¼ A0 kð Þ u∗

c

� �a0 kð Þ
: ð24Þ

where A0 is a shape factor of the dimensionless spectrum and
a0 is the exponent of the spectral dependence on wind-
forcing [Hwang, 2008].
[40] The swell index (z) not only gives an idea of the swell

energy, but also expresses the relevance of the wind-forcing
through the energy level of the wind sea. Therefore, a range
of z where it is randomly distributed as a function of u* is
required to ensure that different bins of z will have a similar
dependence on wind stress for the analysis to capture chan-
ges due to swell. For the selected range of the swell index
(0 < z < 1.52), four bins named from B1 to B4 were defined
(Table 1). Within each z bin A0 and a0 were computed using
least squares fitting of the saturation spectra as a function of
the inverse wave age. B1 includes cases with the energy of
wind sea is at least four times higher than swell energy, B2
and B3 include cases of decreasing wind sea dominance, and
B4 only cases of swell dominated conditions. All bins have a
similar wind speed range, with the exception of B1 which
include higher wind speeds. B1 was kept for the analysis
because it represents the least swell-influenced conditions and
nearly matches the definition of the least swell-influenced
conditions of Hwang [2008].
[41] The computed values of A0 and a0 progressively

decrease as z increases (Figure 3). Both A0 and a0 computed
for B1 (circles) are in good agreement with those reported by
Hwang [2008] for z < 0.2 (solid line).
[42] Figure 4 shows examples of the saturation spectra,

computed from (24) using the calculated values of A0 and a0,
for different values of u*. The damping of the high frequency
wind waves by swell can be seen in the progressive decrease
of B(k) as z increases. Somewhat surprisingly, the attenua-
tion of short wind waves increases as the wind-forcing
increases. The same conclusion can be drawn from results
presented in Figure 2 where it can be seen that the differ-
ences between the reference ɛ in the absence of swell (dash-
dotted line) and the computed values of ɛ for INTOA data
(diamonds) seems to increase with the wind-forcing char-
acterized by the scaling velocity.
[43] The INTOA data used within this work correspond to

offshore winds blowing over a fixed fetch, determined by
the distance between the coast and the ASIS buoy (see
section 2). For these conditions as the wind-forcing increases
waves become younger, therefore the results shown in
Figure 4 can be interpreted as greater damping of the short
wind waves by swell for younger waves than for the older

Table 1. Characteristics of the Swell Index Bins Used for Dimen-
sionless Wave Number Spectrum Analysisa

Bin Id. z U10 (ms�1) z/L � 10�2 No. Data

B1 0–0.26 14–17 0.44–1.12 14
B2 0.26–0.68 9–15 0.74–8.12 56
B3 0.68–1.10 7–14 �1.41–9.14 41
B4 1.10–1.52 7–14 �1.62–10.91 42

aFor each bin named B1 to B4, ranges for swell index z, wind speed U10,
and stability z/L are given. Number of data per bin is also shown.

Figure 2. Characteristic energy level of short waves
ɛ = 〈f(k)k5/2〉eq as a function of scaling velocity (u∗

2cp)
1/3.

The diamonds are the mean value for bins of scaling velocity
at different swell index z ranges (gray scale). The open
squares are bin-averaged estimates obtained using the equi-
librium range parameterization by Romero and Melville
[2010] and this study’s measurements of u* and cp. The error
bars are two standard deviations. Lines represent the linear
fit to observed data with z < 1 (solid) and the data fits by
Resio et al. [2004] (dash-dotted) and Romero and Melville
[2010] (dashed).
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ones. Moreover, the presence of swell can cause an increase,
rather than damping, of spectral energy for waves near full
development (Figure 4, top left). These last results agree
with those of Hwang [2008] who reported an increase of the
spectral density with increasing swell index for the waves in
the range 1 m�1 < k < 3 m�1 for fully developed waves
under light to moderate winds.

3.2. Effect of Wind Sea Damping on Wind Stress

[44] In the preceding section we determined that the swell
dampens the wind sea. Here we investigate the impact of this

damping on wind stress by means of a comparison of the
friction velocity observed during the INTOA experiment and
that estimated through the quasi-linear theory.
[45] The wave number spectra could only be computed for

a limited period of time at the beginning of the INTOA
experiment (see explanation in section 2.1.2). For this period
the observed conditions are largely confined to winds lower
than 12 ms�1. The results introduced in the preceding section
suggest that the effect of swell on wind seas increases with
increasing wind-forcing, therefore we would like to extend
our analysis to the whole INTOA experiment measuring

Figure 4. Saturation spectrum B(k) computed through equation (24) with the calculated values of A0 and
a0, for different values of the friction velocity. The symbols denote the swell index ranges described in
Table 1: B1 (circles), B2 (up triangles), B3 (right triangles), and B4 (down triangles). The solid and dashed
lines represent the less and most influenced by swell conditions reported by Hwang [2008], respectively.

Figure 3. Coefficient A0(k) and exponent a0(k) of equation (24) as a function of the wave number, for the
swell index ranges described in Table 1: B1 (circles), B2 (up triangles), B3 (right triangles), and B4 (down
triangles). The error bars are the 95% confidence limits for the regression analysis. The solid and dashed
lines represent the less and most influenced by swell conditions reported by Hwang [2008], respectively.
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period. In order to do so, we need to use the wave frequency
spectra to compute u* with the quasi-linear theory. However,
it is well known that temporal point measurements, as the
ones used here to compute the wave frequency spectra, are
affected by the Doppler-shifting caused by surface currents
on the whole spectrum and by the orbital motions of the
longer waves on the shorter ones. As a consequence of
Doppler-shifting, energy levels at high frequencies are
increased and spectral slope is reduced [Banner, 1990]. Short
waves are apparently steeper than what they actually are,
artificially increasing the amount of momentum they can
support and hence estimates of u* from quasi-linear theory
will be artificially increased.
[46] So, before u* was computed from frequency spectra

through the quasi-linear theory, we first reconstructed the
observed wave frequency spectra to alleviate Doppler-shifting
at the high frequency tail of the spectrum. Wave frequency
spectra are reconstructed as follow: Each frequency spectrum
was divided into four regions: the peak region, a transition
region, the equilibrium range, and the dissipation range
(Figure 5). Within the peak region we assume that the Doppler
effects are negligible and so the energy of observed E( f ) is
kept unchanged. In our observations the equilibrium range is
readily apparent and therefore set to 1.5 < f/fp < 3. In this range
wave energy was computed from the equilibrium range
parameterization of Romero and Melville [2010] (squares in
Figure 2). In accordance with our previous results, the use of
this parameterization will include in some degree the attenu-
ation of the high frequency waves by swell. A smooth transi-
tion between the peak region and the equilibrium range was
ensured by means of running average within the transition
region. Finally, a spectral tail proportional to f �5 was imposed
at the dissipation range. Figure 6 shows examples of recon-
structed spectra for different wave ages.
[47] Figure 7 shows that the quasi-linear theory simulates

quite well the u* observed during the INTOA experiment
when u* is computed using the measured wave number and
frequency spectra (dark and light circles, respectively). In
contrast, the observed u* is overestimated by the u*

Figure 5. Diagram of a wave frequency spectrum showing
its different regions: I peak region, II transitions region, III
equilibrium range, and IV dissipation range.

Figure 6. Examples of reconstructed spectra for different
wave ages. From top to bottom cp/u∗ = 8.2, 13, and 18,
respectively. Lines represent the observed (black) and recon-
structed (gray) wave spectra.

Figure 7. Comparison of observed friction velocity and the
friction velocity modeled with quasi-linear theory using the
observed wave number spectra (dark dots) and the recon-
structed wave frequency spectra with Romero and Melville
[2010] equilibrium range parameterization (light dots). Also
shown is the friction velocity expected for pure wind seas as
computed with the WAMmodel (down triangles) and through
the roughness parameterization proposed by Drennan et al.
[2003] (squares). Lines represent the 1:1 relationship (thick-
solid), the linear fit (dashed), and the 90% confidence intervals
based on the sampling variability of the INTOA data (thin-
solid).
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computed through the WAM model (triangles) and with our
measurements of cp together with the drag coefficient func-
tion for pure wind seas proposed by Drennan et al. [2003]
(squares). Both estimations, from the WAM model and
from Drennan et al. [2003] relationship, are in good agree-
ment with each other and they represent a reference u* as
expected in the absence of swell. The difference between the
observed u* and that computed in the absences of swell
(squares and triangles) increases with wind speed (wind
speed increases up and right in Figure 7). For the INTOA
data used here (fetch-limited wind seas), wind waves
become younger with increasing wind speed and so, larger
differences in u* between observations and the references in
the absence of swell occur for less developed wind seas for
which the attenuation of short wind waves by swell is more
important (see section 3.1). These results show that the
attenuation of wind sea by swell causes a reduction of the
wind stress as compared with the corresponding stress in
the absence of swell and that this reductions increases as
wind sea becomes younger.
[48] In developing seas most of the drag is determined by

the wave induced stress [Janssen, 1991] from which a large
part is supported by the short waves [Makin and Kudryavtsev,
1999]. If we define the cumulative sum of the normalized
wave stress P( f ) as

Pðf Þ ¼ 1

tw

Z f

f0

twðf ′Þdf ′; ð25Þ

where f0 is the lowest frequency, and tw =
R
tw( f )df is the

total wave stress. Then, the quantity (1 � P( f )), the cumula-
tive wave stress, represents the fraction of the wave stress
supported by waves with frequencies equal to or greater than a
frequency f. The left and right panels of Figure 8 show,
respectively, the wave stress spectrum computed according to
(17) and the waves stress fraction for the spectra shown in
Figure 6. For waves near full development, such as cp/u∗ = 18,
almost all wave stress is supported by waves within the equi-
librium and dissipation ranges ( f > 1.5fp). As waves become
less developed, although short waves still support a large part
of the wave stress, the momentum transfer to the peak region
greatly increases. At the less developed conditions presented
in Figure 8 short waves support more than 60% of the total
wave stress.

[49] The effect of swell on the high frequency tail of the
spectra will not be accounted if we use the equilibrium range
parameterization of Resio et al. [2004] (dash-dotted line in
Figure 2) for the frequency spectra reconstruction. In
accordance to our previous results, with this reconstruction
we can estimate u* through quasi-linear theory, resembling
pure wind sea conditions. Figure 9 (left) shows a comparison
of such u* estimates and the ones observed during the INTOA
experiment. As it can be seen, these values are greatly over-
estimated in comparison to the observations but they present
a close agreement with u* computed for pure wind seas
through the WAM model (triangles) and the parameteriza-
tion proposed by Drennan et al. [2003] (squares).
[50] It is expected that the attenuation of wind waves

caused by swell occurs within the whole wind sea spectrum.
In the results shown in Figure 9 (left), the effect of swell was
removed only from the high frequency tail of the spectra. For
wind seas near full development almost all of the wave stress
is supported by these short waves, while for less developed
wind seas the waves within the peak region support about
40% of the wave stress (Figure 8). So, the results from the
quasi-linear theory for pure wind seas are underestimated for
the less developed wind seas (upper right corner of Figure 9
(left)). Now, if we assume that the energy contained in the
peak region of the observed spectra is attenuated by some
1% and increase the spectral energy within this region by
this amount, the estimates of u* from quasi-linear theory
agree better with those expected for pure wind-seas as
computed through the WAM model and the relationship
proposed by Drennan et al. [2003] (Figure 9, right).

4. Discussion and Conclusions

[51] The analysis of the wave measurements made during
the INTOA experiment show that the presence of swell
dampens the wind waves. The observations of high fre-
quency waves are in good agreement with the recent obser-
vations of Romero and Melville [2010], carried out in the
same area under similar conditions. From the analysis of the
dimensionless wave spectrum we found that the attenuation
of short wind waves, caused by swell, depends on wave age:
the attenuation is greater for younger wind seas (higher
wind-forcing) and decreases for older wind seas (lower
forcing). Furthermore, the presence of swell can cause an

Figure 8. The (left) wave stress spectrum and (right) waves stress fraction as a function of dimensionless
frequency, for the spectra shown in Figure 6.
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increase of the energy of the short wind waves, rather than
damping, for fully developed waves under low wind condi-
tions [Hwang, 2008].
[52] In developing wind seas most of the stress is deter-

mined by momentum transfer from wind to waves [Janssen,
1991] and a large part of the momentum flux is supported by
the short waves [Makin and Kudryavtsev, 1999]. Hence, the
attenuation of short wind waves by swell entails a reduction
of the wind stress. In the framework of the quasi-linear theory
of wind wave generation, the attenuation of the short waves
reduces the wave stress, which lowers the surface aerody-
namic roughness, so that the airflow is accelerated near the
surface and the wind shear diminishes further reducing the
shearing stress. However, the effect of wind sea damping is
not as straight forward since both the turbulent and the wave
induced stresses also depend on the total wind stress.
[53] Swell propagating against the wind has been associ-

ated with increased stress at low wind conditions [Donelan
et al., 1997]. Under these conditions the contribution of
swell to the stress compensates for any reduction caused by
the attenuation of wind sea [Donelan and Dobson, 2001].
However, the significance of the direct contribution of swell
to drag decreases dramatically with increasing wind speed
[Pan et al., 2005], so at high winds the largest effect will be
due to the attenuation of the wind sea by swell [García-Nava
et al., 2009]. Whether or not the swell dampens the wind sea
in following and cross swell conditions is still a matter of
study, as it is the physical mechanism involved.
[54] Besides the attenuation of wind waves by swell

described here, Hwang et al. [2011b] found that the presence
of swell and wind unsteadiness caused an increase of the
dimensionless wave variance, E∗ = Ewsg

2u∗
�4, during the

INTOA experiment. This is explained by the fact that
damping of the wind waves not only reduces its energy, but
also decreases wind stress. Since E∗ ∝ u∗

�4, a decrease of u*
causes an increase of E*.
[55] In Figure 10 we present E* as a function of dimen-

sionless fetch for the observations made during the INTOA
experiment (circles) and those expected in the absence of
swell (diamonds and solid line). The diamonds correspond
to E* calculated with the wave variance computed from the

integration of the frequency spectra reconstructed resem-
bling pure wind sea conditions and the u* estimated through
the quasi-linear theory using those spectra. For reference we
also show the empirical growth functions obtained from the
BHDDB data ensemble with u* computed with the similarity
functions of the drag coefficient for mixed seas (dashed line)
and for pure wind seas (solid line) [Hwang et al., 2011a]. As
it can be seen the presence of swell increases the dimen-
sionless wave variance, despite the fact that swell dampens
wind sea. The physical meaning is that wave development is
more efficient in mixed seas, although the total momentum

Figure 10. Dimensionless wave variance E* as a function
of dimensionless fetch X*. The circles and the diamonds
are bin-averaged for data observed during the INTOA exper-
iment, and data representative of wave growth in the absence
of swell, respectively. Error bars are two standard devia-
tions. Lines are the empirical growth functions obtained
from the BHDDB data ensemble with u* computed with
the similarity functions of the drag coefficient for mixed seas
(dashed line) and for pure wind seas (solid line) [Hwang
et al., 2011a].

Figure 9. As in Figure 7 but for the reconstructed E( f ) using the equilibrium range parameterization pro-
posed by Resio et al. [2004] (light dots in the left panel) and the reconstructed E( f ) using the using the
equilibrium range parameterization proposed by Resio et al. [2004] and assuming an attenuation of 1%
at the energy within the spectral peak region (light dots in the right panel). Lines represent the 1:1 relation-
ship (thick-solid), the linear fit (dashed), and the 90% confidence intervals based on the sampling variabil-
ity of the INTOA data (thin-solid).
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transfer from the atmosphere to the ocean is reduced [Hwang
et al., 2011b].
[56] As hypothesized by Hwang et al. [2011b], a possible

explanation for the observed wave development enhance-
ment is that the premature breaking of short waves reduces
the momentum transfer from wind to those wave compo-
nents and allows more of the available wind momentum to
be directed to continuous growth of the longer waves. Fur-
thermore, premature breaking leads to an earlier saturation of
short waves causing their attenuation, which in turns reduces
wave stress and hence total wind stress.
[57] Phillips and Banner [1974] suggested that long waves

moving across the surface increase the wind drift near their
crests and that the acceleration can be of such magnitude that
the maximum particle speed of the short wind waves
exceeds their phase speeds causing enhanced wave breaking.
[58] However, a detailed study of the effect of such

mechanism, or any others under the action of low steepness
opposing swell is beyond the scope of the present work and
is being considered as a next step.
[59] A few detailed field observations of developing wind

seas in the presence of opposing swell have been reported
already. Violante-Carvalho et al. [2004] found a small
reduction in wave energy in the presence of swell, although
they concluded that swell has no significant impact on wind
sea growth. Similar conclusions were drawn by Dobson
et al. [1989], Ardhuin et al. [2007], and more recently by
Hwang et al. [2011b].
[60] In particular, Hwang et al. [2011b] found that wave

development in opposing swell conditions roughly conforms
to the ideal fetch-limited growth functions, even though they
found that the presence of swell and wind unsteadiness can
cause an enhanced wave development. Equivalently, in
Figure 1 it can be seen that, despite the attenuation of wind
waves by swell described here, the INTOA wave measure-
ments are in good agreement with the more ideal fetch-lim-
ited wave growth functions derived for mixed seas from the
BHDDB data ensemble [Hwang et al., 2011b].
[61] These results suggest that the presence of swell and

wind unsteadiness can be responsible for some of the scatter
observed on wave growth studies but their effect is less
significant as compared with the relevance of other phe-
nomena, such as slanting fetch e.g. Ardhuin et al. [2007], or
atmospheric stability e.g. Kahma and Calkoen [1996] and
further show the robustness of fetch-limited growth func-
tions to estimate wave growth under complex conditions.
[62] Finally, as pointed out by one of the reviewers, the

swell steepness is a governing parameter for the impact of
swell on shorter waves and atmospheric boundary layer [see,
e.g. Kudryavtsev and Makin, 2004; Pan et al., 2005; Makin
et al., 2007]. In the INTOA data, as the swell steepness
increases the response of wind sea significant wave height to
wind-forcing is reduced [see Ocampo-Torres et al., 2011,
Figure 9], corresponding to a decrease of the wind sea
energy with increasing swell steepness. However, the range
of variation of swell steepness within the measuring period
is rather small for unequivocally assessing this impact of
swell. Furthermore, the swell index gives an idea of the
relative importance of the swell impact as compared with the
wind-forcing, implicitly expressed through the dependence
of Ew on u*, and therefore in this study it is preferred over
the steepness to characterize the swell influence.
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