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ABSTRACT

The influence of wind waves on the momentum transfer (wind stress) between the atmosphere and sea
surface was studied using new measured data from the RASEX experiment and other datasets compiled by

Donelan et al.

Results of the data analysis indicate that errors in wind friction velocity u, of about +10% make it difficult
to conclude on the trend in z, using measured data from a particular dataset. This problem is solved by
combining different field data together. This gives a trend of decreasing z,, with wave age, expressed as: z,,

= 1.89(c,/u,) 1%

Furthermore, it is shown that calculations of the wind friction velocities using the wave-spectra-dependent
expression of Hansen and Larsen agrees quite well with measured values during RASEX. It also gives atrend
in Charnock parameter consistent with that found by combining the field data. Last, calculations using a
constant Charnock parameter (0.018) also give very good results for the wind friction velocities at the RASEX

site.

1. Introduction

In the past 15 years, there has been an increasing
interest in the description and measurement of the ex-
change of momentum at the air—sea interface. The mo-
tivation for these studies is that many important pro-
cesses such as wind wave growth, storm surges, and
atmospheric circulation are influenced by the exchange
of momentum at the air—sea interface. This momentum
exchange is determined to a large extent by the aero-
dynamic roughness at the air—sea interface since it is
this roughness that determines the turbulence level near
the air—sea interface, and thus the wind stress.

Generaly, many experimental studies have shown
that there is a relationship between the roughness at the
air—sea interface and the wave climate (e.g., Merzi and
Graf 1985; Geernaert et al. 1987; Tobaet al. 1990; Smith
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et a. 1992; Donelan et al. 1993). However, the form of
this relationship is not quite settled, partly because of
the different observed behavior between field and lab-
oratory waves, and partly also because of the scatter in
the data. Further experimental studies are being carried
out in an attempt to clarify this relationship. RASEX
(Risg Air—Sea Exchange) is one such experiment de-
signed, among other objectives, to investigate the ex-
change of momentum at the air—sea interface (Barthel-
mie et al. 1994). Compared with other similar experi-
ments, RASEX is characterized by being located in rath-
er shallow waters (depths of about 3 to 4 m near the
measurement site) in an area where the waves are pre-
dominantly fetch limited. In this paper, a selected subset
of this data (based on a detailed dimensionless analysis
of the problem) is used to investigate the dependence
of the sea roughness on wave parameters.

Furthermore, we also investigate the use of arecently
developed model of sea roughness (Hansen and Larsen
1997) for calculating wind friction velocities.

The plan of this paper is as follows: In section 2, we
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present the existing evidence from the literature on the
relationship between the sea roughness and waves; this
isfollowed by a brief description of the instrumentation
for the RASEX field campaign in section 3. Section 4
follows with a dimensionless analysis of the air—sea
interaction problem, leading to an analysis of the RAS-
EX dataand a suggested relationship between searough-
ness and wave age. The application of the Hansen and
Larsen model is discussed in section 5, followed by a
summary of the work done and the conclusions in sec-
tion 6.

2. Evidence from literature

In the last 15 years, severa experiments have been
carried out to investigate the dependence of sea rough-
ness and/or the aerodynamic drag on wave parameters.
In many of these experiments, attempts were made to
relate the dimensionless sea roughness, gz,/uz (widely
known as the Charnock parameter) to wave age (C,/u,
or ¢,/U,,). Results from some of these experiments are
described in the following paragraphs.

Donelan (1982) carried out measurements of wind
stress using the eddy correlation technique and wave
parameters in Lake Ontario at a water depth of 12 m.
He found that the Charnock parameter, z,,, generally
increases with decreasing wave age (c,/U,,), athough
with a lot of scatter in the data.

Merzi and Graf (1985) carried out wind and wave
measurements in water depth of 3 m in the lake of
Geneva. They measured wind stress using the profile
method and found (with a lot of scatter) that the di-
mensionless sea roughness z,/H,,, increases with de-
creasing wave age (C,/u).

Geernaert et al. (1987) carried out measurements on
a North Sea platform in a water depth of 30 m in the
German Bight. They measured wind stress using the
eddy correlation technique and estimated waves from
fetch scaling relations. They found that the estimated
drag coefficient from their dataset decreases with in-
creasing wave age (c,/uy). This behavior was found to
be consistent with the MARSEN dataset (consisting of
measured wind stress and waves) analyzed in Geernaert
et a. (1986).

Maat et a. (1991) and Smith et al. (1992) analyzed
measurements of wind stress and waves collected during
the HEXOS experiment near a platform 9 km off the
Dutch coast in a water depth of 18 m. They concluded
from these measurements that the Charnock parameter
decreases with increasing wave age.

Tobaet al. (1990) measured wind speed, wave height,
and period from an oil platform in the Bass Strait, Aus-
tralia. Considering only wavesin local equilibrium with
the wind, they used the 3/2 power law to infer the wind
stress estimates. They analyzed this data together with
other data from tower stations and laboratory experi-
ments, and concluded that the Charnock parameter in-
creases with increasing wave age (c,/u,). Thisresult is
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significantly different from other results mentioned
above. Toba et al. suggested that the difference between
their results and that of Geernaert et al. (1987) may be
due to the inclusion of swell wave conditionsin the data
by Geernaert et al., which are not in equilibrium with
the local wind.

Donelan (1990) and Donelan et al. (1993) analyzed
a composite dataset of waves and wind stress from the
field (Lake Ontario, HEXOS, and from an exposed site
in the Atlantic Ocean off the coast of Nova Scotia) and
for thelaboratory [Donelan (1990) wavetank and Keller
et al. (1992) wave tank] separately. They found that
younger waves in the field are generally rougher than
mature waves, while this is not necessarily the case for
the laboratory data. Thus, the Charnock parameter (for
the field data) decreases with increasing wave (c,/u).
They argued that laboratory waves should not be ana-
lyzed together with field data, as was done by Toba et
al. (1990), since the laboratory waves are much smooth-
er than their field equivalents and consequently behave
in a different way than field waves.

From the preceding paragraphs, it appears there is
evidence from measurements that the dimensionless sea
roughness (or Charnock parameter) depends on the
wave age. The form of thisrelationship is, however, not
settled.

One reason for this discrepancy is differences in the
type of data selected for analysis. For instance, while
some authors analyze data with only locally generated
wind waves in equilibrium with the local wind, others
include cases with swell waves in the analysis. Also, it
is not clear if some investigators included data for
smooth flows in the analysis since some did not state
explicitly that only rough flows were included in their
analysis. It is shown later in this paper (section 4) that
the dimensionless sea roughness depends on wave age
alone only for particular conditions. Hence, in cases
where these conditions are not met, other parameters
should be included in the analysis. In addition, some
investigators used a mixture of measured and cal cul ated
guantitiesin order to determine the relationship between
wind stress and waves, and this may have conditioned
the observed behavior somewhat. A review of problems
associated with the parameterization of momentum flux-
es over sea waves is presented in Komen et al. (1996,
submitted to J. Global Atmos. Ocean Syst.).

Aside from the problem with selected datasets, an
error estimate for the Charnock parameter (correspond-
ing to the errors in measured wind stress) is not usually
given. The absence of error estimates make it difficult
to conclude whether the observed trend is larger than
the scatter or vice versa. This is especially so in this
case wWhere the scatter in the data is usually large. This
problem is addressed in section 4 of this paper.

3. The RASEX field campaigns

The data in this paper originate from the RASEX
measurements, which took place at an offshore wind
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turbine site in Denmark in a spring and a fall campaign
in 1994. The experiment comprises two 48 m offshore
towers and one tower on the coast on the island of
Lolland. The tower used for this study was situated in
about 4-m water depth with an upstream fetch of 15—
20 km in a 90 degree sector with upstream water depths
of 5-20 m (see Fig. 1).

For this paper, we used the lowest sonic anemometer
(Solent, 3-component research type) mounted 3 m above
MSL. Data were logged as 30-min time series sampled
at 20 Hz, which were subsequently subjected to a co-
ordinate transformation to orient the x-axis into the
mean wind. A linear trend was removed from the data
before the covariances were calculated. The estimated
uncertainty on the resulting value of u, is about 10%.

The mean wind speed was derived from the lowest
cup anemometer at 7 m, measuring mean wind speed
with an estimated accuracy of about 2%.

The wave gauge was an acoustic device placed on
the sea bottom about 30 m west-northwest from the
tower, measuring the water level fluctuations eight times
per second. Again 30-min time series were logged, and
power spectra were calculated by use of FFT. From the
spectrathreefrequencies, f ., f.,, and f,;, werederived
at 25%, 50%, and 75% accumulated variances. Then f
was used as a measure of the peak frequency of the
spectrum, and BW = log,,(f.s/f,s) then serves as a
measure of the widths of the spectral peaks. Rather than
computing the peak frequency directly, we chose the
statistically more stable way of computing f.,, which
means that we need to assume a model for the spectra
to arrive at the correct peak frequency. A JONSWAP
model (see section 5) fits the data well with a peak
enhancement factor of 1.0 (in the JONSWAP experi-
ment, the mean value for this parameter was found to
be 3.3).

The dataset

There were available 1987 30-min time series from
the RASEX experiments, taken at the Vindeby site dur-
ing spring and fall 1994. From the time series a number
of characteristic parameters were computed. The data
were sampled at 8 Hz, but a cutoff frequency of 2 Hz
was applied to minimize the influence of noise.

The available data are:

Ty: Period of spectrum computed such that 50% of
the variance in the spectrum is found on either
side of the frequency 1/T.,. This frequency is
dlightly larger than the actual peak frequency in
our model spectrum. The peak frequency cor-
responding to the fitted JONSWAP spectrum is
computed as f, = 1/(1.156T).

T.. Mean period of waves = my/m,, where m is the

spectral moment: m, = [~ fig(f) df.

S Wave period based on zero crossing frequency

= (my/m,)°s.
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H,:  Significant wave height derived asfour timesthe
standard deviation of the surface elevations.
The bandwidth of the spectrum, defined as BW
= log,,(f s/ f,s), where f is the frequency at
which the integrated variance is 25% of the total
variance and f_; is the frequency at which the
integrated variance is 75%. In other words, 50%
of the variance is situated between the two fre-
quencies. This parameter enables us to distin-
guish between data with two-peaked spectra
(very wide) from the single peak spectrathat are
similar to our model (which hasaBW of 0.171).
Water depth to mean sea level (m).
Average wind speed (m s%) at an €elevation of
7 m above MSL.
Average wind speed (m s%) at an elevation of
15 m.
Average wind direction (°N) at an elevation of
20 m.
uz:  Total wind stress(ms1)2 = sgrt({uw)2 + (6w)?2),
where —(uw) is the alongwind stress and (6w)
is the stress perpendicular to mean wind.

BW:

4. Analysis of RASEX data

In this section we present results of the analysis of
selected data collected during RASEX. First, we carry
out a dimensionless analysis of the problem, next the
measured and derived quantities are presented together
with an assessment of errors, then the influence of wave
age on sea roughness is examined, and finally some
inferences are made from the data.

a. Dimensionless analysis

Any property, A, depending on the interaction be-
tween the air and the sea surface can be described gen-
eraly as

A = f(wind flow near sea, sea surface). (4.1)

The wind flow near the sea can be described in its
most general form by the following independent param-
eters:

wind = f(uy, ®,, pa, mar O, 0., Sea surface), (4.2)

where u, is the wind friction velocity, ®, is the wind
direction, p, is the density of air, u, is the dynamic
viscosity of air, g is the acceleration due to gravity, and
0, is the air temperature.

Similarly, the independent parameters describing the
sea surface can be listed as

sea surface = f(H, T, ®,, d, p,, iy O 9, Zo), (4.3)

where H is a characteristic wave height (taken asH,,—
the significant wave height), T is a characteristic period
(taken as T,—the peak period), @, isthewavedirection,
d is water depth, p, is the density of water, u,, is the
dynamic viscosity of water, 6,, is the temperature of the
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Fic. 1. The RASEX site at Vindeby. From left to right: Denmark—Langeland/L olland—closeup of site. The filled circles are wind turbines,
the triangles are the two 48-m offshore lattice towers and the coast tower. The tower used for this study was situated west of the wind farm
(SMW). Distances on the two leftmost figures are in kilometers, on the closeup in meters.

water, g is the acceleration due to gravity, and z, is the
background searoughness (searoughnessin the absence
of waves).

Thus, Eqg. (4.1) can be rewritten as

A= f(u*a (Da: Par Var G, 0a1 HmO’ T (I)W’ d,

p?

pW’ UW’ OW’ ZOS)’ (44)

where w has been replaced by the kinematic viscosity,
v = ulp. Now, using p,, g, and u, as repeaters, the
following dimensionless form of Eq. (4.4) can be ob-
tained:

A= q)ayﬁyg'%’g_n,@wi@,&vyﬁy 9%
gu, uz U uz p, gu, uz
or
A=f %)yg_-rpag_dy%yeayewy¢aa®w1£1£1&v )
Ui U, ui u-i2< gu, Qu,, p,
(4.5

Now, we introduce a number of simplifications. First,
we assume locally generated waves implying a rela-
tionship between H,, and T, (for instance, Toba's re-
lationship), thus, we can drop one of H,, and T.. Next,

we combine the second and third terms in the phase
celerity ¢, using the dispersion relationship. This as-
sumes that the only influence of water depth is in the
modification of the phase celerity. Obviously, this ex-
cludes situations where depth-induced breaking is im-
portant. Next we assume the sea surface is completely
smooth in the absence of waves and drop the fourth
term. Last we assume rough turbulent flow conditions
at the air—sea interface (dropping the ninth and tenth
terms). Now, Eqg. (4.5) can be rewritten as

A= f(% 0, 6, ®, D, pW/pa>. (4.6)
%

In Eq (4.6) 6, and 6,, contribute to the momentum
exchange at the air—sea interface due to stratification,
thus for neutrally stratified flows (in which case the air—
sea temperature difference is small), they can be
dropped from Eq. (4.6). Also, if we limit ourselves to
cases where the wind and waves are nearly in the same
direction, ®, and ®,, can also be dropped from Eq. (4.6).
Lastly, we consider situations with constant p,,/p,, and
drop this term. Hence Eg. (4.6) can be expressed as

A = f(c,lu,). (4.7)

If A is the dimensionless sea roughness at the air—sea
interface, Eq. (4.7) can be written as
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9%
ug

= f(C,/Uy). (4.8)

From the preceding paragraphs, Eq. (4.8) shows that
the dimensionless sea roughness (or Charnock param-
eter) is a function of wave age only if the following
conditions are satisfied: 1) locally generated wind
waves, 2) rough turbulent flow conditions at the air—sea
interface, 3) neutrally stratified conditions, 4) wavesand
wind in nearly the same direction, and 5) no background
sea roughness (i.e., sea is smooth in the absence of
waves).

b. Considerations for selecting a data subset for
analysis

It isintended to investigate the dependence of the sea
roughness on wave age. Based on the dimensionless
analysisin the preceding section, anumber of conditions
must be satisfied in order for Eg. (4.8) to be valid. This
therefore imposes the necessary considerations for se-
lecting a data subset for analysis. These considerations
are 1) locally generated waves, in which there is a def-
inite relationship between H,,, and T,; 2) rough tur-
bulent flow conditions at the air—seainterface (following
Toba et al. 1991), defined as cases with u,z,/v > 2.3);

T =
T—5z/L,

where & = (1 — 16z/L) ¥4 for ZL < 0; and L is the
Monin—-Obukhov length.

Thus, using the measured wind speed, wind friction
velocity, and Monin—Obukhov length, the equivalent
neutral wind speed at a given elevation is obtained. For
this analysis, the neutral wind speed at 7-m elevation
is corrected to 10-m elevation using the 1/7 power law.

Thus
10 1/7
Uy, = U7n(—> . (4.13)

7

Given the neutral wind speed at 7-m elevation and
the measured friction velocity, the sea roughness z,, is
calculated from Eq. (4.10). The neutral drag coefficient
C,, is calculated as

Cun = Uz/U%,, (4.14)

while the phase speed at peak frequency c, is calculated
using the measured water depth and peak frequency in
the linear dispersion relationship.
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3) neutrally stratified situations (or equivalent neutral
parameters); and 4) wind and waves in nearly the same
direction, which is assumed to be the case for locally
generated waves with &, = 270°N = 22.5°,

¢. Measured and derived quantities

In order to satisfy the third condition in section 4b,
the measured winds were converted to equivalent neu-
tral winds. In the presence of stratification, the wind
profile can be written asin Eqg. (4.9) following the Mon-
in—Obukhov similarity theory:

U@ = ”?*(mzf - «1/),

0

(4.9)

where WV is a stratification function. Now, defining the
equivalent neutral wind, U,(2) as

Uy

U@ = % inZ, (4.10)
K Z
Egs. (4.9) and (4.10) can be combined to give
U,(2 = U@ + Pu,/k. (4.11)

Following Geernaert et al. (1988) the stratification func-
tion is given as

+ /2, zIL <0 (4.124)

ZIL =0, (4.12b)

d. Data results

Table 1 presents the measured and derived data sat-
isfying the conditions described in section 4b. A plot
of the dimensionless wave energy (1/16)(gH,,/uz)? ver-
sus the dimensionless frequency w,u,/gisshowninFig.
2 for data runs satisfying the rough flow conditions
(U zo/v > 2.3) and winds from 270° = 22.5°. The dotted
line in Fig. 2 is the relationship suggested by Toba
(1978). Figure 2 shows a unique relationship between
H,, and T, as assumed in section 4b.

Now, in order to investigate the functional form of
Eq. (4.8), the Charnock parameter, z,,(=gz,/u?) is plot-
ted against the inverse wave age (u./c,) in Fig. 3. A
weak trend of increasing z,, with wave age can be ob-
served. This trend is opposite to the widely believed
trend of z,, decreasing with wave age (Maat et al. 1991,
Smith et al. 1992; Donelan 1990; Donelan et al. 1993).
We note, however, that Toba et al. (1990) suggested the
type of trend indicated in Fig. 3 (dashed line by Toba
et al. 1990).
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Before carrying out any further analysis, it is impor-
tant to assess the potential errorsin the z,, derived from
measurements. This is the subject of the section below.

e. Errors

Recall from Eq. (4.10) that the sea roughness z, is
calculated as
10

= —. 4.15

% okl ) (419

Now, suppose there is an error in k, Uy, and Uy,

given as Ax/k, AU,,./U,,,, Au,/u, respectively, then
the corresponding error in z, (Az,/z,) is given as

Azo+1_ —klVCy,
Z - (1+ Aug/uy)
X AUlOn_l_g_l_ & AUlOn _% .
Uson K K Uson U

(4.16)

The corresponding error in the Charnock parameter
(Az,/z,,) is given as

Az, _ Az,/z, + 1 . (4.17)
Zy (1 + Aug/uy)?
Lastly, the error in wave age can be written as
A(c,/uy) _ Ac,/c, — Au*/u*. (4.18)

CoUs 1+ Au,/u,

Now, from section 3, the overall error in u, is about
+10%, while the error in U, is generally much smaller,
<2%. Similarly, the errors in water depth, peak fre-
quency, and thus phase celerity ¢, are small. Assuming
k equals 0.4 and C,, is 1.5 X 10-2 (approximate mean
value for this data), and negligible errors in al other
parameters except u,, then a =10% error in u, implies
that z,, can vary between 0.39 and 2.13 of the truevalue.
Assuming the mean value of all thedataisthetruevalue,
then one can plot the corresponding error barsfor +£10%
error in u, as shown in Fig. 3. The corresponding error
in c,/u, is approximately +9%.

It is noted from Fig. 3 that most of the data points
lie within the +=10% error band for u,. . In other words,
the apparent trend in the data is contained within the
error band. In this situation, one cannot talk of atrend
in the data. Rather, we will use the mean value of z,,
to characterize the dimensionless roughness from this
set of measurements. Investigation into the individual
field datasets presented in Fig. 2 of Donelan et al.
(1993) indicates that for each dataset most of the
points are contained within a £10% error in u, (see
Figs. 4a—d). Now, since errors of =10% in u, are not
unusual for conventional measurements, thisindicates
that it is difficult to infer trends from individual da-
tasets.
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Fortunately, the different datasets are collected in
different wave age intervals. Hence, by using the
mean values of z,, corresponding to the mean value
of wave age, one can plot all datasets together and
infer a trend from the composite dataset. This plot is
shown in Fig. 5 and it indicates a trend of decreasing
z,, with wave age. Note that in carrying out this com-
posite analysis, we have assumed that all the datasets
satisfy the four conditions described in section 4b
above. A least squares fit of the composite data in
Fig. 5 gives

Z,, = 1.89(c,/u,) . (4.19)

This expression is obtained in the wave age range 7
= c,/u, = 26. Figure 6 shows a plot of al the data
used in the analysiswith theregression line[Eq. (4.19)].
It is seen that the regression line describes the general
trend in the data reasonably.

Thus, it can be concluded that there is experimental
evidence that the sea roughness depends on wave age.
The next question is whether existing theories can be
used to model this behavior. This question is examined
in section 5. In section 4f, we discuss the question of
self-correlation.

f. Problems with self-correlation in scaling with u,

The question of spurious self correlation has been
addressed by Smith et al. (1992). They obtained two
conditions for negligible self-correlation in a relation-
ship of the type: z,, = b(c,/u,)?. These conditions are

var(Inug) < var(Inzy,) (4.20)

var(lnu,) < var(Inc,), (4.22)

where var(-) is the variance of the variable within pa-
rentheses.

Using the logarithmic profile, z,, = (10g/u})
exp(—«U,,/uy), thus

var(Inzy) = var(lnuz) + var(—«U,/uy), (4.22)

where negligible covariance between Inuz and U,,/u,
was assumed.

Now, Kahma and Calkoen (1994) obtained the fol-
lowing expression for fetch-limited wave growth in deep

water:
—0.27
% _ 3_08(%) |

¥ (4.23)

where w, = 27/T, and X is the upwind fetch. Using
Eq. (4.23), the wave celerity at peak frequency, c,, is

LL’O(.46X0.27
G = . 4.24
P 3.08g (4.29)
Thus
var(Inc,) = var(Inug#) + var(InX°27), (4.25)
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TABLE 1. Measured and derived data (wind direction = 270 = 22.5, u.z/v >2.3).

Run name
(YYMT- Depth H,, T, U, dir,, u. C, U0, Z,
DDHHMM)  (m) (m) (sec) (ms) (deg) (uw) (vw) zZIL (ms?) (ms?Y (ms? (m)  1000C,,

9410060456 3.71 0.187 210 409 249 —-0.0281 —0.0103 0.0742 017 325 414  0.00069 1.7432
9410110409 3.89 0.218 213 379 261 —-0.0227 —0.0115 -0.1921 016 3.29 417  0.00029 1.4652
9410301114 3.93 0.222 228 640 256 —0.0619 —0.0098 —0.0321 0.25 3.51 6.80 0.00019 1.3535
9410141040 3.71 0.270 2.66 450 261 —-0.0292 —-0.0173 -0.1114 018 3.99 4.88 0.00025 1.4270
9410150822 3.97 0.274 252 546 269 —0.0474 —0.0128 —0.2078 022 3.84 6.01 0.00020 1.3604
9410150852 4.00 0.275 2.50 517 274 —-0.0533 —0.0078 —0.1667 0.23 3.81 5.68 0.00056 1.6712
9410151122 399 0.279 2.65 504 286 —0.0479 —-0.0174 -0.0848 0.23 4.00 544 0.00065 1.7191
9410171526  3.72 0.291 242 579 277 —-0.0507 —0.0582 —0.0769 0.28 3.69 6.25 0.00123 1.9735
9410151052 4.02 0291 275 450 286 —0.0306 —0.0179 —-0.2360 0.19 4.13 498 0.00026 1.4313
9410140246  3.65 0.299 272 418 269 —0.0274 —-0.0198 —-0.2462 0.18 4.05 4.64 0.00041 1.5697
9410171556  3.71 0.309 2.52 506 291 —0.0417 —0.0145 —0.0894 0.21 3.82 546 0.00031 1.4801
9410150922 4.03 0.309 2.67 555 28 —-0.0579 —-0.0219 —-0.1079 025 4.03 6.03 0.00062 1.7042
9411021111 394 0324 288 496 285 —0.0414 —0.0088 0.0328 021 4.27 514 0.00046 1.6051
9410120222 3.60 0.341 274 6.05 257 —0.0507 —0.0165 —0.0215 0.23 4.07 6.41 0.00015 1.2970
9410131816  3.81 0.347 2.72 559 251 —-0.0359  —0.0297 0.0233 022 4.07 5.82 0.00021 1.3758
9411020831 3.72 0393 291 687 266 —0.0722 —-0.0035 —0.0305 0.27 427 7.30 0.00019 1.3560
9411020959 3.87 0425 3.07 6.26 276  —0.0569 0.0003 —0.0181 024 446 6.63 0.00015 1.2956
9410130032 3.80 0.427 3.03 847 279  —0.1025 0.0058  —0.0633 0.32 4.40 9.07 0.00012 1.2474
9410041204 395 0441 314 853 262 —-0.1061 —0.0167 —0.1201 033 455 9.24 0.00013 1.2575
9410041834 3.62 0.442 296 918 276 —0.1369 —0.0605 —0.0921 039 4.30 9.92 0.00035 1.5216
9410041404 3.83 0450 291 1042 282 —0.1747 —0.1055 —0.0951 045 429 1127 0.00046 1.6058
9410041604 3.62 0452 286 1013 275 —0.1304 -0.0794 -01376 039 420 1101 0.00013 1.2596
9410030700 3.44 0456 2.84 993 259 —-0.0777 —02107 —0.0061 047 415 1048 0.00144 2.0457
9410130102 3.75 0459 3.03 847 282 —0.0997 —0.0058 —0.0570 0.32 4.40 9.06 0.00011 1.2175
9410041704 358 0.462 3.04 881 265 —0.1076 —0.0382 —0.1067 034 437 9.52 0.00013 1.2593
9410041734 357 0.464 299 914 271 -0.1267 —0.0495 —-0.1148 037 433 991 0.00022 1.3857
9410041634 359 0483 3.04 956 281 —0.1406 —0.0723 —0.0950 040 438 10.33 0.00031 1.4813
9410130302 3.68 0.483 3.17 820 289 —-0.1151 —-0.0075 —0.0365 034 451 8.74 0.00034 15117
9410040849 3.92 0487 331 837 272 -0.1143 —-0.0335 —-0.1196 035 4.69 9.09 0.00027 1.4424
9410041134 397 0492 3.26 868 267 —0.1130 —0.0291 —-0.1363 0.34 4.66 9.44 0.00016 1.3101
9410041019 398 0492 329 9.03 265 01246 —-0.0392 -0.1316 036 4.69 9.82 0.00019 1.3558
9410041804 359 0493 311 998 263 —0.1743 —-0.0796 —0.0850 0.44 444 10.78 0.00053 1.6500
9410010234 3.37 0496 290 1250 248 -0.2128 —-0.0506 —0.0154 047 420 1322 0.00012 1.2514
9411012231 359 049 313 1050 262 —0.1561 —0.0433 —-0.0155 040 446 1111 0.00016 1.3131
9410050504 3.50 0.503 3.10 920 284 01158 —-0.0352 —-0.1326 035 441 9.98 0.00010 1.2141
9411020001 3.60 0504 325 1003 268 —-0.1606 —0.0156 —0.0205 0.40 4.56 10.63 0.00025 1.4281
9410041934 3.70 0.504 3.05 890 283 01192 00189 -0.1271 035 441 9.66 0.00015 1.2936
9411012201 359 0507 3.07 1089 262 —0.1848 —0.0563 —0.0108 044 441 1150 0.00028 1.4596
9410040719 3.82 0510 3.34 940 279 —-0.1288 —0.0266 —0.1562 0.36 4.70 9.87 0.00019 1.3509
9411012331 3.60 0515 3.09 1040 263 —0.1606 —0.0437 —-0.0186 041 442 1101 0.00020 1.3721
9410040749 3.85 0515 3.33 868 275 —0.1213 00487 —0.1381 036 4.69 9.46 0.00029 1.4611
9411012031 355 0521 310 1141 261 -0.1683 —0.0510 —0.0103 042 4.42 1205 0.00010 1.2116
9411012301 359 0523 329 1074 264 —0.1662 —0.0478 —-0.0133 042 460 1135 0.00018 1.3416
9410040919 395 0524 331 815 276 —0.0893 —0.0765 —0.1420 034 4.70 8.89 0.00031 1.4879
9410050404 3,53 0526 3.33 977 280 —0.1313 —-0.0431 —-0.1214 037 461 1058 0.00011 1.2334
9410010304 3.35 0527 316 11.74 257 —0.1942 -0.0658 —0.0213 045 442 1244 0.00017 1.3246
9411012131 358 0528 317 1039 260 —0.1415 -0.0370 -0.0121 038 449 1098 0.00010 1.2138
9410042004 3.77 0528 3.13 886 280 —0.1152 —0.0427 —0.1394 035 4.50 9.64 0.00017 1.3222
9410042234 3.88 0.528 3.36 915 276 —-0.1385 —0.0689 —0.1064 039 4.73 9.92 0.00042 15718
9410050604 3.51 0.530 3.28 886 289 —0.1162 0.0012 —0.1535 0.34 457 9.65 0.00012 1.2473
9411012001 3,52 0534 307 1174 257 —-0.2052 —0.0583 —0.0078 0.46 4.39 1239 0.00022 1.3899
9411012101 357 0537 331 1121 261 —0.1689 —0.0567 —0.0132 042 460 11.85 0.00013 1.2690
9410050634 3.53 0.547 3.27 881 290 —0.1147 0.0118 —0.1517 034 456 9.60 0.00012 1.2522
9410042204 3.86 0.548 3.26 897 272 —-0.1050 —0.0869 —0.0848 0.37 4.64 9.67 0.00028 1.4576
9410042134 3.84 0552 3.26 873 273 -0.1106 —0.0512 —-0.1089 035 4.63 9.45 0.00020 1.3647
9410040507 3.74 0.554 344 927 290 -0.J216 —-0.0143 -0.1273 035 4.76 10.05 0.00010 1.2120
9410040949 396 0559 348 886 264 —0.1412 —-0.0562 —0.0873 0.39 4.85 9.57 0.00054 1.6584
9410042104 3.82 0560 3.27 947 277 -0.1382 00389 —-0.1074 038 4.64 1025 0.00020 1.3669
9411011931 347 0561 312 1206 253 —0.2312 —0.0497 —-0.0056 049 442 1272 0.00029 1.4622
9410050034 3.81 0569 355 1004 281 -0.1425 -0.0302 —-0.1099 0.38 4.86 10.86 0.00011 1.2361
9411011901 3.44 0570 313 1295 253 —-0.2631 —0.0745 -0.0154 052 442 1370 0.00028 1.4564
9410041434 3.75 0579 325 892 269 —0.1509 —0.0674 —0.0308 0.41 4.60 9.50 0.00088 1.8328
9410050104 3.78 0586 357 1038 278 —0.1530 -0.0662 —0.1054 041 4.86 11.22 0.00017 1.3233
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TABLE 1. (Continued).

Run name
(YYMT- Depth H,, T, U, diry, u. C, Uion Z
DDHHMM)  (m) (m) (sec) (msY) (deg) (uw) (vw) zZIL (ms?YH) (ms?t) (ms? (m)  1000C,,
9410050004 3.83 0.586 3.40 977 277 -0.1479 -0.0314 -0.1109 039 475 1058 0.00019 1.3511
9410042304 388 0586 335 10.02 283 —-0.1332 -0.0377 —0.1108 037 472 10.83 0.00009 1.1806
9410040607 3.76 0589 3.49 8.60 286 —0.1069 —0.0183 —0.1315 0.33 480 9.33 0.00012 1.2446
9410050726 358 0592 344 9.02 292 -0.1266 0.0092 -0.1362 036 471 9.81 0.00017 1.3195
9410040637 3.78 0597 351 883 286 —01146 —0.0292 -0.1262 034 4.82 9.58 0.00014 1.2883
9411011301 3.65 0603 332 1362 248 —0.3233 —0.0930 —0.0022 058 463 1435 0.00051 1.6348
9411011801 340 0610 321 1432 248 —0.4028 —0.1119 —0.0113 065 4.48 1514 0.00086 1.8243
9411011831 343 0622 323 1407 253 —-0.3394 -0.0883 —0.0150 059 450 1489 0.00043 1.5820
9411011631 342 0632 323 1490 249 —0.3978 —0.1348 —0.0112 065 450 1575 0.00060 1.6936
9411011331 359 0.634 323 1430 248 —-0.3523 —0.0950 —0.0046 0.60 454 1508 0.00046 1.6056
9411011601 342 0636 324 1433 248 —-0.3868 —0.1067 —0.0105 0.63 451 1514 0.00070 1.7499
9411011701 341 0640 319 1428 248 —0.3742 —0.0923 —0.0144 062 446 1511 0.00059 1.6880
9410031752 3.69 0.666 3.87 953 287 —-0.1322 -0.0530 —0.1676 0.38 5.03 1042 0.00016 1.3129
9411011431 352 0672 333 1549 248 04602 -0.1237 —0.0079 0.69 461 1635 0.00077 1.7821
9411011401 356 0675 342 1544 248 —0.4512 —0.1463 —0.0092 069 469 1631 0.00077 1.7835
9411011501 348 0691 329 1505 248 04537 —0.1422 -0.0077 0.69 457 1589 0.00099 1.8835
9410031822 3.70 0.711 362 1257 291 —-0.2584 —-0.0493 —-0.0962 051 487 1358 0.00025 1.4263

Using Egs. (4.22) and (4.25) and the identity, var(cY)
= c? var(Y) (where c is a constant and Y is a random
variable), Egs. (4.20) and (4.21) can be simplified to
var (—kU/uy)

var (Inu,,)
var (InX)
var(Inu,,)”

In general, Eq. (4.26) is satisfied if |a] < 2 (whichis
usually the case), while Eq. (4.27) is not necessarily
satisfied. In fact, for a given site where the fetch varies

<4+ (4.26)

1< 0212 + 0.073 (4.27)
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Fic. 2. lllustration of correlation between the dimensionless energy
and peak frequency. The crosses represent the data, while the dotted
lines is the relationship suggested by Toba (1978).

slowly Eq. (4.27) will not be satisfied. Thus, self-cor-
relation has some influence on results from asingle site,
as was found by Smith et al. (1992) for the HEXOS
measurements. However, if the resultsfrom severa sites
with different fetches are aggregated together as done
in this paper, var(InX) is no longer close to zero, making
it possible that Eq. (4.27) is satisfied. In this case, the
influence of self-correlation due to scaling with u, is
significantly reduced. This provides an additional reason
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Fic. 3. Scatterplot of the Charnock parameter and inverse wave
age for the RASEX dataset (diamonds). The dashed line is the re-
lationship suggested by Toba et a. (1990), while the dash—dot line
is the mean value for the Charnock parameter.
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FiG. 4. Scatterplot of the Charnock parameter and inverse wave age for datasets compiled in Donelan et al. (1993). The dash—dot line is
the mean value for the Charnock parameter.

why care must be taken in analyzing data from a single

site.

5. Comparison with other roughness models

Below we discuss the comparisons between the mea-

sured stress values from the dataset and results derived

from two different descriptions of the sea roughness,
the one being Charnock expression, as depicted by Eq.
(4.8). The second expression was derived by Hansen
and Larsen (1997), who obtained an expression for the
sea surface roughness by considering the waves as
roughness elements in the sense of Lettau (1969), and
combining this with Kitaigorodskii's idea about the in-
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FiG. 5. Scatterplot of the mean Charnock parameter from different
datasets and inverse wave age. The full line is the least squares best
fit line.

dividual roughness elements being wavelets moving
with their individual phase speeds.

Kitaigorodskii (1970) noticed that the wavelets, con-
sidered as roughness elements, moved with their phase
speed c relative to a stationary coordinate system. Since
the wind profile in this system and any other inertial
coordinate system moving with ¢ should be given by
the same logarithmic profile, the relation between the
roughness effect of the wavelet in the stationary system
Z,, and in the moving coordinate system z., should be
given by

Z, = z. exp(—kcluy), 5.1

where z, is the roughness experienced by the wind,
while z, is the corresponding roughness in a coordinate
system moving with the phase speed of the wave c, «
is the von Karman constant, and u, is the friction ve-
locity.

The value for z, for afield of roughness elementsis
estimated from Lettau’s (1969) relation for roughness
elements:

z. = a hX/A, (5.2
where «, is a coefficient of order unity, h is the height
of the element, X its cross-wind area, and A is the hor-
izontal area available to each element. Identifying hin
Eg. (5.2) with the wave height (twice the amplitude a)
and X/A with ak/# (where k is the wavenumber), Hansen
and Larsen transform Eq. (5.2) to a form appropriate
for wavelets:
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Fic. 6. Scatterplot of the Charnock parameter from different da-
tasets and inverse wave age. The full line is the least squares best fit
line from Fig. 4.4.

U 2 2
XA = —a 8%k = —a 2k,
W T T
z =" s> 5 (5.39)
0 S=s,. (5.3b)

In Eq. (5.3), it isimplied that only wavelets with a
steepness, s (s = ak), larger than s, can create flow
separation and thereby qualify as roughness elements.
The value of s, is found to be between 0.25 and 0.3.

To interpret Eq. (5.3) it is assumed that the roughness
wavel ets constitute a random superposition of harmonic
components in a narrow wavenumber band, that is, es-
sentially of one wavenumber, (k), defined by

(XK = J KFROK di (5.4)

(n?) = f K'F(K)K dk' = f S(w') do', (5.5
k )

where F(K) is the one-dimensional wavenumber spec-

trum of the surface displacement (X, t) and Sw) isthe

omnidirectional frequency spectrum.

To derive the average (z.) from a given (k), Hansen
and Larsen (1997) argue that the steepnesssin Eg. (5.3)
essentially follows an exponential distribution in the
normalized variable, y = s?/(2(n?)(k)?). Using this ex-
ponential distribution and averaging z, over all steepness
values larger than s,, the average contribution to z,
(z.), from a narrow k interval around (k) was found as
function of (k).
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2
() = a—(n*xe(K), (5.6)
where x is the normalized critical steepness:
2
% (5.7)

X=——.
2(n*Xk)?

The contribution to (z.) from an infinitesimal wave-
number interval dk is found by differentiating (n?){k)
in Eq. (5.6) using Eq. (5.4) to yield

2
d(z,) = a,—xe*kF(k)k dk. (5.8)
o
Equation (5.8) isfinally combined with Eq. (5.1) toyield
the contribution to z, from and infinitesimal wavenum-
ber interval dk:
2
dz, = aLW—gxe*Xe*KgKWU*wZS(w) dw, (5.9
where x and {(w) are to be evaluated by use of Egs. (5.4)
and (5.5) with w? = gk, when needed.

Subsequently integrating over w, using the Kitaigo-
rodskii form of S w), Hansen et al. (1990) and Hansen
and Larsen (1997) find the contribution to z, from dif-
ferent frequencies for different sea states. The behavior
issimilar, but not identical, to that of the Kitaigorodskii
model (Kitaigorodskii and Volkov 1965; Kitaigorodskii
1970) and has the advantage that the empirical coeffi-
cient, «, in Eq. (5.9) is of order unity as opposed to
the other models available for the sea roughness.

a. From wave spectrum to roughness length

The derivation of roughness lengths from the mea-
sured wave spectra is quite time consuming and some-
what complicated because of the integration involved
in the calculation of Eg. (5.9). Instead, we have chosen
a simpler method in which a model wave spectrum is
fitted to the data using only measured values of peak
frequency f, and the measured significant wave height
H.. The computations can then be greatly simplified by
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Fic. 8. Bandwidth of RASEX wave spectra.

tabulating the spectral moments of the waves and doing
the integrations at a certain number of fixed frequencies.
The necessary steps from measurements to resulting
roughness lengths are then

1) Find a suitable spectral model that fits the data suf-
ficiently well.

2) Screen the datato exclude unwanted wind directions,
situations with *‘strange’” spectra and low wind
speeds with large measurement errors.

3) Compute roughness lengths from spectral model.

4) Compare wind stress derived from roughnesslengths
of 3" and mean wind speed (log-windprofile) with
directly measured windstress.

5) If there are systematic differences in ‘‘4,” then go
back to **3,”” multiply the roughness lengths with a
constant and check differences again.

b. Model wave spectrum

The model chosen is a JONSWAP-type spectrum
(Hasselmann et al. 1973):
_5(f\°
4\ f,

(f— )2
F:eXp(_Tzf%’

where «, is the Phillips constant, g is acceleration of
gravity (m s7*), f is frequency (Hz), f, is peak fre-
quency, vy is peak enhancement factor, and o is 0.07 for
f<f,009forf>f,.

We used the somewhat simplified version of Eg.
(5.10) with y = 1.0. As shown below the simplified
model fits the data well.

The distribution of available time series asafunction
of wave height is shown in Fig. 7. To check the appli-
cability of the model we compared measured spectral
bandwidths to model bandwidth (Fig. 8). We see that
for a wide range of wave heights we get good corre-
spondence between model and data. As expected, the
waves with small amplitudes also show spectrathat are

S(f) = apg2(2m)-4f 5 exp ¥, (5.10)

where
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FiG. 9. Comparison between ratios of measured characteristic wave

periods and model derived wave periods. Model values are shown as
horizontal lines.

wider than the model; in some cases clear two-peaked
behavior was seen. The measured wave periods are com-
pared with the model parameters in Fig. 9, from which
we can see that there seems to be some systematic
change of the peak shape with T, increasing slightly for
increasing wave height compared to the model, whereas
the periods based on the spectral moments (dominated
by higher frequencies) are very well modeled.

c. Screening of data

The data used in the analysis here were screened ac-
cording to the following criteria:

Wind direction:  Only directionswith an undisturbed
fetch of 1020 km were used (the longest usable
fetch from the RASEX experiment), that is, 240°—
330°.

Wave spectra:  Only data with spectra with a band-
width BW < 0.3 were used.

Wind stress: Only data with measured stress
>0.0025 m2 s-2 (friction velocity u, > 0.05ms?)
were used.

Wind speed: Because of the sampling method ap-
plied, the mean wind speeds measured by the cup
anemometers were unreliable for speeds <2 m s,
which were then excluded.

Wave height:  Significant wave heights <0.1 m were
excluded.

Roughness:  Roughness lengths computed from the
wave spectra with values z, < 10~ m were not
used.

After screening for spectral widths, wind stress, wave
height, and roughness about 1500 datasets remained.
Selecting the proper wind direction sector left us with
576 30-min time series that were used.

d. Wind stress

The friction velocities were computed from the
roughness lengths inferred from the wave spectra using
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Fic. 10. Comparison between measured u, (=—[Kuw)|°%) and u,
derived from the log wind profile and z, from the wave spectra.

Eg. (5.9), the mean wind speed at a height of 7 m in
the logarithmic profile. The computed friction velocities
were compared with the alongwind component of the
wind stress measured at 3 m, that is, uz = (—u'w’). A
least squares fit was calculated and the roughness
lengths were multiplied by a constant in order to obtain
a 1:1 relation between the measured and calcul ated val-
ues. The value of the constant that was used was 5.0.
The fit was forced through 0. The results are shown in
Fig. 10, from which we can see that the correspondence
is very good with the spreading somewhat increasing
at friction velocities higher than 0.4 m s,

We can also derivethe friction vel ocity from the Char-
nock relation

ug
Zy = AE,
where we can use the logarithmic wind profile to derive
an implicit equation for u,, that can easily be iterated
using a measured value of the wind speed U.

U Z
z exp(—u—K> = AUE,
*

where z is the height above the surface, U the mean
wind speed, and « the von Karméan constant (=0.4).

The resulting friction velocities were compared with
the measured friction velocities and the calculated val-
ues were adjusted to a 1:1 relationship by adjusting the
Charnock constant A to a value of 0.018 (see Fig. 11),
which as expected for this coastal site is on the high
side of the range found in the literature, 0.011 < A <
0.018 (among others, Wu 1980; Garratt 1977; Smith and
Banke 1975; Walmsley 1988).

Finally, in Fig. 12 we have compared the bin-aver-

(5.11)

(5.12)
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Fic. 11. Comparison between measured friction velocity and the
friction velocity derived using the Charnock relation with a Charnock
constant of 0.018.

aged values of the two different estimates of friction
velocities, and we can see that the Hansen and Larsen
method givesrise to slightly larger variations, and some
deviations from the straight line above 0.4 m s*. The
Charnock u, shows small deviations from the straight
line at small friction velocities (the least squares fit
showed an offset of 0.01 m s*.

e. The Charnock ‘‘ constant”

Thevariation of the Charnock constant Ain Eq. (5.11)
is plotted in Fig. 13 as a function of inverse wave age.
Here we have used the z, values calculated from the
wave spectraand the directly measured u, . Furthermore,
the data have been subdivided into classes of different
flow regimes using the method of Kraus and Businger
(1994):

Aerodynamically smooth flow: u, < 0.1l ms™*
Transition flow: 011 ms?!<u, <0.265ms?
Fully rough flow: 0.265 m st < u,.

This classification is based on a roughness Reynolds
number (U, z,/v) in which z, isreplaced by the Charnock
value. Obviously smooth flow is most often found in
cases with old waves and rough flow in situations with
younger, developing waves. We observe a systematic
variation of gz,/uz with increasing valuesfor decreasing
wave age as discussed in section 4.

If instead of using the z, values derived using Hansen
and Larsen we use the z, values from the Chamock
relation, we see a quite different relation as seen in Fig.
14. This figure shows how well u? is predicted using
the Charnock relation, since gz,/u; is the same as
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Fic. 12. Binned averages of the data from Figs. 10 and 11. The
vertical bars signify *1 standard error on the mean value.

Z U2 ramoac/ U2 meesured- HEME, We see a systematic over-
prediction of uz for the old waves (low inverse wave
age). For the younger waves (and fully rough flow), this
overprediction is diminished, since the mean trend tends
toward 0.018 (the value for zy).

When we are only interested in predicting the wind
stress, then we seem to get slightly better results by
using asimple Charnock relation, at least for arelatively
narrow range of wave ages. On the other hand, we know
from the aggregation of experimental results from dif-
ferent sites (Fig. 5) that there seems to be a strong in-
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age. The z, values were derived from the wave spectra.
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crease of gz,/uz with decreasing wave age over awide
range of wave ages, which is quite nicely reproduced
by the Hansen and Larsen method. Hence, the Charnock
method is good for a limited range of wave ages if you
can guess the value of the Charnock constant, but the
spectral method seems to give a more correct picture in
the sense that it is capable of reproducing the variation
of the Charnock constant with wave age.

Finally, in Fig. 15, we have overlaid the binned results
from the Charnock method with the results from the
Hansen and Larsen method, where the latter has been
subdivided into three different flow regimes. It seems
that the average of the curve for the rough flow is con-
sistent with the Charnock results. Furthermore, the Han-
sen and Larsen method qualitatively reproduce thetrend
of the Charnock parameter obtained from aggregating
various field datasets.

Further investigations on the use of existing theories
for air-sea momentum flux and implications for wave
modeling at the RASEX site was made using WAM
cycle 4 model (see Johnson et al. 1997, submitted to J.
Oceanic Atmos. Technol.). In that paper, the use of Jans-
sen’s theory in the WAM model, and its applicability
at the RASEX site, is discussed at length.

6. Summary and conclusions

1) Dimensionless analysis of the air—sea interaction
problem yields a relationship between the dimen-
sionless sea roughness and wave age under specific
conditions.

2) Using a selected dataset from RASEX satisfying the
conditionsin (1), aweak trend of increasing dimen-
sionless roughness with wave age was observed.
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subdivided into different flow regimes. The vertical bars signify =1
standard error on the mean. The thick line is Eq. (4.19).

However, error analysis indicates that measurement
errors of about 10% in u, makes it difficult to con-
clude on the trend in z,, using measured data from
a particular dataset. This conclusion was found to
be equally valid for other field datasets compiled in
Donelan et al. (1993). It was also found that self-
correlation plays a role in the trend observed from
data from a single site.

3) Analysis of the mean dimensionless sea roughness
(Charnock parameter) from the field datasets men-
tioned in 2) gives a trend of decreasing Charnock
parameter with wave age. The fitted relationship is
z,, = 1.89(C,/U,) **°. This relationship establishes
the mean trend in the variation of dimensionless sea
roughness with wave parameters under the condi-
tions identified in 1) for field data.

4) The wave-dependent sea roughness expression of
Hansen and Larsen (1997) was found to reproduce
the measured friction velocities in RASEX quite
well. Furthermore, it qualitatively reproduced the
trend of the Charnock parameter obtained by com-
bining many field datasets.

5) A constant Charnock parameter of 0.0180 was found
to adequately reproduce measured friction velocities
in the RASEX experiment.

6) From the above results, we conclude that there is
evidence that a wave-age-dependent sea roughness
is necessary to explain the variation of searoughness
over a wide range of wave ages. Thus, for large-
scale models, a wave-age-dependent sea roughness
modelswould be necessary. However, for arelatively
small range of wave ages, typical of agiven site (or
alimited area study), a constant Charnock parameter
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representative of the typical wave age at the site can
be used. In this case, the Charnock parameter may
be estimated (as afirst guess) using Eq. (4.19). How-
ever, the need to guess the correct Charnock param-
eter for each site emphasises the need to use awave-
age-dependent formulation.
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