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A laboratory investigation of the attenuation of mechanically generated waves by an
opposing wind has been completed. Wave attenuation was quantified by measurements
of the decline in surface variance. These measurements show higher effective levels
of monochromatic wave attenuation than predicted by air-side measurements:
approximately an order of magnitude higher than measurements by Young & Sobey
(1985) and, a factor of 3 higher than those of Donelan (1999) for waves in a JONSWAP
spectrum. Furthermore, they show that theoretical estimates currently underestimate
the attenuation rates by a factor of at least 3. This study has shown that the magnitude
of wave attenuation rates due to opposing winds is approximately 2.5 times greater
than the magnitude of wave growth rates for comparable wind forcing. At high wave
steepnesses, detailed analysis suggests that air-side processes alone are not sufficient to
induce the observed levels of attenuation. Rather, it appears that energy fluxes from
the wave field due to the interaction between the wave-induced currents and other
subsurface motions play a significant role once the mean wave steepness exceeds a
critical value. A systematic relationship between the energy flux from the wave field
and mean wave steepness was observed. The combination of opposing wind and
wind-induced water-side motions is far more effective in attenuating waves than has
previously been envisaged.

1. Introduction

Correct forecasting and hindcasting of waves generated by severe weather systems
is of paramount importance to maritime interests and coastal residents because of
the hazards to life and property. The most severe wave states are generated and
modified by rapidly changing wind systems associated with the turning wind field
and moving core of a tropical cyclone. Such wave systems are not modelled well
by contemporary operational wave models (Hasselman et al. 1998). Moreover, the
wave climate radiated by these systems is critically dependent on the region of most
intense wave generation, which is close to the centre of the storm. Conditions in
which the direction of the wind and waves do not coincide are a common feature
of the open ocean. In coastal regions, offshore winds (opposing the incoming waves)
can significantly alter the coastal wave regime. Offshore squall fronts also generate
surface winds with rapidly changing direction, thereby modifying the local wind-wave
generation regime.
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Theoretical and laboratory studies of wind-wave generation have focused primarily
on the growth phase, that is, with waves travelling in a direction predominantly
aligned with the generating wind. Belcher & Hunt (1998) have reviewed airflow over
waves and consequent wind-wave generation. They observed that theoretical and
numerical predictions of growth rates are a factor of 2 to 3 smaller than measured
growth rates.

Recent field measurements (Wright et al. 2001) have provided detailed depictions of
wave spectra in a tropical cyclone and focused attention on the importance of wave
response when the wave direction is not aligned with the wind. Nine spectra were ac-
quired in the lower left quadrant (southwest quadrant) of the cyclone. Of the nine
spectra, only one showed the direction of the peak wave energy to be within 90° of the
dominant wind. The remaining eight showed the peak wave energy propagating from
90° to 180° to the wind direction. Surface wind speeds at the locations where these
spectra were measured ranged from 9ms~! to 35ms~! and significant wave heights
ranged from 4.4m to 59m. The greatest wind speed and significant wave height
observed in this storm were 42ms~! and 10.9 m respectively, both in the upper right
(northeast) quadrant. At some measurement locations, two, and sometimes three,
distinct wave fields could be identified. The occurrence of distinct and separate wave
fields was much more frequent in the lower (southern) half-sector of the storm. One
interpretation of this observation is that the lower half-sector is a region where both
wave generation and wave attenuation by wind occur and may be the area where
mariners describe the seas as ‘confused’.

An earlier investigation by Bowers, Morton & Mould (2000) of wind and wave
directionality in North Sea storms suggests that for some types of floating platforms,
maximum mooring forces do not occur when the wind and waves are aligned, but
when the angle between wind and waves is in the range of 60°-90°. This condition
tends to occur during the growth and attenuation phases of the storm when swell and
locally generated sea are not directionally collinear with the wind. Observed angles
between wind and swell direction during the growth phase was as much as 149°,
and as much as 172° during the attenuation phase. Moreover, as with Wright et al.
(2001), the wave spectra observed by Bowers et al. (2000) during the storm growth
and attenuation phases were multi-peaked.

In comparison with the growth phase, there has been relatively little investigation
of wind forcing from directions other than that aligned with the wave direction.
The observations of Wright et al. (2001) have shown that such investigations would
be appropriate, given the complexity of wind—wave interaction within intense low-
pressure systems, which is usually the cause of the most hazardous sea states.

Prompted by these field observations of the complex and apparently closely coupled
behaviour of wind and waves within intense storms and that relatively few laboratory
studies have examined the effects of wind in directions other than aligned with that
of the waves, we have undertaken a laboratory investigation of the mechanically
generated wave response to an opposing wind. Wave attenuation has been quantified
by measurements of surface variance — such a study has not previously been reported
in the open literature.

2. Previous studies

Many field and laboratory measurements of wave growth and attenuation due
to wind have been based on correlating pressures in the air immediately above
the waves with their surface slope. There are at least two key assumptions in this
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approach:

1. The primary process responsible for wave growth and attenuation is form drag
induced by the wind.

2. Since surface pressures inducing energy fluxes cannot be measured directly, it
is assumed that the surface pressure can be extrapolated from measured pressures
some distance above the wave surface. This is in spite of flow visualization work of
Kawai (1981) and Banner & Peirson (1998) who have shown that flow separation
regions adjacent to the surface can be very compact. These regions may be difficult
to penetrate even with surface-following probes.

Surface pressure—slope correlation measurements of wave growth and attenuation
were initiated by Longuet-Higgins, Cartwright & Smith (1963) and have been followed
by studies by Shemdin & Hsu (1967), Dobson (1971), Snyder et al. (1981), Young
& Sobey (1985), Banner (1990), Hasselman & Bosenberg (1991), Mastenbroek et al.
(1996) and Donelan (1999, hereafter referred to as D99), amongst others.

Using correlations of near-surface air pressures with surface slopes, Snyder et al.
(1981) found that that open-ocean decay rates due to opposing winds were roughly
an order of magnitude smaller than wind-generated wave growth rates. Hasselman &
Bosenberg (1991) found that the attenuation rates due to opposing winds were too
small to be measured. Laboratory measurements by Young & Sobey (1985) using
similar techniques also found that attenuation rates are very small in comparison
with growth rates.

In contrast, recent theoretical estimates (Harris, Fulton & Street 1995; Mastenbroek
1996; and Cohen 1997) using k— and second-order turbulence closure models predict
that attenuation rates should be substantially higher than indicated by both the field
and laboratory studies. The results of these theoretical studies give mutually consistent
levels of attenuation (see figure 6).

D99 has reported wave growth and attenuation rates obtained using pressure
measurements in the air using a surface-following probe moving vertically above
groups of laboratory waves generated with a JONSWAP spectrum. This instrument
was designed to allow a small pressure probe to track the motion of the surface,
remaining a small (unspecified) distance above the water. Extrapolation of the
measured pressures was still required to derive the actual surface pressures. D99 found
that the estimated wave attenuation rates were approximately 40% of the growth rates.

Although relatively few studies of wave attenuation by opposing winds have been
undertaken, a related investigation of wind drift in the presence of opposing swell has
been undertaken by Cheng & Mitsuyasu (1992, hereafter referred to as CM92). They
found that the wind-induced drift was higher when expressed as a proportion of the
friction velocity in the air u¢ (= ./t/par, Where T is the total wind stress and pg ;. is
the density of air) for the adverse wave case than for the case where the wind and
waves are in the same direction. This was in spite of the Lagrangian drift associated
with the mechanical waves being opposed to the wind-induced drift.

CMO92 also measured wind drag coefficients and wave spectra. They found a weak
dependence of the drag coefficient (and by implication the roughness length in the air)
on the paddle wave steepness and direction of low-frequency wave propagation. The
energy of small wind waves is substantially reduced in the presence of lower-frequency
paddle waves travelling in the direction of the wind. In contrast, CM92 found that,
in the presence of opposing swell, there is little or no attenuation of the wind waves
and a substantial increase in wind-wave energy under light winds.

In our study, we measured the surface wave field to obtain estimates of wave
attenuation due to an opposing wind. By measuring the change in wave energy along
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a wind-wave tank, wave attenuation rates can be obtained directly. The aim was
to provide results comparable to previous laboratory studies based on air pressure—
surface slope correlations. Direct measurement of the wind-induced growth of low-
frequency paddle waves has been accomplished successfully by Bole & Hsu (1967)
and Mitsuyasu & Honda (1982, hereafter MH&2).

3. Method
3.1. Theory

The diversity and duplication of notation within the air-sea interaction literature is
a source of continuing confusion. In this paper, we follow the notation of Komen
et al. (1994, especially Section 1.2.5, p. 25/f).

The local total energy density of surface waves propagating past a point can be
evaluated from

E = p,g(n®) = pug // F(f,0)dfdo, (1)

where E is the total local energy density, p,, is the density of water, g is gravitational
acceleration, 7 is the instantaneous water surface elevation and the angle brackets
indicate time-averaging and F is the spectral energy density as a function of wave
direction 6 and wave frequency f. In this investigation, we were concerned with the
development of paddle wave energy along the axis of a laboratory tank. Directional
components need not be considered.

The wave energy balance equation is (for example, Komen et al. 1994, pp. 33
and 47)

% = S, 8) + Sul £, 0) + Sus( £, ), 2

where S;, is the energy input from the wind, S,; are nonlinear energy transfers due
to wave—wave interactions and Sy (a negative quantity) is the loss of energy from
the wave field. Note that the above equation uses the total derivative and therefore
considers changes moving with the group velocity of the waves.

When the wind is in the same direction and has a higher speed than the propagating
waves, the ensuing drag on the waves will result in a positive energy flux to the wave
field, S;,. In the case where the directions of the wind and the waves are opposed, the
surface stress vector and the wave vector are opposite in sign and there cannot be an
energy flux to the waves.

S.; describes the transfers of energy among different wave frequencies within a wave
spectrum. Interacting directional spectral components are essential for nonlinear
transfers to occur. Here, we are considering the behaviour of monochromatic,
monodirectional waves that have a relatively low frequency in comparison with any
wind-generated waves. The effects of nonlinear interactions among the wind-generated
microscale waves may be important but nonlinear interactions are negligible for wind-
forced low-frequency monochromatic waves (Bliven, Huang & Long 1986). Consistent
with the findings of Bliven et al. (1986), although the direction of the applied wind was
opposite to that in our experiments, the spectra obtained during this investigation
(for example, figure 2a) show no evidence of the development of Benjamin—Feir
sidebands.

Changes in surface wave energy due to dissipative processes (Sjss) are generally
attributed to wave breaking or interactions between the waves and fluid boundaries.
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This investigation addresses the attenuation of deep-water waves due an opposing
wind. For attenuation to occur, energy must be lost from the wave field to either
the air above or the water column below. Breaking does not occur at the scale of
the paddle-generated waves considered here. Theories for the loss of wave energy
due to viscosity have been experimentally verified by the studies of MHS82 and their
results were used in this investigation. Wave attenuation rates due to viscous effects
were deducted from the measured attenuation rates during this study so that the
attenuation directly attributable to wind-induced effects can be obtained.

Donelan (1990) has observed that freely propagating waves can transfer energy to
the air above to create wave-driven winds. However, in the presence of an opposing
wind, the stress applied by the wind implies a downward energy flux and if there
is to be any upward energy flux from attenuating waves, this energy can only be
transferred to generate turbulence in the air immediately adjacent to the surface.

There appear to be two ways in which wave energy can be transformed into kinetic
energy in the water column below. First, Longuet-Higgins (1969) showed that the
interaction between local surface stresses and the surface orbital velocities of a larger-
scale wave can contribute to or diminish wave energy. To our knowledge, there has
been little direct measurement of this process and its potential contribution to the
growth or attenuation of surface waves, except during the estimation of wave-coherent
tangential stresses along the surfaces of microscale-breaking wind waves by Banner &
Peirson (1998). Numerical estimates by Mastenbroek (1996) indicate that tangential
stress could contribute approximately 30% of the total attenuation of waves due to
an opposing wind.

Secondly, energy fluxes from the wave field can occur due to wave—current and
wave—turbulence interactions. Belcher, Harris & Street (1994) reported that their
analytical model showed that wave growth rates were reduced by a factor of 2 when
turbulence in the water was included. Teixeira & Belcher (2002) developed a rapid-
distortion model of wave—turbulence interactions and concluded that the presence
of turbulence not immediately in the vicinity of the interface could also make a
non-negligible contribution to wave attenuation.

Laboratory studies of wave—turbulence interactions have been undertaken by a
number of investigators, including Cheung & Street (1988), Jiang, Street & Klotz
(1990) and Thais & Magnaudet (1996). Studies of this type require sophisticated
techniques to distinguish between mean, orbital and turbulent motions beneath the
waves. To date, such studies have been restricted to the investigation of velocity
structure below the level of the wave troughs. The work by Thais & Magnaudet
(1996) is the most comprehensive to date and they investigated wind-ruffled paddle
waves with a steepness of approximately 0.1 with the wind direction aligned with
the wave direction. They found turbulence levels up to an order of magnitude higher
than levels adjacent to solid walls. Their results suggested that the turbulence is
directly forced by the wave-induced motion. They concluded that critical turbulence
production was occurring within or at the surface of the wave crests. Unfortunately,
they were not able to quantify the total energy flux from the wave field to the mean
or turbulent velocity fields.

For our experiments, in which low-frequency, monochromatic, monodirectional
waves of frequency f, were investigated in the absence of wind energy input and
nonlinear interactions, equation (2) reduces to

dF

. T WOdiss» 3
QO Sa (3)
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FIGURE 1. Layout of the test facility: approximate scaling 1 :300; dimensions in metres.

and this equation is only applied to waves of frequency f, travelling in an upwind
direction. Sy, is composed of two components:

Sdiss = Suztn + SviSCa (4)

where S, 1s the viscous attenuation rate of the waves due to interaction between
waves and the surface and the sidewalls; and S, is the attenuation rate of the waves
due to the wind and is composed of potential contributions of wave energy flux to
air- and water-side motions.

3.2. Measurement techniques

Bole & Hsu (1969) and MHS82 used ensemble measurements of the increase in surface
mean-square deviation (equation (1)) in the wind direction at a sequence of points
along a wave tank to quantify the development of wave energy due to wind action.
These measurements showed an increase of wave energy with distance.

If a wave packet exposed to a steady wind does not change its group speed rapidly
with time, we can evaluate the local time-dependent wave growth rate as

dF oF oF oF 5

dr T T T S ©)
where ¢, is the group wave speed (the speed at which wave energy propagates)
and x is distance in the direction of the low-frequency wave propagation. For deep-
water waves, ¢, =c/2, where c¢ is the wave phase speed. In these experiments, we
have used a steady wind and 9F/dr =0. Wave growth rates are usually expressed
in a time-based dimensional form as y =(1/F)(dF/dt) or as the non-dimensional
quantity y/f. A difficulty with this technique is that as well as developing low-
frequency waves, the wind also generates a spectrum of high-frequency microscale
waves (0.05m < 4 < 0.4m). MHS82 extracted the growth rate of the low-
frequency waves (f, < 1.3Hz, 4 > 0.8m) using spectral filtering techniques. In
this investigation, we have applied the techniques of MH82 to the case where the
wind is in opposition to the propagating low-frequency waves. Here, a wind-related
wave attenuation rate is to be determined which is denoted by y,, where y, = —y.

3.3. Wind-wave facility

The experiments were undertaken in a wind-wave tank at the Water Research
Laboratory. Overall tank dimensions are length 30 m, width 0.9 m and height 1.55m.
The layout of this facility is shown in figure 1. Waves are generated by a controlled
random generator at one end of the tank. During these investigations, only mono-
chromatic waves were investigated. At the far end, a dissipating beach was installed.
The tank is roofed and flow in the air cavity is generated by a large fan fitted at the
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opposite end to the wave generator. For these investigations, water depth in the tank
was 1.10 m, giving an air cavity depth of 0.45 m (identical to MH82 and CM92). Wind
speeds in the air cavity were monitored using a hot bulb anemometer supported by
the roof at mid-height within the air cavity.

We encountered some particular experimental difficulties which do not appear to
have been discussed by other researchers. For both wave growth and attenuation
measurements, reflected waves can contaminate the measurements. In the case of
wave growth measurements, reflected waves will be exposed to an opposing wind
which will attenuate them as they progress down the tank towards the paddle. The
attenuation of the reflected waves will contribute to the total local wave energy,
thereby creating apparent additional growth. The waves incident on the dissipating
beach will be the largest (and therefore, steepest) waves in the tank, which is the
preferred condition for maximum wave dissipation (CERC 1984, pp. 2-118). Provided
that the reflected waves contain less than a few percent of the incident wave energy
and the attenuation rate is at least comparable with the growth rate, this will not
induce significant error.

For wave attenuation measurements, the problem is more significant. The incident
waves at the beach are relatively small compared to those generated at the paddle
and the dissipation of smaller waves at beaches is a less efficient process (CERC 1984,
pp. 2-118). Reflected waves from the beach will grow under the action of the wind,
inducing an apparent higher attenuation rate. Such a problem will be exacerbated if
there is a substantial length of tank between the point of the final measurement and the
point of first contact between wind and water. If the attenuation rate is small in com-
parison with the growth rate, it may not be possible to measure the attenuation rate.

For our experiments, we addressed this problem as follows. A thin polyethylene
sheet was floated on the surface of the water from approximately 1 m upwind of
the wave probe nearest the fan. This had two effects: waves propagating towards
the beach were subject to surface dissipation from the point of entry beneath the
sheet, thereby enhancing the dissipative effect of the beach and preventing reflected
waves from growing whilst propagating from the beach to the point of measurement.
This technique also provided a long development length for the air flow in the upper
cavity. By pulsing the wave generator, we showed that the reflected waves generated
by the incidence of small paddle waves were reduced to less than 2% of the incident
wave amplitude. Reflected waves were indistinguishable amongst the (small, <2%)
cross-tank oscillations that were also generated. Given the large dissipation rates that
were measured, this effect was not significant.

Another problem occurs at the other end of the tank. Small wind waves generated
in the opposite direction develop to higher amplitudes and lower frequencies as they
propagate away from the fan. These will reflect from any surface-piercing paddle
with approximately 100% reflection and potentially contaminate the attenuation
measurement. If the paddle waves are of relatively high frequency and the tank is
long, the wind waves can develop a frequency comparable with the paddle waves.
D99 addressed this problem by using a submerged wave generator and installing
a dissipative beach behind the wave generator. This approach has its difficulties:
waves propagate in both directions away from wave generators and unwanted out-
of-phase wave components may be generated by reflections from the beach behind
the generator, particularly if the paddle waves are of low frequency. We developed an
alternative method which proved effective in alleviating this problem. In addition to
the polyethylene sheet installed at the upwind end of the tank described previously,
we floated a short (1 m) sheet of polyethylene approximately 3 m from the paddle.
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This study: wind CM92: wind

and paddle waves and paddle waves
(ako = 0.125, This study: wind (ako = 0.125, CM92: wind
fp =1.0Hz) waves only fp =1.02Hz) waves only

Ua (ms™) u¢ (ms™") zo (mm) u¢ (ms™") zo (mm) u¢ (ms™") zo (mm) uf (ms™') zo (mm)

5 0.237 0.036 0.192 0.0068 0.25 0.084 0.25 0.084
7 0.324 0.035 0.315 0.034 0.33 0.069 0.38 0.18
9 0.478 0.129 0.422 0.049

11 0.625 0.221 0.579 0.147

15 1.103 1.083 1.050 0.846

TaBLE 1. Summary of air flow measurements from this study and CM92. U, is wind speed,
uf air friction velocity, and zo roughness length in the air.

This proved effective in entirely dissipating the short wind waves whilst its effect in
attenuating the paddle-generated waves or disturbing their form was very small.

Local measurements of the wind stress were obtained by measuring the near-surface
logarithmic boundary layer profiles in the air for each wind speed condition, U,;. These
were taken at the mid-point of the wave measurement section in the presence and
absence of paddle waves with frequency 1.0 Hz and non-dimensional wave steepness
at the paddle of aky = 0.125. The results of the wind stress measurements are shown
in table 1 with corresponding values derived from the logarithmic wind profiles in
CM92. Our measurements indicate friction velocity measurements u¢ consistent with
CM92 although our measured zo values are somewhat lower. The zo values are not
critical to this study and will not be discussed further. Our measurements also indicate
a slight and systematic increase in u¢ in the presence of paddle waves although we
estimate the measurement error in u? to be 10%. For all normalizations of our data
involving u¢, we have taken u¢ values from the leftmost column in table 1 at the
corresponding wind speed.

During this investigation, water surface elevations were monitored using capacitance
wave gauges fitted with fine (~200 pm diameter) wire filaments. Each gauge had a
range of approximately 200 mm. These were carefully and regularly calibrated and
over the period of testing showed a gain repeatability better than 2%. Eight probes
were used, located at distances of 1.5, 2.5, 4.0, 6.0, 7.5, 9.0 and 10.0m from the
first probe within the roofed section (see figure 1). The water surface elevation
measurements of the wave probes were recorded at a frequency of 40 Hz per channel
by a computer with an analogue-to-digital converter. These data were stored for
subsequent processing.

3.4. Data processing

Fast Fourier transforms (FFTs) were used to process 2048 data points from each
record (approximately 50s) to determine the local wave energy. Representative wave
probe array spectra containing relatively steep waves are shown in figure 2. This was
obtained for conditions of f, = 0.91Hz at U, = Tms™!, aky = 0.19 (panel a) and
U, = 15ms™!, aky = 0.12 (panel b).

As noted earlier, wind waves are not attenuated by opposing swell. Consequently,
the surfaces of the low-frequency paddle waves are covered by microscale waves.
Figure 3 is a photograph of a representative condition (Uy;=7ms™!, aky=0.19,
f»=1.1) taken between probe positions 6 and 7. In all of our experiment conditions,
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FIGURE 2. Representative wave spectra. Individual wave spectra are indicated by different
line styles indicated by the legend at top right with the value indicating the probe position.
The frequency bands used to extract paddle wave energy are indicated by the vertical lines.
(a) f, =091Hz, Uy = Tms™!, aky = 0.19; (b) f, =0.91Hz, Uy = 15ms~!, aky = 0.13.

FIGURE 3. Photograph of the tank surface at a location between probes 6 and 7 for paddle
waves of f, = 1.11Hz, aky = 0.19 exposed to a wind in the upper cavity of Uy = T7ms L
Note the presence of microscale waves over the entire wave surface with steeper waves on the
crest of the lower-frequency paddle wave. The low-frequency paddle wave is travelling from
left to right and the wind is from right to left.
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microscale breaking waves were present along the surfaces of the underlying low-
frequency paddle waves. Figure 3 shows the entire surface to be populated with
microscale waves, with steeper waves on the crest of the low-frequency paddle wave.

Energy was extracted from the low-frequency waves by integrating the energy
within a frequency band between (1 4+ 0.1)f,. The frequency band was selected to
be as narrow possible to ensure that energy associated with the high-frequency wind
waves was not included. Figure 2 illustrates the effectiveness of this approach in
retaining critical energy components whilst removing the wind-wave energy. In both
cases, the energy associated with the fundamental frequency is captured, with energy
levels falling to approximately 1% of the peak value at the frequency band limits.
In figure 2(a), there is no clear wind-wave spectrum, due to the relatively light wind,
but the harmonic of the low-frequency waves is clearly apparent. Nonetheless the
peak energy associated with the harmonic that is eliminated by the filtering process
used in the attenuation measurements is only approximately 1% at the fundamental
frequency. In figure 2(b), the wind-wave spectra are clearly apparent and excluded by
the imposed frequency band limits.

To quantify y, from point measurements of wave energy along the tank, a model
of wave attenuation must be fitted to the data. Consistent with previous investigators,
we assume exponential attenuation:

E = Epe ™", (6)

In each case, A was determined from the measured data by a least-squares fit of this
equation to the measured energy as a function of fetch. Non-dimensional attenuation
rates were determined from
ﬁ _ _i _ _c_ga_E _ (A - Avisc)c (7)
f  fE  fEdx 2f
where A, is the estimated attenuation rate due to viscosity at the surface and the
walls of the tank based on the work of Van Dorn (1966). The tank used in the
experiments is substantially wider than that used by MHS82 and dissipation rates
in the absence of wind were so low that it was impossible to measure these with
confidence. The process of least-squares fitting yields a correlation coefficient » which
can be related to a confidence interval for A of

+tp\/1 —r2o(In(E/Ey))
- Jn=2 o(x)

where t7 is the value from the Student’s t distribution for confidence limits of p%,
o signifies the standard deviation and x the positions of n wave probes (see Acton
1959, p. 24). For this investigation we selected p = 90%.

4. Results

Measurements were completed for five wave paddle frequencies (0.77, 0.87, 0.91, 1.11
and 1.43 Hz), three nominal wave steepnesses akq (0.06, 0.13 and 0.19) and four wind
speeds (Uy = 5, 7,9, 11 ms~! with a single data point at U, = 15ms~"). However, not
all combinations of conditions could be tested. For lighter winds and lower paddle
frequencies, the attenuation rate was small compared to its confidence limits and
the result was inconclusive. For stronger winds and higher paddle frequencies, the
attenuation rate was so great that the paddle wave energy could not be distinguished
from amongst the wind-wave energies at those probes furthest from the paddle
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FiGure 4. Paddle wave energy as a function of distance along the tank at a single paddle
setting with f, = 0.91 Hz and ako = 0.13. Solid lines indicate best-fit lines to the data. Wind
speeds are indicated by the numbers to the right of each data set.
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FIGURE 5. Paddle wave energy as a function of distance along the tank with a nominal
steepness at the paddle of aky = 0.13 and U, = 9ms~!. Solid lines indicate best fit lines to
the data. Values of f, are indicated by the numbers to the right of each data set.

yielding large confidence limits for the determined attenuation rates. Figures 4 and 5
illustrate representative results of the decline in paddle wave energy with distance due
to the opposing wind. Figure 4 shows the change in attenuation rate in response to
increasing wind forcing whilst the increasing attenuation rate with increasing paddle
wave frequency at a single wind speed is illustrated in figure 5.

As shown in figures 6 and 7, significantly higher attenuation rates have been
measured during this investigation than are predicted on the basis of laboratory
measurements of wave-induced pressures in the air or by theoretical studies. Figure 6
shows non-dimensional attenuation rates (y,/f) as a function of the ratio of the
friction velocity in the air and the wave speed u¢/c (similar to the approach to growth
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FiGURE 6. Non-dimensional attenuation rates as a function of the ratio of air friction velocity
to wave speed. The results of this investigation are indicated by the solid circles with 90%
confidence intervals as shown. The dashed line is the result from Young & Sobey (1985) for
ak = 0.1. The dotted line and solid lines show the results of Harris et al. (1995) and Cohen
(1997) respectively. For comparison with wind-wave growth rates, the results of MH85 are
shown as solid triangles with y/f as a function of u¢/c imposed on the same axes.

rate data by Plant 1982). The data are presented in figure 6 with other relevant wave
attenuation studies.

Based on the Young & Sobey (1985) measured relationship of U,, =~ 30u¢ (derived
from data presented in their paper), their equation (31) has been replotted over the
range indicated in their figure 10 and is also shown in figure 6. This curve was
calculated for a representative value of ak = 0.1. As shown, the curve estimated from
the Young & Sobey (1985) measurements is up to a factor of 2 lower than comparable
theoretical studies and approximately one order of magnitude smaller than the results
of this investigation.

Harris et al. (1995) completed numerical simulations of airflow over a wave
travelling in the opposite direction to the wind using a k—¢ turbulence model. They
simulated the experiment conditions of Young & Sobey and found higher phase shifts
in the surface pressure distribution than had been measured. Their results are also
shown in figure 6 and wave attenuation rates up to a factor of 2 higher than Young &
Sobey (1985) are predicted. Their attenuation estimates are between 5 and 10 times
smaller than the results measured in this study.

Cohen (1997) has undertaken simulations with a simplified second-order turbulence
closure model of wave attenuation due to an opposing wind. This model reproduced
the limited wave attenuation results of the more sophisticated model of Mastenbroek
(1996). Cohen concluded that attenuation rates should be much higher than suggested
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FIGURE 7. Comparison of measured attenuation rates with the best fit presented in D99 to
attenuation rates derived from pressure measurements in the air. Solid circles are the values
measured during this investigation with the 90% confidence intervals for each point shown.

by Young & Sobey. As shown in figure 6, there are only minor differences between
Cohen’s results and those of Harris et al. (1995).

The data from the present investigation have been summarized and presented in
an identical form to those above and are also shown in figure 6. Possible error is
indicated by bars showing the 90% confidence interval of these measurements. The
range of scatter in this normalization is over a range of a factor of approximately
3. However, the confidence limits indicate that this scatter is unlikely to be entirely
due to measurement uncertainty. The measured attenuation rates are far higher than
has been suggested by previous studies. The closest estimates are those of Cohen
(1997) but the measured values are still a factor of 4 to 10 higher. As noted in
the introduction, measured values of wave growth are approximately a factor of 2
to 3 higher than theoretical and numerical estimates of wind-induced wave growth
(Belcher & Hunt 1998).

MHS82 measured the wind-induced growth rates of waves of the same scale exposed
to wind forcing using the same techniques. In figure 6, these measured wind-induced
growth rates are superimposed as solid triangles with the non-dimensional growth
rate y/f presented as a function of u¢/c at the same scale. In this form, it can be
observed that the wind-induced attenuation rates are approximately 2.5 times higher
than the growth rates of waves of comparable scale.

Unfortunately, there is insufficient supporting data in D99 for that data set to be
compared directly with those shown in figure 6. However, using the format of D99, the
data of the present study can be compared with these pressure-based measurements
above groups of waves with JONSWAP spectra (figure 7). The attenuation rates
measured during this investigation appear to be higher by a factor of 1.5 than D99
over the relatively small range of U;,»/c — 1 used by D99. D99 suggested a quadratic
relationship between the non-dimensional energy flux and Uj,/c — 1, whereas the
wider measurement space of our data set indicates that the behaviour is approximately
cubic. Consequently, extrapolation of the results of D99 to values of U;,,/c — 1 with
higher magnitude can increase the apparent disparity up to a factor of approximately
3 over the range of values considered in this study.

Within our data set, a systematic increase in attenuation rate as a function of wave
amplitude was observed. Such behaviour for Uy, = 9ms™" and f, = 0.91 Hz are shown
in figure 8. Young & Sobey (1985) suggest that the non-dimensional attenuation rate
(v./f) increases quadratically with ak. In D99, a constant sheltering coefficient is
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FiGUure 8. Paddle wave energy as a function of distance along the tank at various paddle
settings and U, = 9ms~!, with f, = 0.91 Hz. Values of ak at x = 5m are indicated by the
values to the right of each data set. Solid lines indicate best-fit lines to the data.

suggested with no specific dependence on ak although it is noted that the likelihood
of separation over a single sinusoid increases approximately as ak(1 —c/U)>.
Theoretical studies usually express growth rates in the form of either:

= A(ak)® (%) (8)

=

or
? — A(ak)® <% - 1) (9)

For example, Plant (1982) uses the form of equation (8) and determines
an 2
Y —(0.25+0.13) (”-) : (10)
f c

no dependence of growth rate on wave steepness was determined.

In their wave growth measurements, MH82 endeavoured to determine a dependence
of wave growth rate on wave steepness but no systematic relationship could be
established. In calculating these normalizations, we have used the wave steepness at
the mid-point of the measurement section ak rather than the nominal steepness at
the wave paddle ak,. This differs from the approach used by MH82 and use of akg
in their calculations may have masked a systematic relationship within measurements
of rapidly growing waves.

Using similar forms for wave attenuation, we have been able to determine best-fit
relationships for our data set. Relationships of the form of both (8) and (9) above
were developed. Their performance is illustrated in figure 9 with the resulting forms
being
2112

: (11)

us

Ya 0.238
= =2.275(ak)
S
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FiGUure 9. Comparison of measured attenuation rates with the values predicted by the fitted
equations (11) and (12), (a) and (b) respectively. The 90% confidence intervals for each data
point are shown.

3.265
Uin _4

? — 0.000236(ak)*20 | 222 (12)

The root-mean-square residual obtained for equation (11) was 5% smaller than that
for equation (12). However, as shown in figure 9, equation (12) seems to provide a
slightly better visual fit to the data. It can also be observed that, except for a single
data point, maximum differences between predicted and observed values are less than
20% beyond the 90% confidence interval.

Relationships were also determined using a wave Reynolds number (aU, /v, not
shown) rather than wave steepness in equations of the form of (11) and (12). The
root-mean-square residuals were approximately 3% higher in both cases.

5. Discussion

There is a fundamental difference between the approach of this investigation and
comparable numerical or air pressure measurement studies of wave attenuation by
wind. Previous studies have been focused on the interaction between the air flow
and the waves and have used these to deduce the wave attenuation response. In this
study, the effect of wind and wave steepness on the attenuation rate of the waves has
been measured directly. Substantially higher attenuation rates have been measured
than have been predicted by corresponding numerical and laboratory studies. Also,
this study has shown that attenuation rates of waves due to opposing winds are
approximately 2.5 times greater than wave growth rates for comparable wind forcing.
Effective attenuation rates of this magnitude have not previously been envisaged.

In deep water, wave breaking is currently deemed the primary contributor to the
dissipation of wave energy. However, when opposing winds prevail within weather
systems with rapid shifts in wind direction, they can continuously attenuate the
exposed wave field.

5.1. Potential tangential stress contributions

As discussed in §2, the laboratory studies using air pressure measurements invoke
implicitly the assumption that form drag is the primary contributor to wave
attenuation. Is it possible that the neglect of wave-coherent tangential stresses is
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responsible for the disparity between our study and those employing air pressure—
slope measurements to deduce wave attenuation rates? The numerical studies do not
suggest that this is the case (for example, Mastenbroek 1996) and the relatively small
values of ak that can be achieved by water waves do not permit the tangential stresses
to contribute significantly to wave growth or attenuation.

Energy losses from the wave field arising from form drag are given by

oE

ot
those arising from wave-coherent tangential stress are first order and of the form (see
Longuet-Higgins 1969, p. 384):

oF

ot
Wave-coherent tangential stress can arise from local action of the skin friction on
the surface (Banner & Peirson 1998) or from local stress concentrations generated
by small-scale breaking along the surface of longer waves (Longuet-Higgins 1969).
Note that the small microscale waves are breaking during these experiments and
presumably attract significant form drag from the wind due to air-flow separation
(Banner 1990 and Banner & Peirson 1998). More detailed studies of the air flow
will be required to resolve the nature of the flow separation over these combined
microscale and paddle-generated wave fields.

Generally, values of ak only rise above approximately 0.1 due to intense wind
forcing or local convergence of wave energy density. This limit on the ak term severely
restricts the ability of the wave-coherent tangential stress to contribute significantly
to the wave attenuation process. (In our experiments, monochromatic waves were
investigated thereby prescribing a level of low-frequency energy density and a mean
wave steepness.)

It does not seem likely that neglect of the wave-coherent tangential stress
can be responsible for the disparity between the observations of this study and
complementary laboratory air-side measurements.

= —TformC, (13)

= —TwangUorbital ~ _Ttangaka (14)

5.2. Energy fluxes from the wave field to the air

The wind direction and stress vector are both in the same direction so the energy flux
from the wind is strictly downward. If the wave energy is transferred to the air by form
drag or wave-coherent tangential stress, there must be enhanced turbulent dissipation
in the air layers immediately above the surface to accommodate the combined input
energy flux from the wind and the waves. However, the wind stresses and roughness
lengths measured by MHS82 (excepting those measurements where a surfactant was
used) are very similar at the same wind speed to those measured by CM92 and during
this study. This provides circumstantial evidence that there are no substantial changes
to the turbulent structure in the air flow above the wave crests in comparison with
the case where the wind and wave directions are aligned.

In addition, we have quantitatively examined the potential for form drag to be
responsible for the observed attenuation. This has been accomplished by estimating
the form drag implied by equation (13), assuming the observed attenuation rates are
solely due to form drag. Using (13), we can determine that

Tform _ 1 oE

(15)

.
Trot CPuirUs 0t
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Ficure 10. Rate of loss of wave energy as a proportion of the total wind stress presented as
a function of wave steepness at the midpoint of the test section. Note that a value of 1 on the
ordinate axis is the ceiling rate corresponding to the maximum wave attenuation achievable if
the entire wind stress was mediated by form drag attenuating the paddle waves. Solid circles
and open circles indicate measurements taken with air cavity depths of 450 mm and 790 mm
respectively. Note that the measurements with the air cavity depth of 790 mm sit naturally
amongst the other data and indicate that the results have not been influenced significantly by
air cavity depth.

If the quantity on the right-hand side of (15) is plotted as a function of ak, as shown
in figure 10, the data collapse and systematic behaviour can be observed. It appears
that above a threshold of ak = 0.06, there is a more rapid rise in this non-dimensional
attenuation rate. The best power-law curve fit to the data in figure 10 is given by
IE _ —115cpu”” ak*2. (16)
ot
Significantly, once ak > 0.12, the estimated values of t/.,/ T Using equations (15)
and (16) become greater than unity. This implies that for ak > 0.12 the observed
attenuation rate is greater than that that can be provided by form drag in the air.
This finding was unexpected and prompted us to very carefully examine potential
contributions from our selected experiment conditions.

We had selected our air cavity depth to correspond exactly to that used in the studies
by MHS82 and CH92. However, it appeared possible that the air cavity depth would
create the opportunity for unwanted interactions between wave-induced pressure fields
and the roof of the air cavity. We checked the possibility of interactions with the roof
as follows. We increased the air cavity depth as much as possible without interfering
with other aspects of the experiment. The water level was lowered by 340 mm thereby
increasing the air cavity depth to 790 mm. Repeat measurements were taken at a wave
steepness where the previous results had shown a greater wave attenuation rate than
could potentially be supplied by form drag in the air. These were taken at a wind
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speed of 7ms™!, a wave frequency of 0.91 Hz and steepness of ak = 0.145. It was

confirmed that the surface wind stress had not changed with the change in air cavity
size by checking that the mean wind velocity remained unchanged from the previous
experiments at a single point within the logarithmic layer above the surface.

The results with the significantly deeper air cavity have been superimposed on
figure 10 where they sit naturally amongst the other data. Therefore, the limited air
cavity depth required by the experiments has not had a significant effect on the mea-
sured results. In addition, these repeat measurements confirm wave attenuation rates
greater than that achieved if the total wind stress was mediated entirely by form drag.

It therefore seems unlikely that the observed wave attenuation is due solely to the
direct effects of wind-induced stresses along the paddle-generated wave surfaces.

5.3. Energy fluxes from the wave field to subsurface currents and turbulence

Energy fluxes from waves to the water are usually identified with wave breaking but
for wave attenuation there is no breaking of the paddle-generated waves (figure 3).
Energy fluxes from the waves to the subsurface currents and turbulence are possible
due to interactions between waves and the wind-induced currents or between the
waves and near-surface turbulence and discussed in § 3.1. The findings of CM92 show
that the surface wind drift is significantly enhanced by the presence of low-frequency
paddle waves travelling in an opposing direction to the wind. This result suggests a
strong interaction between waves and subsurface current fields.

The strong wave attenuation rates observed in this study lend support to the
suggestions of Belcher et al. (1994) and Thais & Magnaudet (1998) that significant
energy fluxes from the wave field may occur due to wave interactions between the
wave-induced velocities and the subsurface mean current and turbulent flow fields.
However, the estimates of Belcher et al. (1994) and Teixeira & Belcher (2002) are at
least a factor of 3 smaller than the values obtained during this study. The results of
this investigation also suggest that above a threshold of wave steepness (ak > 0.06),
these subsurface energy fluxes begin to dominate the attenuation of the waves. Below
this threshold, wind-induced form drag could remain the primary contributor to the
attenuation rate.

There can be significant differences between wind forcing for field and laboratory
conditions. For example, under laboratory conditions typically c¢/u$ < 10 whilst for
waves in the open ocean at the spectral peak values of ¢/u¢ > 10 would be anticipated.

Whilst the normalizations of the data shown in figures 9 and 10 are consistent
for the study data set, the implied attenuations of ocean swell by opposing winds
are significantly different. For example, for swell with a peak spectra period of 10s
and an amplitude of 1 m when opposed by a wind of approximately 6 ms™!, the
non-dimensional decay rate derived from equation (16) is approximately an order of
magnitude smaller than that obtained from equation (11). Note that the normalization
of conventional form (equation (11) and figure 9) suggests a very weak dependence on
wave steepness (exponent ~0.24) whilst figure 10 exhibits a strong dependence on wave
steepness (exponent ~2.2). Determination of appropriate forms for field conditions
must await suitable studies utilizing field data sets.

6. Conclusions and recommendations

Measurements of the attenuation of wave energy due to an opposing wind obtained
from direct measurement of the surface elevation have been obtained in this study.
These show effective levels of wave attenuation that are approximately an order
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of magnitude higher than predicted by the air-side measurements of Young &
Sobey (1985) and a factor of 3 higher than those of D99 who used wave fields
with a JONSWAP spectrum. Furthermore, they show that theoretical estimates also
underestimate the attenuation rates by a factor of at least 3. Also, this study has shown
that magnitude of wave attenuation rates due to opposing winds is approximately 2.5
times greater than the magnitude of wave growth rates at comparable wind forcing.

Systematic increases in wave attenuation rates with increasing wave steepness have
been observed. Normalizations of the data based on wind forcing and wave steepness
have been developed. This is in contrast with the observation that growth rate
dependence on wave steepness could not be observed for waves travelling in the same
direction as the wind (MHS82). At high wave steepnesses, detailed analysis shows
that it does not appear possible that the degree of attenuation observed can be due
entirely to air-side processes. Rather, it appears that energy fluxes from the wave
field due to the interaction of the wave field with subsurface currents and turbulence
play a significant role once the wave steepness exceeds a critical value. A systematic
relationship was observed between low-frequency wave steepness and energy flux
from the wave field, normalized in terms of total wind stress and wave speed.

The combination of opposing wind and wind-induced water-side motions is far
more effective in attenuating waves than has previously been envisaged. This is
qualitatively supported by the field observations of Wright et al. (2001). However,
there can be significant differences between wind forcing for field and laboratory
conditions. For example, under laboratory conditions typically c¢/u¢ < 10 whilst for
waves in the open ocean at the spectral peak values of c¢/u¢ > 10 would be anticipated.
Two normalizations of wave attenuation rates are suggested by the data gathered
during this study:

@ 12,112 9E )
te and - = —115cp,; uf ak’’.

Yo = 2.275(ak)’>*
f c

When applied to ocean swells of relatively low steepness, these yield attenuation rates
that differ by over an order of magnitude. Determination of appropriate forms for
field conditions must await suitable studies utilizing field data sets.

Further studies to expose the underlying causes of these observed attenuation
rates are necessary. Measurements of turbulent behaviour within wind-ruffled paddle
wave crests moving in opposition to the wind direction are a desirable first step.
If, as it appears, wave—turbulence interactions may also be important during the
wave growth phase, detailed measurements of the wind input to low-frequency wave
growth and attenuation are also required. The techniques developed by Peirson (1997)
could profitably be applied to such wave fields to quantify potential tangential stress
contributions.

To date, the impact of oblique wind forcing on waves has not been investigated.
This study suggests that the response of the wave field to oblique winds could also be
strongly dissipative. Detailed investigations of wave field response to oblique winds
should also be undertaken.
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