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ABSTRACT

During the Surface Wave Dynamics Experiment, direct measurements of momentum, heat, and water vapor
fluxes were obtained from a mast on the foredeck of a SWATH (small water-plane area, twin hull) ship in deep
water off the state of Virginia. Directional wave spectra were obtained simultaneously from a 6- or 3-wire wave-
staff array mounted at the bow of the ship. One hundred and twenty-six 17-minute runs of flux and wave data
obtained with the ship steaming slowly into the wind are examined for the effects of the relative direction of
the wind sea and background swell on the momentum transfer. The adequacy of the inertial dissipation method,
which depends on the high-frequency turbulent fluctuations for evaluating the wind stress, is also examined for
any effects of swell.

The results show that the presence of counter- and cross-swells can result in drag coefficients that are much
larger than the value for a pure wind sea. The eddy correlation and inertial dissipation methods for measuring
wind stress are found to diverge during the complex sea conditions. The authors interpret the latter observations
as an indication that the traditional inertial dissipation method, in which the pressure and transport terms in the
kinetic energy balance equation are assumed to be in balance, may be unsuitable for use in a marine boundary

layer disturbed by swell.

1. Introduction

During the past thirty years, agreat deal of effort has
been expended in determining the fluxes of momentum,
heat, and moisture over the ocean surface. These vari-
ables are key boundary conditions for coupled atmo-
sphere—ocean models. An understanding of how they
vary with changing sea conditions is one of the most
challenging goals of research in air—seainteraction. The
recent development of satellite and other remote sensing
systems may soon allow for fluxes to be measured over
the entire global ocean. Although this goal may not be
far off, several key issues remain to be addressed. For
instance, the relationship between the backscatter co-
efficients determined by the remote sensors, momentum
flux, and the varying sea state is not fully known.

The dependence of the momentum flux, or wind stress
7, on the various physical parameters governing the ex-
change process has long been a topic of research. We
introduce the drag coefficient C,, = 7/pU?, where p is
the air density and U, the mean wind speed at reference
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height z, usually taken to be 10 m. Many earlier studies
(e.g., Smith 1980; Large and Pond 1981) concluded that
Coions the 10-m drag coefficient in neutrally stratified
conditions, is a function of wind speed aone. This view,
however, was not supported by the data of Donelan
(1990). These fetch-limited data suggest a further de-
pendence of Cg,, 0N wave age, with C,,, increasing
for younger waves due to an increased surface roughness.
Subsequent support for this hypothesis has been found
by Smith et a. (1992) and Donelan et al. (1993).

The presence of swell(s) is another factor that may be
important in parameterizing the drag coefficient. Donelan
(1987) has shown with laboratory data that the presence
of long, gentle swell propagating in the wind direction
has a substantial effect on the wind sea spectrum. Since
the short, steep, slow moving wind sea supports the bulk
of the wind stress in this situation, the swell may have
asignificant effect on the overall roughness. On the other
hand, Dobson et a. (1994) presented shipborne inertial
dissipation data of momentum flux in strong swell con-
ditions and tested the hypothesis that by ssimply ** delet-
ing” the swell from the wave spectra, existing drag co-
efficient/wave age relations would hold. Although the
statistical significance waslow, they concluded that there
were no extra effects from the swell. We note though
that their inertial dissipation method, based on high-fre-
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quency components of the wind spectrum aone (those
above the wind sea peak—see below), might well be
inadequate for determining the effects of much lower
frequency swell.

The recent results of Nghiem et al. (1995) provide
indirect support for the opposite conclusion. Their Ku-
and C-band radar data show a strong increase in the
backscatter coefficients in situations of light winds and
strong swell. Eliminating other effects (such as wave
breaking), they concluded that the likely cause of the
higher values was an increase in wind stress. In this
paper, we present open ocean eddy-correlation data that
imply astrong dependence of C,,,, 0n swell. The dataset
includes conditions of strong swell propagating against
both moderate and light winds.

2. Measuring stress

In the constant stress layer, well away from the thin
viscous layer at the surface, the fluxes of momentum,
heat, and mass are carried by turbulent fluctuations. In
this case, the wind stress is given by

T= —pwW'u’, (D)

where p isthe air density, assumed constant, and w’ and
u’ the turbulent fluctuations in vertical and horizontal
velocities. The overbar refers to averaging over a suit-
able time interval. Based on studies of the separation
of spectral scales in boundary layer winds, Pierson
(1983) determined a *‘suitable interval” to be one of
approximately 20 minutes.

There are four methods for estimating fluxes in com-
mon use: eddy correlation, inertial dissipation, profile,
and bulk. Of these, the last requires bulk transfer co-
efficients (i.e., Cpoy) t0 be determined using one of the
alternative methods. Also, the profile method, although
yielding valuable results over land, has rarely been used
successfully over the sea, where the gradients are much
weaker. See Dupuis et al. (1995) for recent results using
the profile method to estimate heat and water vapor
fluxes over the sea.

Of the remaining two methods, the eddy-correlation
(EC) method is the most straightforward in that it cal-
culates the flux directly from the covariance of the two
time series. For instance, the surface stress is given by
Eqg. (2) either directly or in spectral form. The EC meth-
od has been widely and successfully applied to tower
data (e.g., Smith 1980; Large and Pond 1981; Donelan
1990; Smith et al. 1992; Edson et al. 1991), with the
latter authors showing the importance of siting the an-
emometers in a region free of flow distortion effects.
Clean towers, however, are restricted to a few coastal
locations; the bulk of the global ocean is much more
conveniently accessed by ship or buoy. That these |atter
platforms are nonstationary, however, means that the
measured wind components are contaminated by the
motion of the sensor and, hence, that eddy correlation
calculations may include a substantial, or dominant,
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nonturbulent component. It has been estimated (e.g.,
Donelan 1990) that a 1° error in the mean tilt of an
anemometer can result in an EC stress error of 10%.
On aship or buoy, instantaneous anemometer tilt angles
can exceed 10°.

Given the difficulties in implementing the eddy cor-
relation method, theinertial dissipation (ID) method has
found common usage (e.g., Large and Pond 1981; and
Dobson et al. 1994 using ships; or Large and Pond 1981,
Smith 1980; Edson et al. 1991; and Smith et al. 1992
from coastal towers). The ID method assumes that the
sum of pressure working and transport terms in the ki-
netic energy balance equation is negligible, resulting in
a relationship between friction velocity u, = (#/p)Y?
and the kinetic energy dissipation rate e, the latter of
which can be calculated from the spectrum of u’ or w'.
The calculation of e uses only the spectral values at high
frequencies, which arein the so-called inertial subrange,
well above those associated with most platform motions.
Thus, the dissipation method is well suited for use on
moving platforms, such as ships or aircraft. We em-
phasize that the ID method, although in common usage,
is an approximation. It is subject to the same require-
ments as the EC method, namely that conditions are
steady and homogeneous, and in addition depends on
the assumptions that pressure working and transport
terms are small or in balance and that the coefficients
in the relation are well known. The coefficients depend
on atmospheric stratification, which implies an assess-
ment of the turbulent momentum flux and buoyancy.

In order to use the EC method on moving platforms,
the complete motion of the platform must be recorded
at each time step, and each velocity sample corrected.
Early applications of the EC method to ship measure-
ments made the assumption that some or all of the ship
motion was negligible. In particular, Mitsuta and Fuji-
tani (1974) neglected the linear accel erations of the ship,
while Bradley et al. (1991) neglected all ship motion
for measurements made in the Tropics. The early use
of inertial platform systems for aircraft led to the de-
velopment of motion correction algorithms (e.g., Mi-
yake et al. 1970); Fujitani (1985) used a similar system
for ship measurements. Recent advancesin motion sens-
ing technology mean that it is now feasible to employ
the eddy correlation technique on both ships (see Fu-
jitani 1992; or Katsaros et a. 1993) or buoys (Anctil et
al. 1994). Thus, this more accurate calculation method
can now be employed in typical oceanic conditions.

The Surface Wave Dynamics Experiment (SWADE)
was carried out off the Atlantic coast of the United
States over the six months of October 1990 through
March 1991 in the area shown in Fig. 1. A complement
of buoys—including four National Data Buoy Center
(NDBC) 3-m Discus buoys and three meteorological
buoys—recorded directional wave spectra and meteo-
rological datain the SWADE area throughout the entire
period. In addition, three intensive operating periods
(I0Ps) of two weeks each were selected for detailed
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Fic. 1. Chart of the SWADE area showing NDBC 3-m Discus
buoys (O). The lines mark the location and track of the Frederick
G. Creed during the flux runs. The numbers on the graph indicate
run numbers. Details of the runs are given in Table 1.

observation and modeling. During the |OPs of January
1991 (10P2) and February—March 1991 (10P3), severa
aircraft plus the 20-m SWATH (small water-plane area,
twin hull) Ship Frederick G. Creed were deployed. We
report here on measurements primarily from the Creed,
along with supporting data from the NDBC buoys.

3. Shipborne measurements during SWADE

A SWATH ship such as the Creed offers minimal
surface resistance and is well streamlined so that it

Radiometers
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makes an excellent air—sea interaction platform in ad-
dition to allowing it to achieve the design goal of high
speed operation. The ship, seen in Fig. 2, is 20 m long
by 10 m wide, with buoyancy provided by two sub-
merged pontoons that are connected to the superstruc-
ture by narrow struts running the length of the ship.
Each pontoon holds one of the ship’s engines: cruising
speeds of up to 13 m s are possible, although 2-3 m
s speeds were more typical during the data gathering
runs. High stability in pitch and roll is provided by a
system of computer controlled lifting surfaces that pro-
trude from the front and rear of each pontoon.

For the purposes of SWADE, special equipment was
installed on the Creed. The turbulence and wave sensors
employed in this study are described. The 9-m mast
installed on the foredeck of the ship—see Fig. 2—held
a K-Gill anemometer—vane, a pair of thermocouples,
and a Lyman-a humidiometer. The latter instruments
were mounted behind a ** spray-flinger’” for protection
from sea salt. The K-Gill anemometer consists of two
propellers mounted 45° above and below the horizontal
plane (Ataktirk and Katsaros 1989). A motion package
consisting of three linear accelerometers, a pitch—roll
gyroscope, and a three-axis magnetometer was posi-
tioned near the bow of the ship. These sensors measure
the full six degrees of motion of the ship (heave, surge,
sway, pitch, roll, and yaw).

Analysis of the turbulence data was carried out in
blocks of 17 min. Details of the algorithm used to obtain
EC estimates of u, from the measured signals are given

K-vane
Humidiometer and Thermocouples
Wet and Dry Bulb Thermometers

Anemometer

Rain Gauge

Wet and Dry Bulb Thermometers

Video Camera
Compass

Motion Package

Pitot and Elliot Pressure Probes
Wavestaff Array

Acoustic Current Meter,
Hot Film Current Meter

FiG. 2. lllustration of the SWATH Ship Frederick G. Creed showing the equipment deployed during
SWADE.
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by Katsaros et al. (1993); the basic steps are the fol-
lowing:

 Correction for the 5-Hz RC antialiasing filter used
during data acquisition.

» Determination of mean (i.e.,, 17-min average) pitch
and roll angles using the surge and sway acceler-
ometers.

« Correction for frequency response of the K-Gill pro-
pellers following Hicks (1972). The distance constant
for the carbon fibre propellers was determined to be
22 m.

« Correction for frequency response of the K-Gill vane
following MacCready and Jex (1964). In wind flume
tests, the damping coefficient and natural (undamped)
wavelength of oscillation for the second-order vane
response correction were found to be 0.465 and 7.83
m.

» Computation of the velocity componentsin the K-Gill
reference frame (equivalent to the ship reference
frame, SR), following Ataktiirk and Katsaros (1989).

» Computation of the velocity components in an earth-
referenced (ER) frame, following Anctil et al. (1994).
The calculation, performed at each time step, consists
of (i) rotating the measured SR velocities into an ER
frame, (ii) adding the ER velocity fluctuations of the
ship itself, and (iii) accounting for the relative motion
between the ship (motion package) and K-Gill.

« Rotation of the ER horizontal and vertical velocities
(u and w) so that w = 0.

In addition to turbulence measurements, the SWATH
ship was equipped with an array of wave staffs for es-
timation of the directional wave spectrum. The retract-
able array was mounted on a bowsprit about 2 m in
front of the bow (4 m ahead of the pontoons), and con-
sisted of either six staffsarranged in acentered pentagon
of radius 75 cm (during January and February) or three
staffs arranged in a triangle with sides 1.4 m X 1.4 m
X 2 m (during March). The staffs were 4.5 m long by
0.9-mm diameter Teflon-coated high carbon steel wires,
tensioned by strong springs. The wave height time series
of the staffs were processed to obtain estimates of di-
rectional spectra according to the algorithm of Drennan
et al. (1994). The principal steps are as follows:

 Correction for the 5-Hz RC antialiasing filter used
during data acquisition.

» Transformation of the ship referenced measurements
to earth referenced ones. The calculation, performed
at each time step, consists of (i) rotating the measured
(SR) elevations into an ER frame, (ii) adding the ER
vertical movement of the ship itself, and (iii) account-
ing for the relative displacement between the ship
motion package and wave staffs. This accounts for
the unsteady motion of the ship.

« Determination of the Jacobian of the transformation
between the intrinsic frequency o, and the apparent
or observed frequency n. The two are different due
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to the Doppler shifting of frequencies caused by the
steady forward motion of the ship at speed U and are
related by n = o + kU cosa where k is the wave-
number and « the angle between the wave component
and ship heading.

» Estimation of directional wave spectra using a mod-
ified maximum likelihood method (MLM); see Dren-
nan et al. (1994). The method uses the wavenumber
k, but as discussed by Kats and Spevak (1980) and
Drennan et al. (1994), the mapping from w to k is not
one-to-one over the entire domain. Pointing the ship
into the wind and assuming that short waves [k >
0(2U cosw)~2] do not travel against the wind permits
a unique inversion.

Representative spectra are shown in Fig. 3 in polar
form and in geophysical coordinates, which iswith north
at the top and east to the right. The plots show evenly
spaced energy contours, with the energy plotted in the
direction the waves are traveling.

In afew cases, for example, run 204, directional spec-
tra estimates from the ship were not obtained due to a
faulty wave staff. In these cases, spectrafrom the nearest
NDBC 3-m Discus buoy were used. These spectra are
calculated from the hourly stored coefficients, each
based on 20 minutes of data. Comparisons of the ship
and buoy spectra were found by Drennan et al. (1994)
to be in good agreement. No wave data are available
during runs 11 and 12 due to broken wave staffs and
because the ship was near shore at the time, well away
from any buoys.

During the data runs, the ship cruised into the wind
at speeds of 2-3 m s~* making both wave and turbulence
measurements. Criteria for the selection of runs are that
meteorological and wave conditions remain stable dur-
ing the course of the run; the speed and heading of the
ship remain stable; the ship heading be within +30° of
the upwind direction; and the mean wind with respect
to the ship be greater than 5 m s=*. The first two con-
ditions are dictated by requirements of ergodicity, the
third by flow effects, and the fourth by the limitations
in the response of the K-Gill anemometer. Since the
ship speed into the wind was 2—-3 m s~1, this restriction
excludes only the wind speed range under 2-3 m s,

4, Momentum flux data

The mid-Atlantic coastal region was chosen as the
site for the SWADE experiment in part for its proximity
to the Gulf Stream and in part for the high likelihood
of “interesting”’ weather. Typical winter conditions con-
sist of aternating cold dry continental and warm humid
gulf air masses passing over the region, often with
strong frontal zones.

The buoy Discus-East, located at the eastern edge of
the SWADE zone, was anticipated to be in the Gulf
Stream. In fact, during |OP3, the Gulf Stream mean-
dered well landward of its normal path so both Discus-
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E and -C were in either the Gulf Stream or warm core
eddies for much of the time. Periods when the Creed
was in the Gulf Stream are evident from the water tem-
perature column of Table 1. Water temperatures of ap-
proximately 20°C contrast with more typical coastal
winter water temperatures of 10°C. The water temper-
atures are obtained by merging bucket, ADCP, ship in-
take, and daily AVHRR infrared satellite data.*

Thethree NDBC Discus buoys North, East, and CERC
roughly demarcated the boundaries of the SWADE zone
and alow a cross-calibration of the flux and wave mea-
suring capabilities of the 3-m buoys and the SWATH
ship. However, although EC flux measurements were
made at Discus-North and -Centre (see Anctil et al. 1994),
the ship was not at sea at the time, so a cross-comparison
of flux data is not possible.

a. Environmental conditions

The data presented here, 126 runs in all, are concen-
trated in two time periods with very different conditions.

Thirty-six runs were recorded in the four-day time
period 19-22 January 1991 during 1OP2. Hourly me-
teorological conditions (5-m wind speed and direction,
significant height H,, air temperature T,, and atmospher-
ic pressure) for the period as measured by three NDBC
3-m Discus buoys moored in the SWADE area are
shown in Fig. 4. At the start of the first data runs (1800
UTC 19 Jan 1991) conditionswere near neutral (slightly
unstable) with winds blowing from the southeast. Di-
rectional spectra during these runs (7-9) show a pure
wind sea (period 5 s) building from significant height
(taken to be four times the rms surface elevation) of 0.5
m to over 1 m. On 20 January, a low pressure region
followed by a cold front passed over the area. The wind
veered to NNW and the air temperature gradually
dropped from 12° to —4°C ascold air entered theregion,
resulting in more highly unstable conditions. Hourly
directional spectra from the buoys show the old wind
sea decaying and a new wind sea dominant by the time
ship measurements resumed late on 21 January. Figure
3a shows the directional spectrum measured from the
Creed. With strong winds, and the sea building to a
significant height of 3.5 m near Discus-C, the Creed
stayed closer to the coast (runs 11-14). By the time of
the final set of January runs (18-19), the wind was still
strong from the NNW. The effect of the coast line can
be seen by the turning of the old sea along the coast
Fig. 3b.

A set of fiveruns (102—103) was made on 25 February
1991 during the first part of IOP3. During these runs,
the Creed wasin the Gulf Stream, experiencing unstable
atmospheric conditions. Typical conditions are shown

L ADCP: acoustic Doppler current profiler, AVHRR: Advanced
Very High Resolution Radiometer.
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in Fig. 3c: a wind sea generated by moderate winds
from the north with a cross swell from the east. A day
later, in similar conditions, the wave staff array was|ost
during an encounter with a large wave, necessitating a
return to port for repairs.

The first week of March 1991 saw the bulk of the
Creed’s data runs. Hourly atmospheric conditions for
the 8-day interval as measured by three NDBC 3-m
Discus buoys in the SWADE area are shown in Fig. 5.
The evolution of the wave field at buoys Discus-North,
-Centre, and CERC can be seen in Fig. 6. The figure
shows the evolution of the hourly one-dimensional wave
spectra with time, with the contours marking energy
density in logarithmically spaced intervals.

Conditions over the week can be summarized as fol-
lows: For 24 hours from around 1800 UTC 1 March a
southerly wind blew at speeds increasing from 2 to 15
m s-%, bringing warm air and leading to stable condi-
tions. During this time a wind sea developed, with H,
at the buoys increasing to between 3.5 and 5 m. Note
also the downshifting of the peak frequency asthe wave
field developed (Fig. 6). During 3 March, thewind shift-
ed to the southwest and decayed somewhat. The wave
field was then dominated by a 2-3 m, 9 s, SSE swell
(propagating toward 330°). The characteristic increase
of the swell frequency over the next 24 hours reflects
the arrival of successively slower (higher frequency)
components from a distant storm. Early on 4 March the
swell veered toward the north (propagating from the
south) and intensified; the pattern of increasing fre-
quency isrepeated. These swellsdominated the SWADE
area during most of the SWATH ship runs in March.

At about 1800 UTC 3 March during run 204, the wind
shifted briefly to the south-southeast (following swell)
and then back to the southwest (cross swell) for much
of 4 March (runs 210-213, Fig. 3d). During the night of
4-5 March, a cold front passed through the SWADE area
(recorded on the Creed, south of CERC buoy at 0620
UTC 5 March). The winds shifted to the northwest and
decreased. Runs 221-223 are characterized by light
winds, blowing almost directly against the 2—2.5 m swell
(Fig. 3e). In Fig. 6 the appearance of the new wind sea
(0.2 Hz), first at buoy Discus-North then Discus-Centre,
aong with the slow decay of the counter swell, can be
clearly seen. During the next 18 hours (including run
230), the winds turned to the south-southwest and inten-
sified, bringing warmer air into the SWADE region.
These conditions lasted until midday 7 March, with the
resident swell increasing in magnitude to 2-3 m. A sec-
ond cold air outbreak entered the SWADE area late on
7 March, with the wind direction veering to the north-
west. Moderate winds blowing against a decaying swell
are characteristic of runs 238-251 (Fig. 3f).

b. Methods of analysis

The 12-m measured mean wind speeds were con-
verted to 10-m neutral values, U,q,, using the profile
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gradient functions of Donelan (1990). Two friction ve-
locity values were calculated by the eddy correlation
(us-EC) and inertial dissipation (u,-ID) methods re-
spectively. The two u, values at 12 m are adjusted to
surface values following Donelan (1990). This correc-
tion, of at most 4%, accounts for the error in assuming
aconstant stress layer. For theinertial dissipationvalues,
we first calculate the turbulent kinetic energy (TKE)
dissipation rate, €, according to

= Uic(su(w)w%/cwz, @

where S,(w) is the frequency spectrum of u’ in the in-
ertial subrangewhere §, = w3, U, the mean convection
velocity of the turbulent eddies past the anemometer
(Taylor's hypothesisis assumed), and C the Kolmogorov
constant. Edson et al. (1991) present the various values
of C used in the literature, with a range of 0.52 to 0.6,
depending on the formulation used in its derivation. We
use the value of Large and Pond (1981), that is, C =
0.55. Once € is determined, the friction velocity can be
found from the assumption that TKE production and
dissipation are in balance; namely

z z
d)u ([) - E! (3)

where the von Karman constant « is taken to be 0.4, ¢,
is the momentum gradient function given by Donelan
(1990), z the measurement height above the surface, and
L the Monin—Obukhov length. Here L is taken to be

3T
L= % 4)

CgkW' T

EKZ

U3

where T, is the virtual temperature, related to temper-
ature T and specific humidity m accordingto T, = T +
0.61Tm. For each run, amean value of L was calculated
using the time series of the temperature and humidity
as measured on the Creed.

The significant wave heights were found and a clas-
sification of each run was made according to the wave
conditions. Four categories are used: pure wind sea (w),
and wind seawith either following swell (f), cross swell
(x), or counter swell (c). The three swell classifications
are defined according to the relative directions of the
wind sea and swell as estimated from the directional
spectra. Coincident directions within 45° are termed fol-
lowing; opposing directions within 45°, counter; and all
others, cross. Thisis arough classification. High swells
propagating at, say, 60° against a wind sea have a sig-
nificant ‘‘counter’” component but are classified as
cross-swells. Also, it would be useful to further classify
the data by relative magnitude of the swell and wind
sea, but we have an insufficiently large sample for mak-
ing this subclassification. As noted above, during most
of the March runs, a strong swell dominated the wind
sea.
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5. Results

Table 1 provides an overview of thedataruns. In Fig.
7a we plot the eddy correlation friction velocity, u,-
EC, versus neutral 10-m wind speed, stratifying the data
as discussed above. Also shown is the curve summa-
rizing the data of Smith (1980). These results were de-
termined using the EC method on data from a tower off
the Nova Scotian coast. Although the curve fits the pure
wind sea data subset (27 points) fairly well, especially
at lower wind speeds, it underestimates the cross- and
counter-swell data by about 50% on average. The num-
ber of following-swell casesistoo low to warrant further
discussion. In Fig. 7b we show a similar graph with u,
calculated by theinertial dissipation method. Again, the
relation of Smith (1980) fits the pure wind sea data
reasonably well (especially at lower winds) but under-
estimates the cross- and counter-swell data. Thereisalso
evidence of additional stratification between these |atter
sets, with counterswell cases showing larger friction ve-
locities than cross-swell cases.

In Figs. 8a and 8b, a comparison is made between
u,-EC and u,-1D. For pure wind sea cases, the two are
seen to agree well, with a 9.8% rms difference (with
respect to the mean). For cross- and counter-swell con-
ditions, the two methods show an rms difference of
22.7%.

In Fig. 9, we see the drag coefficient Cpon = U3/
Uz, plotted for the various swell conditions, along with
the curve describing the data of Smith. A linear re-
gression to the eddy correlation data pure wind sea case
yields the curve

Couon = 1073(0.1371U,,, + 0.0458), (5)

which is not significantly different from the fit to the
data for pure wind sea with u, evaluated by the inertial
dissipation method. When the swell data (cross and
counter) are included, the best fit results in the constant
drag coefficient Cy,,y = 0.0019. However, this fit is
heavily biased by the presence of the eight data points
in the upper left corner of Fig. 9 (i.e., low winds, high
drag). These data are from runs 221, 223, and 239,
conditions of astrong swell running against alight wind.
When these data are excluded from the fit, a regression
yields

Coion = 1073(0.07U,,, + 0.95). (6)

In general, as the wind speed increases, the difference
in drag coefficients between the pure wind sea and
mixed wind sea/swell datasets decreases, athough there
is considerable scatter.

6. Discussion

The light wind, high counter-swell data are of con-
siderable interest in that they exhibit drag coefficients
up to 3 times higher than would be expected based on
the remainder of the dataset. The drag coefficients from
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TABLE 1. Data summary. Symbols are U, and U, 12-m and neutral 10-m winds speeds respectively, T,: air temperature, T, water
temperature, P,,,: atmospheric pressure, L: Monin-Obukhov length, u, — EC and u, — ID: friction velocity via eddy correlation and inertial
dissipation respectively, and H, significant wave height. The ““class” column classifies each run as pure wind sea (w) and wind sea with
either following-swell (f), cross-swell (x), or counter-swell (c).

run date time Uiz Uion Te Tw Patm L Ux-€.C. wn-i.d. H, class
UTC  [ms™'] [ms™!] [°C] [°C] [mb] fm] [ms=!']  [ms™']  [m]

7-01 1991.01.19 22:01 10.22 10.22 11.16 13.0 1016 -158.4 0.299 0.322 0.82 w
7-03 1991.01.19 22:18 10.10 10.11 11.18 13.0 1016 -155.7 0.378 0.399 0.82 w
7-05 1991.01.19 22:35 10.45 10.44 11.11 13.0 1016 -166.3 0.398 0.377 0.88 w
8-01 1991.01.20 00:15 10.00 10.00 11.02 12.7 1015 -161.0 0.344 0.360 0.93 w
8-03 1991.01.20 00:32 9.97 9.98 10.83 12.7 1015 -148.5 0.358 0.362 0.95 w
8-05 1991.01.20 00:49 9.60 9.63 10.97 12.7 1015 -140.3 0.384 0.375 0.94 w
8-07 1991.01.20 01:15 9.46 9.40 1091 11.7 1015 -243.2 0.318 0.342 0.95 w
8-09 1991.01.20 01:32 9.01 8.96 10.89 11.7 1015 -2104 0.316 0.306 0.96 w
9-02 1991.01.20 03:17 8.91 8.84 10.89 11.3 1014 -304.2 0.288 0.326 1.00 w
9-04 1991.01.20 03:34 8.83 8.76 10.88 11.3 1014 -294.0 0.282 0.309 1.02 w
9-06 1991.01.20 03:51 8.46 8.42 10.69 11.3 1014 -216.0 0.257 0.236 1.11 w
9-08 1991.01.20 04:17 8.16 8.18 10.26 11.3 1013 -137.6 0.262 0.278 1.07 w
9-10 1991.01.20 04:34 7.87 7.91 10.21 11.3 1013 -120.5 0.263 0.292 1.02 w
9-12 1991.01.20 04:51 7.33 7.41 9.97 11.3 1013 -85.9 0.226 0.262 1.02 w
9-14 1991.01.20 05:17 6.20 6.38 9.77 11.3 1012 -50.0 0.219 0.220 0.92 w
9-16 1991.01.20 05:34 5.31 5.48 9.69 11.3 1012 -32.2 0.147 0.163 0.82 w
9-18 1991.01.20 05:51 4.80 5.07 9.54 11.3 1012 -16.8 0.145 0.125 0.72 w
11-01 1991.01.21 19:46 13.53 13.40 6.14 8.8 1004 -262.3 0.574 0.520 w
12-01 1991.01.21 20:40 11.48 11.51 5.55 8.8 1005 -137.9 0.458 0.494 w
12-03 1991.01.21 20:57 11.22 11.26 5.60 8.8 1005 -131.2 0.404 0.521 w
13-01 1991.01.21 21:48 10.03 10.16 5.45 8.8 1006 -92.0 0.430 0.357 1.04 w
14-01 1991.01.22 00:07 11.28 11.44 4.80 9.8 1008 -87.4 0.461 0.432 1.57 w
14-03 1991.01.22 00:24 11.24 11.42 4.58 9.8 1008 -83.3 0.463 0.456 1.57 w
14-05 1991.01.22 00:41 11.67 11.84 4.31 9.8 1008 -88.0 0.503 0.532 1.56 w
14-07 1991.01.22 00:58 11.99 12.15 3.98 9.8 1008 -89.8 0.487 0.510 1.63 w
14-09 1991.01.22 01:15 11.86 12.05 3.69 9.8 1008 -83.1 0.511 0.477 1.60 w
14-11 1991.01.22 00:07 11.27 11.51 3.60 9.8 1008 -70.8 0.505 0.525 1.67 w
18-01 1991.01.22 17:40 10.11 10.80 -3.59 9.3 1017 -24.8 0478 0.590 2.21 X
18-03 1991.01.22 17:57 10.49 11.23 -3.65 9.3 1017 -27.4 0.552 0.482 2.05 X
18-05 1991.01.22 18:14 10.23 10.86 -3.60 9.3 1017 -25.7 0.447 0.433 2.10 b4
18-07 1991.01.22 18:31 9.93 10.84 -3.46 9.3 1017 -23.9 0.611 0.463 1.75 X
18-09 1991.01.22 18:48 9.95 10.68 -3.35 9.3 1017 -24.2 0.491 0.448 1.95 X
18-11 1991.01.22 19:05 9.91 10.58 -3.16 9.3 1017 -24.3 0.458 0.5634 1.90 X
19-01 1991.01.22 20:16 9.07 9.48 -3.19 9.3 1019 -19.0 0.229 0.454 1.59 f
19-03 1991.01.22 20:33 8.61 9.51 -3.14 9.3 1019 -16.5 0.467 0.364 1.58 f
19-05 1991.01.22 20:50 8.81 9.28 -3.10 9.3 1019 -17.7 0.252 0.390 1.48 f
102-01 1991.02.25 17:10 11.04 11.48 9.62 20.3 1012 -37.6 0.428 0.501 2.46 X
102-03 1991.02.25 17:27 10.66 11.01 9.34 20.3 1012 -33.3 0.304 0.483 2.60 X
102-05 1991.02.25 17:44 10.24 10.82 9.36 20.3 1012 -29.7 0.457 0.415 2.47 x
103-01 1991.02.25 18:59 9.54 10.15 9.20 20.3 1012 -24.2 0.409 0.361 2.59 X
103-03 1991.02.25 19:16 9.12 9.60 9.25 20.3 1012 -21.4 0.293 0.420 2.72 X
204-01 1991.03.03 18:43 10.67 9.64 16.34 10.0 999 71.3 0.333 0.355 2.00 f
204-03 1991.03.03 19:00 8.53 7.19 16.73 10.0 999 37.9 0.255 0.258 2.00 f
204-05 1991.03.03 19:17 8.75 7.21 17.51 10.0 999 36.3 0.283 0.279 2.00 f
204-07 1991.03.03 19:34 9.39 7.96 18.22 10.0 999 39.6 0.286 0.276 2.00 f
204-09 1991.03.03 19:43 9.40 8.00 18.51 10.0 998 38.3 0.255 0.276 2.00 f
204-11 1991.03.03 20:00 9.84 8.25 19.24 10.0 998 39.6 0.315 0.257 2.00 f
204-13 1991.03.03 20:17 10.88 9.37 19.87 10.0 998 48.2 0.356 0.336 2.00 f
210-01 1991.03.04 12:10 13.37 12.72 14.36 11.5 986 308.0 0.539 0.541 2.99 X
210-03 1991.03.04 12:27 12.56 11.77 14.34 11.5 986 261.3 0.604 0.512 3.12 X
210-09 1991.03.04 13:10 13.84 13.23 14.35 124 987 533.1 0.609 0.652 3.00 X
210-11 1991.03.04 13:27 14.32 13.75 14.42 124 987 563.1 0.594 0.596 3.12 X
210-13 1991.03.04 13:44 14.69 14.15 14.36 12.4 987 626.9 0.597 0.649 3.12 X
211-01 1991.03.04 14:37 14.40 13.92 14.32 13.0 988 993.7 0.584 0.631 2.97 X
211-03 1991.03.04 14:54 13.61 13.19 14.08 13.0 988 1182.4 0.535 0.564 3.15 X
211-05 1991.03.04 15:11 13.42 13.00 14.04 13.0 988 1204.5 0.539 0.566 3.41 X
212-02 1991.03.04 16:38 8.83 8.20 13.02 11.2 989 170.5 0.377 0.324 2.88 X
212-04 1991.03.04 16:55 8.90 8.45 12,93 11.2 989 185.9 0.293 0.338 2.75 X
212-06 1991.03.04 17:12 10.00 9.46 13.11 11.2 989 224.0 0.381 0.404 2.711 X
212-08 1991.03.04 17:29 10.14 9.62 13.15 11.2 989 226.1 0.376 0.399 2.86 b
212-10 1991.03.04 17:46 9.25 8.72 13.15 11.2 989 178.1 0.329 0.349 3.00 X
212-13 1991.03.04 17:30 9.97 9.34 13.53 10.8 989 146.7 0.346 0.369 3.06 X
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TABLE 1. (Continued)

class

»

run date time Uiz Uion Ta Tw Patm L Ux-€.C. Ug-i.d. H
UTC  [ms™!] [ms~!] [°C] [°C] [mb] fm] [ms™!]  [ms~!]  [m]

213-01 1991.03.04 18:56 9.67 9.10 13.47 11.0 989 151.5 0.322 0.362 X
213-03 1991.03.04 19:13 9.00 8.31 13.52 11.0 989 122.6 0.333 0.331 3.17 X
213-05 1991.03.04 19:30 9.79 9.12 13.74 11.0 989 139.4 0.333 0.342 2.72 X
213-07 1991.03.04 19:47 10.40 9.83 13.85 11.0 989 169.3 0.341 0.407  2.93 X
213-09 1991.03.04 19:56 10.80 10.49 12.75 12.0 989 1092.2 0.414 0466  2.88 X
213-11 1991.03.04 20:13 9.99 9.53 13.58 12.0 989 284.6 0.372 0.375  2.66 X
213-13 1991.03.04 20:30 9.68 9.23 13.54 12.0 989 270.4 0.349 0.353  2.70 X
215-01 1991.03.05 01:00 9.68 9.76 12.06 14.5 995 -109.3 0.423 0.388 3.14 X
215-03 1991.03.05 01:17 10.01 10.07 12.10 14.5 995 -122.4 0.430 0.428 2.68 X
215-05 1991.03.05 01:34 9.01 9.16 11.95 14.5 995 -85.6 0.411 0.362 2.73 X
215-08 1991.03.05 02:00 8.61 8.73 11.93 14.0 996 -94.2 0.401 0.359 2.64 X
215-10 1991.03.05 02:17 8.82 8.82 11.68 14.0 996 -92.9 0.000 0.326 2.84 X
215-12 1991.03.05 02:34 8.85 8.99 11.57 14.0 996 -86.3 0.406 0.339 2.65 X
215-14 1991.03.05 02:51 8.52 8.67 11.71 14.0 996 -81.7 0.375 0.337  2.56 X
215-16 1991.03.05 03:08 8.79 8.91 11.75 14.0 996 -91.3 0.397 0362 2.39 X
215-18 1991.03.05 03:25 8.51 8.68 11.72 14.0 996 -83.0 0.442 0393 213 X
215-20 1991.03.05 03:42 8.76 8.90 11.61 14.0 996 -86.4 0.390 0.341  2.02 X
218-03 1991.03.05 15:17 7.28 7.94 717 16.5 1010 -13.9 0.309 0.362  2.50 c
221-01 1991.03.05 21:09 3.32 4.79 11.00 18.8 1012 -1.9 0.286 0.171  2.54 c
221-03 1991.03.05 21:26 3.35 4.51 11.05 18.8 1012 -2.0 0.228 0.160 2.68 c
221-05 1991.03.05 21:43 2.73 3.51 11.07 18.8 1012 -1.3 0.132 2.45 c
221-07 1991.03.05 22:00 2.74 3.98 11.18 18.8 1012 -1.3 0.214 0122 2.28 c
223-01 1991.03.05 23:09 3.72 4.91 11.47 19.5 1013 -2.3 0.247 0.144 1.86 c
223-03 1991.03.05 23:26 3.85 4.51 11.58 19.5 1013 -2.5 0.142 0.162 1.94 [
223-05 1991.03.05 23:43 4.17 5.13 11.55 19.5 1013 -3.0 0.219 0.188 1.85 c
223-07 1991.03.06 00:00 4.07 4.81 11.56 19.5 1013 -2.9 0.167 0182 1.74 c
230-01 1991.03.06 17:17 6.95 7.41 16.02 19.6 1012 -27.3 0.343 0.328 1.93 X
230-03 1991.03.06 17:34 7.50 7.92 16.08 19.6 1012 -33.9 0.367 0.322 2.04 X
230-05 1991.03.06 17:51 7.95 8.22 16.16 19.6 1012 -40.6 0.282 0312 2.05 X
230-07 1991.03.06 18:08 8.07 8.39 16.27 19.6 1012 -43.5 0.363 0.351 2.13 X
238-01 1991.03.07 19:08 7.34 7.68 12.10 15.0 999 -41.4 0.360 0.346 235 c
238-03 1991.03.07 19:25 7.97 8.23 11.87 15.0 999 -48.4 0.318 0.320 2.48 c
238-05 1991.03.07 19:42 6.97 7.36 11.66 15.0 999 -31.8 0.325 0.256 c
239-01 1991.03.07 20:32 4.93 5.39 11.24 12.5 1001 -21.2 0.281 0.216  2.26 [
239-03 1991.03.07 20:49 4.58 5.04 11.16 12.5 1001 -17.1 0.248 0.193  2.02 c
239-05 1991.03.07 21:06 5.04 5.48 11.24 12.5 1001 -21.9 0.275 0.241  2.21 c
239-07 1991.03.07 21:23 5.20 5.52 11.26 12.5 1001 -33.4 0.281 0.250  2.27 c
241-01 1991.03.07 22:29 7.39 7.05 10.99 10.0 1003 354.7 0.294 0.305  2.09 c
241-03 1991.03.07 22:46 6.78 6.52 10.76 10.0 1003 756.1 0.304 0305 2.05 c
241-05 1991.03.07 23:03 6.69 6.54 10.59 10.0 1003 -2008.8 0.260 0326 2.02 c
244-01 1991.03.08 00:33 9.23 9.04 9.45 9.2 1004 -906.8 0.384 0.422  1.87 c
244-03 1991.03.08 00:50 9.66 9.48 9.25 9.2 1004 -618.7 0.400 0.440 1.90 c
244-05 1991.03.08 01:07 8.86 8.78 9.05 9.2 1004 -339.4 0.403 0.372 1.88 c
244-07 1991.03.08 01:24 8.99 8.90 8.88 9.2 1004 -305.3 0.359 0.349 1.86 c
246-01 1991.03.08 10:25 8.46 9.14 6.69 194 1014 -15.1 0.332 0.405 2.56 c
246-05 1991.03.08 10:59 9.29 10.13 6.30 194 1014 -18.9 0.475 0.452  2.47 c
246-07 1991.03.08 11:16 8.97 9.87 6.08 19.4 1014 -16.9 0.472 0.428 2.49 c
246-09 1991.03.08 11:34 9.24 10.12 5.84 19.5 1015 -17.8 0.484 0.450 2.55 c
246-11 1991.03.08 11:51 9.29 9.81 5.54 19.5 1015 -17.9 0.283 0.426  2.49 c
246-13 1991.03.08 12:08 9.95 10.72 5.47 19.5 1015 -21.4 0.476 0471 2.77 c
246-15 1991.03.08 12:25 10.66 11.37 5.37 19.5 1015 -25.8 0.499 0.534 2.56 c
246-18 1991.03.08 12:49 10.97 11.53 4.95 18.8 1015 -28.6 0.431 0.469 2.64 c
246-20 1991.03.08 13:06 10.79 11.39 4.75 18.8 1015 -27.0 0.435 0.469  2.56 c
249-01 1991.03.08 21:23 7.57 7.95 5.60 10.0 1015 -32.3 0.321 0.313 1.44 c
249-03 1991.03.08 21:40 7.47 7.81 5.69 10.0 1015 -31.6 0.287 0318 1.43 c
249-05 1991.03.08 21:57 7.91 8.24 5.82 10.0 1015 -37.8 0.327 0.320 1.51 c
249-07 1991.03.08 22:14 6.96 7.30 5.99 10.0 1015 -28.0 0.254 0.328 1.41 c
249-09 1991.03.08 22:31 7.15 7.48 6.08 10.0 1015 -30.9 0.270 0.281 1.43 c
249-11 1991.03.08 22:48 6.66 7.03 6.19 10.0 1015 -26.1 0.262 0.293 1.40 c
249-13 1991.03.08 23:05 6.08 6.44 6.20 10.0 1015 -20.7 0.222 0.249 131 c
250-02 1991.03.08 23:44 6.33 6.62 6.61 10.1 1017 -24.3 0.201 0.256  1.23 [
250-05 1991.03.09 00:06 6.91 7.17 6.85 103 1017 -31.1 0.220 0.231 1.15 [+
250-08 1991.03.09 00:33 7.66 7.89 6.86 10.2 1017 -41.9 0.246 0.283 1.19 c
251-01 1991.03.09 01:00 7.81 8.04 6.80 10.0 1018 -45.5 0.280 0.322 1.20 [
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Fic. 4. Hourly meteorological datafor 18-23 January 1991 from the
NDBC 3-m Discus buoys Discus-Centre ( ), CERC (—--),
and Discus-North (- ). The five panels show (a) wind speed, (b)
wind direction, (c) significant wave height, (d) air temperature, and (€)
atmospheric pressure.

these 12 cases (runs 221, 223, 239), with a mean of
0.0024 (0.00077 std dev), are significantly different at
the 95% confidence level from the C, prediction for
pure wind sea data. In as much as these cases also in-
clude some of the largest anomalies between EC and
ID methods, with EC drag coefficients 45% higher in
the mean, the question of the reliability of these data
must be asked. Although the wind speeds are relatively
low, they are well within the acceptable range for the
K-Gill anemometer: the addition of the ship speed en-
sured that the flow through the anemometer met the 5
m st minimum mean wind speed criterion. The indi-
vidual time series of wind speed through each propeller
were also checked for low values to ensure that the
propellers did not stall. Any questionable data were re-
jected.

A second possible source of error is in the motion
correction algorithm itself. However, in similar wave
conditions, with higher wind speeds (runs 238, 241, and
244), the drag coefficient difference between EC and
ID methods is reduced to under 2%. Given that the ship
responds to the wave field in both cases, it is difficult
to attribute the differences to errors in the motion cor-
rection algorithm. Instead, it islikely that the differences
are due to the inability of the ID method to account for
the effects of low-frequency swell components in the

1020

Patm [mb]
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(=]
=]

L . L
4 5 6
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Fic. 5. Asin Fig. 4 but for 1-9 March 1991 with Discus-Centre
( ), Discus-East (——-), and CERC (- ).

wave field on the momentum flux. An alternative ex-
planation has been offered recently by Dupuis et al.
(1995). They proposed that the sum of the pressure
working and transport terms in the kinetic energy bal-
ance equation may not be zero, as assumed in (3), but
isin fact a function of stability.

Additional SWADE measurements, coincident with
those of the SWATH ship, support the results presented
above. During |OP-3 the NASA/Ames Research Center
C-130B aircraft, equipped with radar scatterometers op-
erating at Ku- and C-bands (the Jet Propulsion Labo-
ratory NUSCAT and the University of Massachusetts
C-SCAT, respectively) made frequent overflights of the
SWADE area (see Nghiem et al. 1995). Under high-
wave, light-wind conditions during SWATH ship runs
221 and 223, the backscatter was significantly enhanced
over the high-wave, moderate-wind conditions of
SWATH runs 241 and 244. Nghiem et al. (1995) in-
vestigated possible causes for the enhancement and con-
cluded that increased wind stress was the likely can-
didate.

7. Conclusions

The transfer of momentum between wind and sea is
generally parameterized in terms of wind speed and at-
mospheric stratification (stability) only. During the Sur-
face Wave Dynamics Experiment, we developed a sys-
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FiG. 6. Hourly one-dimensional surface elevation frequency spectra
for 1-9 March 1991 from the NDBC 3-m Discus buoys (a) Discus-
Centre, (b) CERC, and (c) Discus-North. The contour lines represent
energy density in logarithmic spacing.

tem for the direct measurement of the air—seafluxes (via
eddy correlation) and directional wave spectra from a
ship at sea (Katsaros et al. 1993; Drennan et al. 1994).
This development has allowed us to explore the effect
of wind waves and swell in modifying the transfer of
momentum. Since the measurements yield the funda-
mental quantity u'w’ directly, the effect of nonequilib-
rium wave fields such as swell propagating at various
directions in relation to the wind direction can be as-
sessed.

For cases of equilibrium pure wind sea, excellent
agreement between eddy correlation and inertial dissi-
pation estimates of u, was obtained. This correspon-
dence was much less evident when swell was present.
The inertial dissipation method depends on the as-
sumptions of steady state and similarity of the cascade
of energy from scales of input to scales of dissipation.
The presence of swell leads to a narrowbanded energy
transfer (input) in addition to the broadbanded self-sim-
ilar transfer due to roughness of the shorter wind sea
spectrum. Because of this, we suggest that the traditional
inertial dissipation method is not suitable for estimating
the momentum transfer in nonequilibrium wave con-
ditions.
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FiG. 7. Plot of friction velocity u, versus 10-m neutral wind speed
for u, determined by (a) the eddy correlation method and (b) by
inertial dissipation. The line in each plot shows the relation of Smith
(1980).

The eddy correlation method yields a clear picture of
drag coefficient anomalies (i.e., deviations from pure
wind sea cases) for cases of well-defined swell com-
bined with wind sea. Counter-swell, propagating against
the wind, leads to larger drag coefficients than are en-
countered in the pure wind sea cases. This dataset,
unique in having high-resolution wave directional spec-
tra as well as direct flux measurements, clearly shows
that nonequilibrium wave fields strongly affect the air—
sea momentum coupling. There are at least two ways
in which swell may modify the wind stress: by direct
interaction with the air flow, the swell may accept mo-
mentum from or deliver it to the atmosphere; by causing
a change in the spectral distribution of the components
of the wind sea, which are the principal roughness el-
ements (e.g., Donelan 1987). Ultimately, one would like
to be able to calculate the wind stress given the full
wavenumber directional spectrum of surface elevation
and the wind at some reference height in the boundary
layer. However, most of the stress is carried by short
gravity waves (Donelan 1997) and field measurements
of the wavenumber directional spectrum of these waves
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Fic. 8. Comparison of friction velocity u, as calculated by the
eddy correlation and inertial dissipation methods, for (a) only pure
wind sea data and (b) mixed wind sea and swell data.

are rare, and likely to remain so for some time. We are
continuing to seek accurate parametric descriptions of
wind seas and the modulation of wind seas by swell,
with a view toward a systematic calculation of the mo-
mentum transfer between air and sea for arbitrary con-
ditions. Such formul ations would find use in operational
wave models and coupled atmosphere—ocean models.
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