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SUMMARY: An analysis of the performance of parameterizations for the drag coefficient C;, over the ocean is presented.
The results were obtained by considering detailed observations from the recent IntOA experiment in which a co-existence
of wind sea and swell provides characteristic mixed sea conditions in a wide range of wind speeds. Recent research has
advanced our understanding of air-sea fluxes, proposing new functional forms for the drag coefficient, as well as applying
wavelength scaling and determining dimensionally consistent expressions for the drag coefficient. Nevertheless, a detailed
analysis of the influence of wind sea parameters confirms the need to include the sea state dependence on parameterizing
C)p for mixed sea conditions. It is also shown that better results are obtained when aerodynamic roughness is considered as a
function of wave age and wave steepness, or equivalently if Cp, is expressed as a function of a characteristic peak frequency
defined through the wave momentum spectrum.

Keywords: drag coefficient, sea state, swell, mixed seas.

RESUMEN: EL COEFICIENTE DE ARRASTRE SOBRE LA SUPERFICIE DEL MAR COMO FUNCION DE LAS CARACTERISTICAS DEL OLEAJE. —
Se presenta un andlisis del desempefio de algunas parametrizaciones del coeficiente de arrastre Cj, sobre la superficie del
mar. Los resultados se obtienen a partir de observaciones detalladas durante el experimento IntOA. En ese experimento la
existencia simultdnea de oleaje generado localmente y oleaje que proviene de tormentas lejanas, nos brinda caracteristicas
unicas del estado del mar con constituyentes mixtas de oleaje en una gama amplia de velocidades del viento. A través
de investigaciones recientes se ha avanzado en el conocimiento de los flujos entre el océano y la atmdsfera, al proponer
nuevas formas funcionales del coeficiente de arrastre, asi como al utilizar expresiones dimensionalmente consistentes que
se basan en escalas asociadas a la longitud de onda de las olas. Los resultados de este trabajo confirman la necesidad de in-
cluir la influencia del estado del mar en las parametrizaciones del coeficiente de arrastre, especialmente bajo condiciones
mixtas de oleaje. También se demuestra que se obtienen mejores resultados cuando la escala de rugosidad aerodinamica
se considera como una funcién de la edad de la ola y de la pendiente del oleaje local o de forma equivalente, cuando Cp,
se expresa como funcién de una frecuencia caracteristica asociada al pico espectral que se determina mediante el espectro
del momento del oleaje.

Palabras clave: coeficiente de arrastre, estado del mar, swell, oleaje mixto.

INTRODUCTION

Air-sea fluxes are key boundary processes for
both the atmosphere and the ocean. In particular, the
wind stress drives the upper-ocean circulation, con-
trols wave generation, and plays and important role

in storm development and large-scale atmospheric
circulation. An accurate estimate of wind stress is
important for oceanic and atmospheric modelling,
coupling and dynamic studies. By definition, the wind
stress T is given by the correlation of the wind turbu-
lent fluctuations as
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T=puw vyw’), (1)

where p is the air density, u’=(u’,v’,w’) is the wind
turbulent velocity, and the overbar denotes the mean
over a suitable period of time. Therefore, in order to
compute wind stress directly, the wind turbulent veloc-
ity must be known. Measurements of turbulence over
the ocean are a difficult and expensive task, so infor-
mation of turbulent fluxes is scarce in both space and
time. Instead, atmospheric and oceanic models must
rely on flux parameterizations based on more readily
measured variables. Typically, momentum transfer is
estimated from the mean wind speed at a given height
and a related drag coefficient C,, with the so-called
bulk aerodynamic formula

Il = pCp, U2 2

where U, is the wind speed at height z and we have
assumed that the wind stress has the same direction as
the mean wind. The Cj, is a function of wind speed
and measuring height, and it has been shown that
it also depends on atmospheric stability and the sea
state. The dependence on the measuring height and on
atmospheric stability are overcome by using the wind
speed at 10 m height in neutrally stratified atmospheric
conditions. Somewhat surprisingly, after the stability
correction, the most practical expressions of the drag
coefficient seem to be in the form of dimensionally
inconsistent polynomial functions of wind speed (e.g.
Smith 1980, Large and Pond 1981, Yelland and Taylor
1996, Hwang et al. 2011).

It follows from the Monin-Obukhov similarity the-
ory that the drag coefficient and the surface roughness
length, z,, are related as

Cp =KIn" (Zi) , 3)
0

where k is the von Karmdn constant and the subscript
N denotes neutral conditions. Hereinafter, the term
drag coefficient will be used to refer to the neutral drag
coefficient and the subscript N will be omitted. In an
aerodynamically rough flow, z, is expected to be relat-
ed to the physical roughness of the sea surface, i.e. the
waves. Consequently, a lot of effort has been devoted
to parameterizing Cp - and z, in terms of wave param-
eters such as wave age (e.g. Donelan 1990, Drennan et
al. 2003) and wave steepness (e.g. Taylor and Yelland
2001).

Recently, Foreman and Emeis (2010) proposed a
new functional form to represent the drag coefficient
for moderate to strong winds where no wind speed
dependence was determined. While their results ap-
proximate rather well with data sets reported in the lit-
erature, the swell influence was not explicitly included
in the analysis and the sea state conditions considered
were wind sea-dominated. On the other hand, Hwang
et al. (2011), applied wavelength scaling to propose a
dimensionally consistent expression for the drag coef-
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FiG. 1. — Map of the Gulf of Tehuantepec showing the mooring posi-
tion of the ASIS buoy during the IntOA experiment.

ficient for both wind sea and mixed sea conditions. The
swell effect is incorporated and the resulting drag coef-
ficient is expressed as a function of a swell index and a
proper dimensionless frequency.

Although extensive research has been conducted on
the dependence of Cj, and z, on environmental param-
eters including wind speed, stability and surface waves
(e.g. Geernaert 1999, Jones and Toba 2001), there
are still some issues to deal with. Here we review the
performance of some of the most popular and recent
parameterizations of Cp and z, in mixed seas using
field data collected during the IntOA field campaign.
Our attempt is to implicitly include the effect of swell
on wind stress through the dependence of sea surface
roughness on wind sea wave age and steepness. The
results confirm the need to include the sea state depen-
dence in parameterizing Cj, for mixed sea conditions.
It is shown that better results are obtained when aero-
dynamic roughness is considered as a function of wind
sea wave age and steepness or, as proposed by Hwang
et al. (2011), if the Cj, is expressed as a function of a
characteristic peak frequency defined through the wave
momentum spectrum.

THE GULF OF TEHUANTEPEC EXPERIMENT

The Gulf of Tehuantepec is located in the Pacific
Ocean on the southeast coast of Mexico (Fig. 1). This
region is well-known for the occurrence of strong
mountain gap winds known as Tehuanos (e.g. Romero
et al. 2003). The Tehuano events are strong northerly
winds that blow off the coast with speeds that can ex-
ceed 20 m s7'.

The Gulf of Tehuantepec air-sea interaction (In-
tOA) experiment took place from February 22 to April
4, 2005 in the Gulf of Tehuantepec. The goal of the
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Fic. 2. — Time series of mean wind speed (top), significant wave height of swell (bottom, solid line), and wind sea (bottom, dashed line), as
observed at the ASIS buoy during the IntOA experiment. Shaded areas denote the Tehuano events.

experiment was to investigate the impact of the strong
offshore winds on air-sea interactions and surface
waves.

All data used here were collected from an Air-Sea
Interaction Spar (ASIS) buoy (Graber et al. 2000)
moored in the central part of the Gulf of Tehuantepec
about 22 km from the coast at a 60 m depth site (Fig.
1). Mean wind speed and turbulent fluctuations were
measured with a sonic anemometer at 6.5 m from the
surface. Waves were recorded with a pentagonal array
of eight wave wires, one wire on each side of the pen-
tagon and three wires at the centre, in which each wire
measured the surface height at a single point. Wind
velocity and surface height measurements were cor-
rected for buoy motion as described by Garcia-Nava
et al. (2009). Wind speed was transformed to neutral

values as
! (i) ’ (4)
L

where v, is the dimensionless wind speed profile pa-
rameter proposed by Donelan (1990), u.=V|t/p is the
friction velocity, and L is the Obukhov length scale.
Then, wind speed at the standard 10-m height was
computed by assuming a logarithmic wind profile

U, =U. +=

10
Uy =U,y +—ln( ) (5)
K Z

Subsequently, the neutral drag coefficient was com-
puted from (2) and the surface roughness length from
(3).

An extensive description of the experiment can be
found in the paper by Ocampo-Torres et al. (2011),
while details on data acquisition and processing are
given by Garcia-Nava et al. (2009).

Mean conditions

Within the measuring period, eight Tehuano events
were identified (shaded areas in Fig. 2). Each event
lasted 1 to 3 days followed by an inter-Tehuano period
of 2 to 7 days. Long-period swell, with a significant
wave height of between 0.5 and 1.5 m, reached the
area continuously during the field campaign. The high-
est wind waves occurred during the strongest Tehuano
winds, and the highest significant wave height was
about 2.5 m at 20 m s~! wind speed in association with
fetch-limited growth (Fig. 2, see also Ocampo-Torres
etal. (2011).

The persistence of swell induced the predominance
of mixed sea conditions during the IntOA experiment.
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Fic. 3. — Polar representation of the wind speed observed at the

ASIS buoy during the IntOA experiment. Concentric circles indi-

cate wind speed and radial lines indicate the wind direction (oceano-

graphic convention). The different symbols represent the sea state:

swell-dominated conditions (down triangles), wind sea-dominated

conditions (circles), and strongly wind sea-dominated conditions
(up triangles).

Based on the energy contained in each part of the wave
spectrum, data were classified as swell-dominated (SD)
conditions when the energy of the swell, E,, exceeded
that of the wind sea, E,,, and wind sea-dominated
(WSD) conditions when E,,, exceeded E,. A subset of
strongly wind sea-dominated (SWSD) conditions was
established as E,,>5E,. For reference, this criterion is
commonly used to define “pure wind sea” conditions
(e.g. Drennan et al. 2003, Drennan 2006), but the term
“pure wind sea” is avoided here because it is known
that swell occurred persistently in the data set (c.f.
Garcia-Nava 2009).

Figure 3 shows a polar representation of the wind
velocity (i.e. joint distribution of magnitude and di-
rection) observed during the field campaign. The
wind velocity has two distinct conditions: during the
Tehuano events the wind blows offshore (to the south)
with a magnitude mostly between 8 and 20 m s7!;
otherwise wind blows northward, rarely exceeding
8 m s~!. Most SD cases (down triangles) correspond
to southerly winds (67%), while WSD conditions
(circles) correspond almost exclusively to northerly
winds (93%), i.e. to Tehuano events, and SWSD cases
(up triangles) occurred only during the highest winds
in association with the maximum significant wind sea
heights (Fig. 2).

DRAG COEFFICIENT
The observed drag coefficient, Cp, displays two dif-

ferent behaviours as a function of wind speed: at low
winds (U<8 m s7!) the C), decreases as wind speed in-

creases and at high winds (U=8 m s~!) the C}, increases
linearly with wind speed (Fig. 4).

The Cj, expected for open ocean conditions is repre-
sented in Figure 4 by the relationships of Smith (1980)
and Large and Pond (1981) (dotted and dashed line,
respectively; see also Table 1), which correspond to
almost fully developed wind sea conditions (Drennan
et al. 2003). As can be seen, the observed Cy, is higher
than the open ocean estimates. In particular at low
winds the observed Cj, is up to five times higher than
the constant value proposed by Large and Pond (1981).

The differences between the observed Cp, and the
open ocean estimates are caused by the strong influ-
ence of swell and by the presence of underdeveloped
wind waves that occurred during the IntOA experi-
ment. At low winds the direct interaction of swell with
the air flow above causes the Cj, to increase (Pan et al.
2005, Garcia-Nava et al. 2009). At high winds there
are two other processes at play: the presence of under-
developed, fetch-limited wind seas causes the surface
roughness to increase (Drennan et al. 2003) and the
presence of swell decreases the wind sea—associated
roughness (Garcia-Nava 2009). The overall result of
these two processes is that the observed Cj, is higher
than the open ocean estimates, corresponding to near
fully developed conditions, but lower than the Cj, ex-
pected for underdeveloped wind seas in the absence of
swell.

Error assessment

The error induced by motion correction on the
computed Cp was proved negligible during the IntOA
experiment (see Garcia-Nava et al. 2009, appendix A).
In the following we consider the error induced by sam-
pling variability on the Cp,.

0.01

0.009( b
0.008
0.007
0.006
o
4 0.005
(&)
0.004-
0.003
0.002-

0.001

0
0 5 10 15 20

FiG. 4. — Drag coefficient as a function of wind speed for swell-dom-

inated conditions (down triangles), wind sea-dominated conditions

(circles), and the subset of strongly wind sea-dominated conditions

(up triangles). Lines represent the best fit to this data set (solid), and

the parameterizations of Smith (1980) (dashed) and Large and Pond
(1981) (dotted).
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TABLE 1. — Parametric relationships for the drag coefficient and aerodynamic surface roughness used for comparison throughout this study.

Reference Variable Parameterization Range
Large and Pond (1981) 1000 Cp 1.2 4<U, ;<11 ms!
0.49+0.065U 11<U,;<25 m s~
Smith (1980) 1000 Cp 0.61+0.063U, 6<U,;<22 m s~
Foreman and Emeis (2010) Coyp (Co(Uy=Up)+u=)* Uy, 8<U,;<30 m s~!
Drennan et al. (2003) 2/H, 3.35(us/ CI,WS)&4 5<C,,, /u-<20
Taylor and Yelland (2001) 2o/H, 1200(H/2,)*> 0.02<H/1,<0.06
Hwang et al. (2011) Cp,, A (). B 0.01<m.<0.2

The fractional sampling error, ¢, for the mean cov-
ariance u’w’ can be estimated (Donelan 1990) as:
1

cmq (L) 6)
“A\UQ

where U is the mean wind speed, z is the anemometer
height, Q is the averaging time, and the coefficient
a,,,=5.5 (Sreenivasan et al. 1978). Propagation of the
sampling error of the covariance through Cj, calcula-
tions yields
Suw
0C, =24 (7

where 0C}, is the error on drag coefficient due to sam-
pling variability, Suw=eu’w’ is the sampling error on
wind stress, and the sampling error on the mean wind
speed was neglected.

As deduced from (6) and (7), the sampling error on
C)p is wind-dependent and decreases as the wind speed
increases. For the IntOA experiment (z=6.5 m and
=30 min) the fractional sampling error on Cj, ranges
between 7% and 19% (2 m s~'<U<20 m s7!); the larg-
est errors were computed for low wind conditions, and
decreased to less than 15% for winds higher than 5 m
s and less than 10% for winds higher than 10 m s~

Linear dependence on wind speed

After the stability correction, most practical expres-
sions for the Cj, are in the form of polynomial functions
of wind speed. The most widely used parameteriza-
tions of the drag coefficient are probably in the form of
a linear function of wind speed such as

Cpio=(a+bU,p107? (8)

where a and b are determined empirically by fit-
ting observed data. Although this formula is widely
used, especially for wind speeds in the range 7 m s~
1<U,,<20 m s7!, there is no consensus on the value
of a and b and there is a lot of scatter in the values
proposed by various authors (see e.g. review in Table
1 of Guan and Xie 2004). At high winds, a linear in-
crease in the observed Cj, with increasing wind speed
is evident (Fig. 4), with the best fit (solid line) given
by a=0.73 and b=0.083.

When a parameterization of the type of (8) is used
to calculate Cj, an obvious problem is the selection of
the coefficients a and b. This selection will critically
affect the accuracy of the results obtained through the
parameterization; as an example, in Figure 5a it can
be seen that the observed Cj, would be underestimated
between 10% and 40% if the commonly used linear
relationships of Smith (1980) is used to estimate C,.

Based on dimensional arguments Charnock (1955)
proposed

7o = au:?lg, )

where a, the so-called Charnock parameter, was con-
sidered as a constant. A constant a implies that Cj, is
exclusively a function of wind speed and measuring
height. In accordance with Guan and Xie (2004), sub-
stituting (9) in (3) gives a nearly linear relation between
Cp and U, and the discrepancies observed in the values
of a and b can be explained by the dependence of a on
wave steepness. It is now generally accepted that o de-
pends on wave parameters (see e.g. Komen et al. 1998,
Jones and Toba 2001), even under hurricane condi-
tions (Moon 2004). However, it is also believed that o
remains constant for mature seas in certain conditions
(Hara and Belcher 2004). The observed Cj, during the
IntOA experiment can be well described by a constant
a=0.023 (Garcia-Nava et al. 2009), as if it were from
mature seas (Hara and Belcher 2004), although in high
winds wind waves are underdeveloped and the wave
age decreases as the wind speed increases.

Recently, Foreman and Emeis (2010) suggested
that the wind speed dependence of Cj, is due to the
neglect of a constant in the expected linear relation
between u- and U rather than to an increase in z, with
the wind speed. They proposed a new definition of fric-
tion velocity as

u*=Cm (U_U0)+u'k0 (10)

where C,,=0.051 is the newly defined drag coefficient
(no longer wind speed—dependent), u., is the lower
limit friction velocity for aerodynamically rough flow,
and Uy=U,, (u+=us,). From their analysis, Foreman and
Emeis (2010) found u.;=0.27 m s™' and Uy=8 m s~'.

It can be seen in Figure 6 that the observed fric-
tion velocity shows a linear dependence on wind speed
for values greater than 7 m s~!, which coincides with
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Fic. 6. — Friction velocity as a function of wind speed for swell-
dominated conditions (down triangles), wind sea-dominated condi-
tions (circles), and the subset of strongly wind sea-dominated condi-
tions (up triangles). Lines represent the linear fit (dashed), and the
parameterizations of Foreman and Emeis (2010).

the expected Uy=7 m s' for the observed a=0.023
(based on Figure 3 of Foreman and Emeis 2010). The
observed values of u. are consistently higher than those
estimated from the relationship of Foreman and Emeis
(2010) (solid line), but within the range of values that
they reported.

During the IntOA experiment the air flow could
be regarded as aerodynamically rough most of the

time even in low wind conditions (Garcia-Nava et al.
2009). However, a linear regression of the observed u-
against wind speed gives u:;=0.24 m s~! for Uy=7 m
s7! and u+,=0.29 m s7! for Uy=8 m s~!. Corresponding
values of the newly defined drag coefficient (which
correspond approximately to the square root of Cp)
are C,,=0.055 and C,=0.056, for U,=7 m s~! and U,=8
m s7!, respectively. These values fall well within the
range C,=0.051+£0.006 reported by Foreman and
Emeis (2010).

Therefore, the IntOA data seems to support the
hypothesis of Foreman and Emeis (2010). However,
in terms of Cp the parameterization of Foreman and
Emeis (2010) with C,,=0.051, U,;=8 m s~! and u.,=0.27
m s~! (see Table 1) underestimates the observed Cj, by
more than 20% (Fig. 5b) and the correlation coefficient
is reduced as compared with that obtained from a linear
dependence of C;, on wind speed (Table 2). By using
the values of C,, and us, computed from the IntOA ex-
periment data, the error is reduced but the large scatter
is always present and the correlation coefficient is the
same.

Sea state dependence in high winds

A lot of effort has been devoted to express Cp, or
equivalently z, as a function of wave parameters (e.g.
Komen et al. 1998, Hwang 2004). In terms of wave age,
defined here as the ratio between the phase speed ¢, and
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TaBLE 2. — Comparison of the estimates of the drag coefficient
obtained with different parameterizations. R is the correlation coef-
ficient between the observed and estimated C), the fitting error (¢)
is computed as the norm of residuals divided by the square root of
the number of data points, and Py, indicates the percentage of data
points within the 90% confidence bands based on the sampling vari-

ability of IntOA data.
Parameterization R € Py, [%]
Smith (1980) 0.76 0.55%10-3 30.5
Foreman and Emeis (2010) 0.73 0.33x103 69.3
Drennan et al. (2003) 0.83 0.99x10-3 14.0
Taylor and Yelland (2001) 0.06 1.05x10-3 18.7
Hwang et al. (2011) 0.83 0.18x1073 95.3
Equation (13) 0.86 0.15x1073 96.8

the friction velocity, surface roughness can be param-
eterized with a general form (Donelan 1990) such as

B
c
Zo/HsW:A](ﬂ) i (11)

U,

Alternatively, Taylor and Yelland (2001) proposed
a parameterization in terms of wave steepness as
By

ZO/HFAZ( ’;) , (12)

14

where H. is the significant wave height, ¢, is the phase
speed, A, is the peak wave length, the suscript ws in-
dicates a wind sea property, and the constants A; and
B; are to be determined empirically. Note that while
wave age formula is based on wind sea properties, the
parameterization of Taylor and Yelland (2001) uses the
full spectrum properties in an attempt to include the
effect of mixed seas.

It is believed that the direct interaction of swell with
the air flow (see Donelan and Dobson 2001) has a great

o <0.041
ws
0.41<d <0.046
— ws
0.46<d <0.054
ws
o >0.054
ws

Fic. 7. — Dimensionless surface roughness as a function of the
wind sea wave age. Colours denote different wind sea steepness,
4, ranges and lines are the logarithmic fit for different wind sea

steepness ranges (solid) and the parameterization of Drennan et al.
(2003) (dashed).

wind sea wave length, A,

WIND STRESS IN MIXED SEAS - 183

impact on drag estimates from the IntOA experiment
in low wind conditions (Garcia-Nava et al. 2009). The
effect of the direct interaction of swell with the air flow
decreases rapidly with increasing wind speed (Pan et
al. 2005). Therefore, in the following we restrict the
analysis of field data to high winds and discuss the
parameterization of the effect of direct interaction of
swell and wind on the drag coefficient in the next sec-
tion. While most data considered in this section cor-
respond to wind sea-dominated conditions (66.4%),
there is an ubiquitous presence of swell and data can be
regarded as mixed sea conditions.

In Figure 7 dimensionless roughness is plotted as
a function of wind sea wave age. Although there is a
slight tendency of roughness to decrease with increas-
ing wave age, the data are scattered and no clear relation
can be noticed. However, the tendency seems clearer if
dimensionless roughness is categorized with wind sea
wave steepness, J,,,. Also notice that the roughness of
the steepest waves (darker circles) is lower than that
estimated for pure wind seas using the relationship of
Drennan et al. (2003) (dashed line), while less steep
waves seem to be rougher than is expressed by the pure
wind sea relationship. The steepest waves correspond
to the highest winds in which the reduction of z, due to
swell is an important process; as wind speed decreases
(less steep waves) the reduction in z; is smaller and
can be overcome by the direct contribution of momen-
tum from swell to the atmosphere (Garcia-Nava et al.
2009). The effect of swell on wind sea wave steepness
can be observed in Figure 8 as the progressive decreas-
ing of Hs,, as a function of 4, ~as the importance of
swell parameter, C=E/E,,, increases. For a given wave
length, as swell becomes greater, significant wave
height and hence steepness decrease.

Figure 9 shows the observed dimensionless rough-
ness as a function of wave steepness. The observed gz,
values are much more scattered than those in terms
of the wind sea wave age and are consistently lower

25 T
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ol © 2 |
. 15¢ b
£
W8
T
1L |
0.5r < |
o ¢
0 . . . .
0 10 20 30 40 50

Fic. 8. — Wind sea significant wave height, H, . as a function of
Colours denote different swell impor-
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tance parameters, C; ranges and lines are the linear fit in each range.
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FiG. 9. — Dimensionless surface roughness as a function of the wave

steepness. Lines are the parameterization of Taylor and Yelland

(2001) (dashed) and the limit suggested by Drennan et al. (2005)
(dotted).

that those predicted by the relationship of Taylor and
Yelland (2001) (dashed line). In the figure, the limit
proposed by Drennan et al. (2005) for the applicabil-
ity of this formula is shown by the dotted line. For the
IntOA data this limit clearly distinguishes the SD con-
ditions from the WSD conditions because for the SD
conditions the peak frequency corresponds to that of
the swell, so wave steepness is much smaller.

In accordance with the results of Drennan et al.
(2005), the wave steepness formula of Taylor and Yel-
land (2001) should perform better than the wave age
formula of Drennan et al. (2003) for mixed sea condi-
tions. However, the wave age formula seems to work
better although none of these parameterizations is ca-
pable of predicting the Cj, observed during the IntOA
experiment correctly and the modelled values greatly
exceed the observations (Figs. 5Sc and 5d). In particular,
the steepness formula represents the worst outcome of
all Cj, models tested with a correlation coefficient, R,
with observed data as low as 0.06. In contrast, wave
age formula has a high R but the error in Cj, predic-
tion is as high as the error computed for the steepness
formula (Table 2).

From the analysis of the results presented in Figure
7, it follows that z, should be parameterized in terms
of both wave age and steepness. A combination of (11)
and (12) can be arranged as

Bln B
I H 2n
o/ H, = A(P_) ( W) (K

Us Pyys

where all wave characteristics refer to wind sea
properties.

Based on the IntOA data, we obtained A,=0.0235,
B,,=2.224 and B,,=—1.09. Figure 5e shows a com-
parison between the observed C, and that computed
with (13). The improvement in Cj, prediction is readily
apparent (Table 2). Note that all wave parameters in-
cluded in (13) are from the wind sea and so, the effect

of swell on wind stress is implicitly included through
the dependence of the wind sea properties on swell (see
e.g. Fig. 8).

Another approach to include a sea state dependence
on the parameterization of wind stress is to consider
Cp, as a function of the dimensionless frequency ., as
(Hwang 2004)

CDm: AP (14)

where the height z=A/2 is used to reduce the uncertainty
introduced by the use of the arbitrary 10-m reference
elevation and because U,,, can be regarded as a proper
free stream velocity (see discussion in Section 3b of
Hwang et al. 2011). For wind seas, A, and B, are con-
stants if w.= w,u./g, where w, is the angular frequency
at the wave spectral peak (Hwang 2004). Notice that
for deep-water waves w,u./g=u-/c,, so (14) is an analo-
gous form of (11). For mixed seas Hwang ef al. (2011)
proposed the use of a characteristic wave frequency
o, defined from the wave momentum spectrum as

!S(w)da) ’ (15)

w =
i [S@)wdo

where S(w) is the wave frequency spectrum instead of
w, and expressed A, and B, as functions of the swell
index I = w,/w,. In Figure 5f it can be seen that the C),
estimated with this swell-dependent parameterization
reproduces very well the observed Cj, and the overall
performance is only slightly worse than that of (13)
(Table 2).

The effect of swell on drag at low wind speeds

At low winds it is expected that the greatest ef-
fect of swell on momentum flux will be brought by
the direct interaction of the swell waves with the air
flow (Donelan and Dobson 2001. From their analysis,
Garcia-Nava et al. (2009) concluded that the presence
of swell caused the relatively high Cj, values observed
in low winds during the IntOA experiment (Fig. 4).

The total wind stress can be regarded as a sum
of the turbulent stress, t,, the wave-related Reynolds
stress, T,, and the viscous stress, T,. The viscous
stress is only important in the very near vicinity of the
surface, inside the viscous sublayer, while the wave-
related stress is important within the wave-atmospheric
boundary layer. The dynamic effects of waves decays
exponentially with distance from the surface and with
the wavelength, as exp(—2mz/A), and so at a certain dis-
tance from the surface the greater effect of waves on
the air flow will be caused by the longer waves. In low
wind conditions and at common measuring heights it
is expected that ,, will be related predominantly to the
swell, so 7= T+ T,, where T, is the swell-related stress
and we have neglected the viscous stress. Equivalently,
the drag coefficient can be decomposed as C,=Cp+Cp, .
The swell-related drag coefficient, CDS, decays with
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increasing wind speed and depends on swell character-
istics. Recently, Pan ef al. (2005) showed that C), de-
pends on swell steepness and on the ratio between the
swell phase speed and the wind speed, and proposed a
parameterization accordingly. Here we computed the
swell-related stress from the part of the wind velocity
spectrum which is coherent with the waves S;; as de-
scribed by Veron et al. (2008)

T
;S :ffs(SWSWM ) cos(®@,,, - @, )df,  (16)

where f; indicates that integration is made over swell
frequencies, 1 is the wind velocity coherent with the
waves,

Sﬁ" = Suu X Caunﬂ
SVVV\"/=SWWX C2w115 (17)

Suu 18 the wind velocity spectrum, and @, and C,, are
the phase and coherence between the wind velocity and
the sea surface height 1. Then C, was computed as

Cpy=—2 (18)

In general, there is a good agreement between Cp_
computed with (18) and that computed from the param-
eterization of Pan et al. (2005) (Fig. 10). In both cases
Cp, exhibits the expected decay with increasing wind
speed and computed values are of such magnitude that
they can account for the high values of C, observed
during the IntOA experiment in low wind conditions.

CONCLUSIONS

The presence of swell modifies the momentum
flux through at least two different mechanisms: 1) the
swell releases or accepts momentum from air flow and
2) the swell modifies the wind-sea-associated rough-
ness, which in turns modifies the momentum transfer
between the atmosphere and the ocean (Donelan and
Dobson 2001). In mixed seas with strong swell the first
mechanism is important in low wind conditions (e.g.
Donelan et al. 1997, Drennan et al. 1999, Pan et al.
2005), while the second is believed to have a greater
impact in high wind conditions whenever underdevel-
oped wind waves coexist with strong swell (Garcia-
Nava et al. 2009).

Given the influence of swell on wind stress, the
need to include the sea-state dependence of C;, or z, on
the corresponding parameterizations is obvious. Here
we have tested several parameterizations with the In-
tOA data set and show that the best results regarding
C)p prediction are obtained when z;, is parameterized in
terms of both the wind sea wave age and steepness, or
when the similarity relationship proposed by Hwang
et al. (2011) is used. It should be noted that the coef-

WIND STRESS IN MIXED SEAS - 185

4 4
Uo[ms]

Fic. 10. — Swell-related drag coefficient (Cp, ) computed from the

wind velocity spectrum coherent with the waves (circles) as a func-

tion of wind speed. Diamonds are the mean Cj; computed from the

relationship of Pan ez al. (2005) for wind increments of 1 m s~! and
error bars are two standard deviations.

ficients and exponents used in both parameterizations,
equation (13) and that of Hwang et al. (2011), were
obtained by fitting the IntOA data set. Therefore, a fur-
ther validation of these formulas should include several
data sets and is being considered as a next step.

In (13) the effect of swell on Cj is included im-
plicitly in the dependence of wind sea parameters on
the presence of swell, while the parameterization of
Hwang et al. (2011) explicitly includes the depend-
ence of Cp on swell by using the characteristic wave
frequency (see Eq. 15) to compute Cp, . A point worth
noting is that the exponent B,,=—1.09 of (13) implies
that the dependence of dimensionless roughness on
wave steepness is almost linear. If we set B,,=—1 then

(13) can be rewritten as
Bln

g (C_p) ' (19)
A "\,
Furthermore, using z= A/2 on (3) gives
— 212 [ % 2
CDMZ_ K In (2)»). (20)

From (19) and (20) it can be seen that the param-
eterization described by (13) and the parameterization
of Cp,, of Hwang ef al. (2011) are somewhat analo-
gous, and this suggests that scaling z, with A could be a
better alternative than the commonly used scaling with
H,

The observed swell-related drag coefficient is well
represented by the parameterization of Pan ef al. (2005)
(Fig. 10). A computation of the total C;, obtained by
adding C, and Cp,, where C, is approx1mated with the
relatlonshlp of Pan et al. (2005) and C p, 18 computed
with (13), is a good approximation to 'the observed
Cp and reflects fairly well the general trend of Cp as
a function of wind speed, although the individual val-
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ues of Cp in low winds are not an exact match. The
effect of swell on increasing Cj, in low winds can be
represented by the inclusion of Cp, computed with the
parameterization of Pan et al. (2005).
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