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Abstract

Rainfall effects on wind waves and turbulence are investigated through the laboratory experiments in a
large wind-wave tank. It is found that the wind waves are damped as a whole at low wind speeds, but are
enhanced at high wind speeds. This dual effect of rain on the wind waves increases with the increase of rain
rate, while the influence of rainfall-area length is not observable. At the low wind speed, the corresponding
turbulence in terms of the turbulent kinetic energy (TKE) dissipation rate is significantly enhanced by rain-
fall as the waves are damped severely. At the high wind speed, the augment of the TKE dissipation rate is
suppressed while the wind waves are enhanced simultaneously. In the field, however, rainfall usually hin-
ders the development of waves. In order to explain this contradiction of rainfall effect on waves, a possibility
about energy transfer from turbulence to waves in case of the spectral peak of waves overlapping the inertial
subrange of turbulence is assumed. It can be applied to interpret the damping phenomenon of gas trans-
fer velocity in the laboratory experiments, and the variation of the TKE dissipation rates near sea surface

compared with the law of wall.
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1 Introduction

The rainfall on the ocean surface can change the air-sea
interaction processes in several ways. Raindrops may produce
both vertical and horizontal stresses on the water surface when
they strike the moving water surface. The vertical stress is in-
duced by the vertical impact velocity of raindrop. In the case
of wind, the wind accelerates the raindrops in the horizontal
direction, and produces the horizontal stress acting on the sea
surface. The precise mechanisms of the phenomena are uncer-
tain, but an enhancement of turbulence beneath the sea surface
and the damping of surface gravity waves have been observed
in laboratory experiments (Thorpe, 1995).

Reynolds (1900) suggested that the rain falling onto the
sea surface tends to attenuate any surface gravity waves by me-
chanically mixing the upper layers of the water. Several stud-
ies argued that the horizontal stress induced by rain that might
play as the role of wind stress may contribute to the genera-
tion of wind waves (Caldwell and Elliott, 1971; Le Méhauté and
Khangaonkar, 1990). Many laboratory experiments have been
conducted to investigate rain effects on surface waves, which
generally confirmed the assertion of Reynolds (1900). Based on
rain-mechanical wave systems, it was suggested that the waves
are viscously damped by the turbulence generated by rain, in
which the short waves are most severely attenuated by rain
(Caldwell and Elliott, 1972; Houk and Green, 1976; Tsimplis and
Thorpe, 1989; Tsimplis, 1992). By using an oval-shaped wind-
wave tank, Poon et al. (1992) and Yang et al. (1997) found that

the wind waves are damped by rain as a whole, but they are at-
tenuated in gravity frequency range and enhanced at capillary
frequency range. The whole damping effect decreases with the
increase of wind speed. Ho et al. (2007) conducted their mea-
surements in a standard wind-wave tank, and showed that the
wind waves are attenuated over the full frequency range at low
wind speed, and this damping effect is essentially not visible at
their highest wind speed. To our knowledge, the variation of
rain-induced turbulence in terms of the turbulent kinetic ener-
gy (TKE) dissipation rate has not been reported so far.

On the other hand, rainfall is expected to promote the gas
transfer across the air-sea interface since it enhances turbulent
mixing near the air-sea interface on the liquid side. Many stud-
ies showed that the gas transfer velocity correlates with the ver-
tical stress by rain (Takagaki and Komori, 2007) or its equivalent
quantity, the mean kinetic energy flux of raindrops impinging
on the unit area of the air-sea interface (Ho et al., 1997; Ho et
al., 2000). Recently, Zappa et al. (2009) suggested that TKE dis-
sipation rate may be the most robust parameter to describe the
gas transfer across the air-sea interface in various environmen-
tal conditions.

The present study tries to clarify the rain effect on the wind
waves and the turbulence beneath the air-sea interface, espe-
cially at high wind speeds. It is first demonstrated the dual ef-
fect of rain on the generation and attenuation of wind waves
occurring at different wind speeds. In order to explain the con-
tradiction of rain effect on waves between laboratory and field
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experiments, a possibility about energy transfer from turbu-
lence to waves is proposed. The damping phenomenon of the
gas transfer velocity reported by Komori et al. (1999), and the
variations of the TKE dissipation rate beneath the sea surface
compared with the law of wall are qualitatively interpreted by
this possibility.

2 Experiments

2.1 Experimental setup
2.1.1 Wind-wave tank
The experiments were conducted in a large wind-wave

water tank

artificial rainfall
simulator

tank (Fig. 1), which is situated in the Physical Oceanography
Laboratory, Ocean University of China, Qingdao, China. The
tank is 1.2 m wide, 1.5 m high and 65 m long, with a 48 m
long working section. The water depth is 0.74 m during the ex-
periments; tap water is used for all experiments. The tank is
equipped with a programmable plunging-wedge wave maker,
which allows for the computer-controlled generation of the me-
chanical wave packets. An artificial beach is placed at the end
of the tank to dissipate wave energy in order to eliminate wave
reflections. The wind tunnel is capable of up to 18 m/s wind
speed in the centerline of the air space at the normal operating
water depth.

acoustic doppler
velocimetry
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Fig.1. Schematic diagram of the laboratory setup.

2.1.2 Artificial rainfall simulator

The natural raindrops vary from the minute droplets in
mist up to a maximum of 6 or 7 mm diameter, which is a phys-
ical upper limit of drop size and any drops with sizes above this
limit are unstable and will break up into smaller drops. The me-
dian drop diameter by volume lies between 2 and 3 mm, and
varies with intensity. Falling raindrops reach a maximum (or
terminal) velocity when the force of gravitational acceleration
equals the resistance of the drop falling through the air. The ter-
minal velocity is a function of drop size and increases with the
increase of drop size up to about 9 m/s for the largest drops.

Although ideally all physical characteristics of the natural
rain are reproduced accurately in the laboratory, but there are
always differences between the natural rain and the artificial-
ly produced rain in the laboratory. It is an accepted practice to
use rain simulators with simplicity and low cost. Many rain sim-
ulators have used the principle of drops forming and dropping
from the tip of tubes connected to a water supply (Takagaki and
Komori, 2007). The advantage of this method is that the size of
the drops and their fall velocity are constant, the distribution of
rainfall across the test area is uniform and can be achieved with
low water pressures. The disadvantage is that unless the device
is raised up very high, the drops strike the test area at a velocity
much lower than the terminal velocity of the natural falling rain.
Another type of rain simulator is a spray from a watering tank.
With pressure spray, the water leaves the nozzle with a velocity
dependent on the pressure and then accelerates as it falls. The
advantage of this type of spray is suitable for the stimulation of
heavy rains as in the case of this study. Therefore, the second
type of rain simulator was adopted in our experiments.

In our experiments, a water tank was used to supply water

to the rainfall stimulator via a water pump. There was an elec-
tric adjustor controlling the flow rate to the nozzles. The sys-
tem used for generating rain consisted of three pipes hanging
off across the rainfall area. Attached to each pipe were six spray
nozzles, for a total of 18 spray nozzles, which was switched on
and off by three electromagnetic valves, for a total of nine elec-
tromagnetic valves. The diameters of nozzles on each pipe were
the same, being 1, 2 and 3 mm, respectively, which represen-
t the small and median raindrop sizes. The whole rainfall-area
length was 6 m long, which was evenly divided into three seg-
ments. Each segment is 2 m long, and has six nozzles, which
were independently controlled by three electromagnetic valves.
In this way, the rainfall area can be adjusted for 2, 4 and 6 m
long, respectively. The rainfall area was from 20 to 26 m down
wind of the tank.

2.2 Experimental conditions

The experiments were conducted at wind speeds of
U,=5.33, 8.00 and 10.43 m/s, respectively, which were measured
at 42 cm above the water surface. These wind speeds can be
converted to Uy, i.e., the wind speed at 10 m by assuming a
log profile. If it is assumed the drag coefficient Cq = u**/UZ =
1.2x 1073, where u* is the friction velocity of air, the three corre-
sponding U;p=7.2, 10.9 and 14.2 m/s, which are the moderate to
high wind speed commonly encountered at high latitudes. The
measurements were performed at rain rates of 125, 260 and 310
mm/h as well as the case of absence of rain. For each rain rate,
the rainfall-area lengths were changed by 2, 4 and 6 m, respec-
tively. The wind was turned on for 20 min before any measure-
ments were taken to ensure that a steady wind wave field was
obtained. The waves, turbulence for both rain and no rain con-
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ditions were measured at the same location downwind of the
rainfall simulator. Hence the measured rain effects were solely
due to the presence of rain.

2.3 Measurements
2.3.1 Waves

Waves at the tank were measured with two capacitance
gauges (Fig. 1) and the signal was sampled at 25 Hz. The wave
data presented here were taken from the wave gauge located 35
m down wind of the tank. With the fast Fourier transformation
(FFT), the frequency spectra were calculated for 8 min records
using Hanning windows of 8 s (200 points).

2.3.2 Turbulence

An acoustic Doppler velocimetry (ADV) was placed at 26
m down wind of the tank, immediately after the rainfall area,
which was located at 10 cm under the water surface. The ADV
measured three velocity components (¢, v, and w, respective-
ly) at 200 Hz. Turbulent velocity spectra were estimated by FFT
from 12 min records.

In the steady flow with isotropic, fully developed turbu-
lence, the kinetic energy is transferred from the mean flow to
large eddies, then on to smaller eddies, and is finally dissipated
by viscosity. Under these conditions, a common method for es-
timating the TKE dissipation rate ¢ in a turbulent flow is based
on the existence of an inertial subrange that has a -5/3 slope,
ie,

E(k)=ae??k™583, 1)

where E(k) is the one-dimensional wavenumber spectrum of
the turbulent velocity, k(= 27 f/U,) is the wavenumber in the
mean flow Uj via the well-known Taylor’s frozen turbulence hy-
pothesis, f is frequency, and « is a Kolmogorov constant. S-
reenivasan (1995) reviewed a large quantity of experimental da-
ta and found ¢=0.53 for longitudinal spectra, that is, the veloc-
ity in the same direction as k. In practice, the frequency spec-
trum S(f) of turbulent velocity is usually measured instead of
wave number spectrum where E(k)dk = S(f)df. Hence the
TKE dissipation rate ¢ can be calculated by
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Taylor’s hypothesis is only valid for periods when the turbulen-
t intensity is small relative to the mean flow. A generalization
of Taylor’s hypothesis to unsteady advection was used following
Terray et al. (1996). It was taken that Uy is v/2 times the rms
vertical wave velocity and ¢=0.53 in our calculation.

3 Results

3.1 Wave spectra and significant wave height

Figure. 2 shows the frequency spectra of the wind waves
at 35 m downwind of the wind blower. The spectra are signif-
icantly reduced over the full frequency range at the high rain
rate and the low wind speed (Fig. 2a), which is consistent with
that of Ho et al. (2007). This damping effect is independent of
the rainfall-area length, and decreases with the wind speed. At
the high wind speed, the enhancement effect of the rain on the
wind waves is observed (Fig. 2b), which is different from the
previous studies. In order to better demonstrate the rain effec-
t on wind waves, the damping coefficient A(f) at various fre-
quencies is calculated due to the presence of rain. Followed the
method of Poon et al. (1992), A(f)is defined as

P(f)"*=Ry(f)"?e2), ®)

where P(f) and Py(f) are wave spectra measured at the down-
wind region with and without rain, respectively. The results are
shown in Fig. 3. Despite the scatter of the data, it can be seen
from Fig. 3a that for the wind speed of 5.33 m/s, the damping
coefficients are basically positive, which indicates the damp-
ing effect on the wind waves. The maximum damping occurs
at about 1.7 Hz, which is a little lower than the spectral peak.
On the other hand, although it is not so confirmed, it still can
be seen from Fig. 3b that for the wind speed of 10.43 m/s,
the damping coefficients are basically negative, especially for
high frequencies, which indicates the waves are enhanced by
the rain. It has been shown that wind input to the wind waves
becomes negligible for frequencies lower than the spectral peak
(Plant, 1982), in which the wave energy at these lower frequen-
cies is obtained from waves at high frequencies above the spec-
tral peak due to the nonlinear wave-wave interactions. There-
fore, it can be inferred that, at low wind speed of 5.33 m/s, the
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Fig.2. Wind wave spectra at wind speeds of 5.33 m/s with rain rate 260 mm/h (a), and 10.43 m/s with rain rate 310 mm/h (b).
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Fig.3. Damping coefficients at various frequencies. The wind speeds and rain rates are 5.33 m/s and 260 mm/h (a), and 10.43 m/s,
310 mm/h (b), respectively. The results from top to bottom are obtained at rainfall area lengths of 2, 4 and 6 m, respectively.

direct damping effect mainly occurs waves at high frequencies,
which induces to weaken the nonlinear wave-wave interac-
tions, and reduces the energy transfers to lower frequency
waves from high frequency waves. Thus the damping of the
lower frequency waves is an indirect effect of rainfall.

Here our discussion will be limited in the gravity waves
with frequencies less than 6 Hz. Tsimplis (1992) found that the

damping effects of rain on waves increase with the wave fre-
quency in the absence of wind. With the lower wind speeds (less
than 7 m/s) in a circulating wind-wave tank, Poon et al. (1992)
and Yang et al. (1997) suggested the rain has damping effects
on the gravity wind waves, which are reduced with the increase
of wind speed in their experiment. In the present study, with
a much higher wind speed of 10.43 m/s, the enhancement of
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wind waves is observed.
In order to further identify the rain effect on the wind
waves, the significant wave height H, was calculated by the in-

tegral of the wave spectrum P(f) through H, = 4\/ f P(f)df
with the integral limit up to 6 Hz. The comparison of H; in the
cases of different rain rates and no rain is shown in Fig. 4. It
can be seen that the damping effect decreases with the wind
speed. At the high wind speed, H; is enhanced, instead of being
damped by the rainfall. Both the damping and enhancement
effects are obscured with rain rate, and are almost independent
of the rainfall-area length.
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Fig.4. Comparison of significant wave height Hs with
the cases of different rain rates and rainfall area lengths.

3.2 Mean square slope of water surface

The mean square slope (MSS) s? of the water surface is a
description of the surface roughness that represents the inter-
action between the wind and wind waves. MSS can be direct-
ly calculated by the spectral moment of wave spectra (Phillips,
1977),

_ (2n)

s? g2

My, 4)

where m4 = f fAP(f)df is the 4th spectral moment of frequency
spectrum of the wind waves; and g is the gravity acceleration.
The comparison of the MSS in the cases of rain and no rain is p-
resented in Fig. 5. It is shown that the MSS increases drastically
with increasing wind speeds for both rain and no-rain condi-
tions. The damping effects on the MSS are most obvious at low
wind speed, and decrease with the increase of wind speed. The
decrease of MSS with the rain rate is obvious at the low wind
speed. At the high wind speed, the enhancement of the MSS is
observed instead of attenuation. The magnitude of the MSS via
form drag over the waves supporting the surface stress repre-
sents the efficiency of the transfer of momentum flux from the
air to the water. The higher the MSS, the more wind stress that
can be used to generate wind waves. Therefore, the wave height

generally increases with increasing MSS, and vice versa. The be-
havior of MSS confirms the attenuation and augment of wave
height at different wind speeds as indicated in the preceding
section.
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Fig.5. Comparison of mean square slope of water sur-
face with and without rainfall.

3.3 Turbulent velocity spectra and TKE dissipation rate

The turbulent velocity spectra at wind speeds of 5.33 m/s
and 10.43 m/s are shown in Fig. 6a, and b, respectively. It is not-
ed that the turbulence is enhanced more significantly at the low
wind speed (Fig. 6a) than the high wind speed (Fig. 6b), which
is almost independent of the rainfall-area length. It can be seen
that the turbulent energy is dominant in the frequency range of
0.01-0.1 Hz, which is much lower than the energy-containing
wave frequency range (1-3 Hz). The turbulent velocity spec-
tra have -5/3 slopes in the frequency rang of 0.1-1.0 Hz, which
are considered to be the inertial subrange of the local isotropic
turbulence (IST). These results are consistent with the previous
laboratory studies (Yoshikawa et al., 1988; Mitsuyasu and Kusa-
ba, 1985). There is an obvious spectral peak at about 2 Hz, which
is believed to be associated with the spectral peak of the wind
waves (SPW) through the orbital velocity. The turbulent energy
is mainly contained in the frequency range lower than the SP-
W. In laboratory, the IST located at the lower frequencies than
the SPW seems to be common for the very young wind waves
from wind-wave tanks (Yoshikawa et al., 1988) or coastal ocean
(Tokoro et al., 2008).

It is well known that the frequency at which IST behavior is
observed increase with the mean flow speed and decrease with
the scale of the dominant eddies. The latter is typically relat-
ed to the distance from the interface, so the turbulent velocity
spectra can be characterized by the parameter of fz/U,, where
z is the height from the surface. Trowbridge et al. (1999) showed
that the IST begins at fz/Uy >10/27 or approximately 1, which
can be used to confirm the existence of IST. As an example, Fig.
6a is plotted again versus the dimensionless frequency fz/Uy,
and shown in Fig. 7, where z (=10 cm) is used. It can be seen
that the IST behavior is still demonstrated. The frequencies at
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Fig.6. Turbulent velocity spectra at wind speeds of 5.33 m/s (a), and 10.43 m/s (b) with rain rate of 310 mm/h.
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Fig.7. Turbulent velocity spectra versus fz/Uq. Here

fz/Ugq=1 when f=0.1 Hz, and

fz/Ugq=10/21t when

which fz/Us=10/27 and 1 are 0.16 and 0.1 Hz, respectively.
Therefore, the IST identified in Fig.6 is true, and can be used
to calculate the TKE dissipation rate.

Figures 8a, b and c show the TKE dissipation rate with re-
spect to the wind speed U;, the rain rate R and the product of R
and the rainfall-area length L, respectively. It can be seen that
¢ significantly increases with increasing wind speed, and en-
hances greatly with the rain rate at the low wind speed. Howev-
er, ¢ increases slightly with the rain rate at the high wind speed
(Fig. 8a). In general, ¢ is mainly determined by the wind speed,
and also increases with the rain rate (Fig. 8b). Figure 8c shows
that ¢ is almost independent of RL, which indicates that the
variation of the rainfall-area length has little effect on the tur-
bulent dissipation in the turbulence-wave interaction process.

4 Discussion

4.1 Dual rain effect at different wind speeds

As mentioned above, the dual effect of attenuation and
generation of the wind waves at different wind speeds is identi-
fied in laboratory experiments. At the low wind speed, the wind
waves as a whole are severely damped by the rain. With the in-
crease of wind speed, the damping effect of rain decreases grad-
ually. When the wind speed is sufficiently high, the wind waves,

f=0.16 Hz. at least as a whole, are augmented, instead of damped, by the
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Fig.8. TKE dissipation rate ¢ versus wind speed Uy (a) rain rate R (b) and the product of rain rate R and rainfall area length L (c).
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rain.

There are at least two ways that the rain can affect the mo-
tion in the water. First, the momentum flux of each raindrop
gives rise to an average vertical stress within the water. Second,
if there is a mean wind in the air, the horizontal momentum
of each drop produces an average horizontal mass flux in the
water in the direction of the wind. Caldwell and Elliott (1971)
suggested that the horizontal impact velocity of raindrop is ap-
proximately 85% of the 10 m wind speed Uy, thus the horizontal
stress carried by the rainfall can be written as

TR :0.85deU10, (5)

where pgq is the density of raindrops. The vertical stress of the
rain can be defined by (Yang et al., 1997; Takagaki and Komori,
2007)

MF = p,RW,, ®)

where W, is the vertical impact velocity of raindrops on the
sea surface, which can be taken as the terminal velocity of rain
drops in the field.

It is usually regarded that the vertical stress produces the
pressure on the advancing waves and enhances turbulent dis-
sipation of wind waves through the raindrops penetrating the
free surface (Manton, 1973; Tsimplis and Thorpe, 1989; Tsim-
plis, 1992; Poon et al., 1992). On the other hand, Yang et al.
(1997) suggested that the horizontal stress generates mean cur-
rents and enhances the gravity wind waves. Le Méhauté and
Khangaonkar (1990) theoretically showed that the rain-induced
horizontal stress can enhance the growth of high frequency
waves, which is more significant at higher wind speeds.

Therefore, Yang et al. (1997) assumed that the horizontal
and vertical stresses induced by rain compete with each other
in the development of wind waves. At the lower wind speed, the
horizontal stress is generally less than the vertical stress since
the former linearly depends on the wind speed, thus the damp-
ing effect may dominate the enhancement effect, which leads
to the attenuation of wind waves. The damping of longer wind
waves may be a result of the weakening of nonlinear wave-wave
interaction. When the wind speed Uy is high enough, for exam-
ple, higher than 10 m/s, the horizontal stress that increases with
the wind speed may dominate the effect of the vertical stress, s-
ince the maximum terminal velocity of the raindrop is about 9
m/s. In this situation, the wind waves will be enhanced, instead
of damped, by the rain. This characteristic is clearly demon-
strated in our experiments (Fig. 3).

To our knowledge, this dual effect of rain on waves as men-
tioned above, however, has not been observed in the field so far.
Instead, it is a common knowledge among seafarers that rain
“knocks down the sea” or attenuates the waves (Tsimplis and
Thorpe, 1989). Satellite altimeters provide simultaneous obser-
vations for the wind speed, the wave height and the indicator
sign of rain for a long time and large area of ocean. These data
were divided into two groups by the cases of rain and no rain.
In this way, it is possible to examine the rain effect on the waves
in the field. The detailed discussions for the case of field will be
given in another paper. One example that was obtained from
the cycle 110 data of altimeter Janson-1 is shown in Fig. 9. With
the work frequency at Ku band, the microwave wavelength is
about 2.1 cm, the altimeter can detect the waves less than 9 Hz.
Comparing the wave heights of rain and no rain conditions at
the same wind speed, it is clearly demonstrated that rain damps

the wave development at any wind speed, in which the damping
effect increases with the increase of wind speed. This behavior
obviously contradicts with that of the laboratory measurements
presented above.
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Fig.9. Damping effect of rain on the waves versus the
wind speed in the field, which was derived from the ob-
servational data of altimeter Janson-1. The solid and
dashed lines denote the best fit of the data in the case
of rain and no rain, respectively.

On the other hand, the wind stress 7 is quadratic with Uy,
and can be written as

T=p.CqU?, @]

where p, is the density of air. Taken the typical values of p,=1.2
kg/m3, pg=1 000 kg/m?® and C4=1.2x1073, the comparison of
horizontal stress at rain rates of 25 and 50 mm/h and the wind
stress is shown in Fig. 10. It is obvious that if the horizontal
stress by rain actually plays the same role as the wind stress in
the wave generation, the waves under the rain condition should
be much greater than those at no rain conditions, especially at
the low wind speed and the high rain rate, since the horizon-
tal stress greatly exceeds the wind stress. Even in the case of
the high wind speed (greater than 15 m/s), the horizontal stress
still occupies a significant part of the wind stress that can not
be ignored in observation and calculation. In practice, howev-
er, the significant generation of waves due to the heavy rain at
the low wind speed has not been observed either in the field
or in the laboratory. Instead, all of the laboratory experiments
show that waves are damped at low wind speeds. Therefore,
the rain-induced horizontal stress does not seem to significant-
ly contribute to the generation of waves.

4.2 Energy transfer from turbulence to waves

All stresses, including the wind stress and the rain-
induced stress, provide the energy to the water, thus the prob-
lem becomes how the energy input from the wind is distribut-
ed between the turbulence and the wave. Here the feedback
effect of the sea surface on the wind is ignored for simplicity.
The simultaneous wave damping and turbulence enhancement
by the rain indicate that the energy input from the wind is trans-
ferred from wave to turbulence. On the contrary, when the
waves are augmented and the turbulence enhancement is sup-
pressed by rain at the same time, it is reasonable to regard that
some energy is transferred from the turbulence to the waves in
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order to explain this phenomena. If so, in what condition it will
happen?
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Fig.10.  Comparison of the horizontal stress by the
rain and the wind stress. The thin solid and dashed lines
denote the horizontal stresses at rain rates of 50 and 25
mm/h, respectively.
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Fig.11. Turbulent velocity spectrum based on the data
obtained at the Bohai Sea off the east coast of China.

Since the waves in the laboratory are usually much y-
ounger than those in the field, the SPW in the laboratory is gen-
erally higher in frequency than the SPW in the field. As a result,
it is common that IST is located at the lower frequencies than
the SPW in the case of laboratory (Yoshikawa et al., 1988). The
present study (Fig. 6) and other laboratory studies (e.g., Mit-
suyasu and Kusaba, 1985) further confirmed this assertion.

On the other hand, the IST is usually located at the higher
frequencies than the SPW in the field (Agrawall et al., 1992; Ter-
ray et al., 1996; Drennan et al., 1996). This point was also iden-
tified by the ADV observational data obtained from Bohai Sea

off the east coast of China. Figure 11 is an example of the tur-
bulent velocity spectrum in Bohai Sea. It is shown that the IST
is normally located in the frequency range of 1-10 Hz, which is
in much higher frequency than the SPW in the field. Combined
the situations in the laboratory and the field, the configuration
of IST and SPW is schematically illustrated in Fig. 12.

N0

laboratory

Fig.12. Schematic diagram of configuration of the SPW
and the IST in the field and the laboratory.

It is well known that, with the increase of wind speed, the
SPW gradually shifts to the lower frequency. Although the IST
is also changed in frequency under different wind speeds, this
variation should be less than the downshift of SPW. This leads to
the big difference between the situations of laboratory and field.
In the former, the decrease of SPW will approach or overlap the
IST. In the latter, the decrease of SPW will separate further with
the IST. The wave energy can transfer to the turbulence through
the dissipation and the wave breaking. In contrast, it is usually
regarded that the random turbulent energy cannot transfer to
the ordered waves in general conditions. If it is assumed that
there is a possibility that the turbulent energy can transfer to
waves in the case of SPW overlapping IST, it is useful to explain
the contradiction findings in laboratory and field discussed be-
low.

In the laboratory, the IST and the SPW are separated away
at low wind speed, thus the energy transfers from waves to tur-
bulence as usual. As a result of keeping the energy balance
in the system, the wave and the turbulence are simultaneous-
ly damped and enhanced, respectively. As the wind speed in-
creases to certain level, the SPW moves to lower frequency, and
is close to the IST. When they approach and overlap each other,
some energy transfers from turbulence to waves, in which the
waves are augmented and the enhancement of turbulence is re-
duced. Thus the waves in the laboratory are damped at the low
wind speed, and enhanced at the high wind speed. In the field,
however, since the IST is usually located at the higher frequency
than the SPW, the downshift of the SPW makes it depart further
from IST. As a result, the energy will usually transfer from the
waves to the turbulence. Thus the waves in the field are gen-
erally attenuated by the rain due to the wave energy lost to the
turbulence.

Therefore, it is suggested a mechanism that the energy
transfers from the small scale motion to the large scale motion,
which is reverse for the normal energy cascading process. Qiao
and Zhang (1994) investigated the generation and development
of the ocean shear wave in the area of the western boundary
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current. They also found that the energy transfers from fluctu-
ation motion to the mean motion due to the nonlinear interac-
tion.

4.3 TKE dissipation in the presence of waves

A great deal of efforts has been directed toward determin-
ing the TKE dissipation rate in the upper oceanic layers since it
is of great significance in matters of the mixing of near surface
waters, gas transfer across the interface, dispersal of buoyant
pollutants and the modeling of thermocline development. Be-
fore 1990, although a few reports show substantially higher lev-
els of dissipation, the prevailing conceptual model of the ocean
surface boundary layer regarded it as an inverted wall layer, in
which the TKE dissipation rate follows

e=ul /Kz, 8)

where u.., is the friction velocity of water; x the von Kdrman
constant, 0.4; and z the depth. Afterwards, more and more s-
tudies suggested that the enhanced dissipation due to wave and
its breaking exceeds the wall layer values by one or two order-
s of magnitude in moderate and strong wind conditions (Anis
and Moum, 1995; Terray et al., 1996), i.e., &/(u3 /xz)> 1. With
a close inspection, however, it is also found that some of the
TKE dissipation rates under waves are less than the wall layer
values, i.e., £/(u3 /xz) < 1. These behaviors of the turbulence
were clearly identified in Fig. 4 of Anis and Moum (1995) and
Table 2 of Thorpe et al. (2003).

Based on the usual knowledge, it is difficult to explain the
reduced turbulent energy because the turbulence should ob-
tain extra energy from waves and the TKE dissipation rate un-
der wind waves should be greater than or equal to the law of
wall. Where the turbulent energy is gone? Here it is suggested
that there is a possibility that the turbulent energy can transfer
to waves in the case of SPW and IST overlapping. In the field,
this situation can only happen when the wind waves are very y-
oung, and the SPW is high enough to approach IST. It needs to
find evidence to show that £/(u3, /xz) <1 for the wind waves at
the small wave age.

However, it is difficult to find the very young wind waves in
the field because of the long fetch usually encountered, which
makes the field waves much developed with high wave ages.
Based on the field measurements on a lake, Terray et al. (1996)
proposed a scaling for the TKE dissipation rate near the sea sur-
face:

e=0.3u?, cHy(H/zY, )

where c¢ is called the effective phase speed, which correlates
with the phase speed of waves at the spectral peak. In order
to compare with the law of wall, Eq. (9) can be rewritten as

£ oo O ("
ud /xkz uew )\ z )

The first parenthesis on the right side of Eq. (10) represents a
kind of wave age. The younger the wave, the smaller the wave
age is. The young wave generally corresponds to small Hs. It is
clear that the greatest possibility of £/(u2 /xz) <1 is in the case
of young waves. On the contrary, the mature waves have large
wave age and Hs, which makes ¢/(u2 /xz) potentially greater
than 1.

The quantitative evidence is given by Thorpe et al. (2003).
They investigated the TKE dissipation rate limited by fetch to 26

(10)

km, in which the young waves were observed. Based on the da-
ta in their Table 2, the TKE dissipation rates versus the wave age
are plotted in Fig. 13. It is shown that ¢/(u3 /xz) <1 when the
wave age ¢/ u, is smaller than about 17.
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Fig.13.  The variation of ¢/(u3,/xz) with the wave
age c/us based on the observational data of Thorpe et
al.(2003).

4.4 Implications to gas transfer

It is believed that the turbulent intensity near the sea sur-
face directly controls the gas transfer through the air-sea inter-
face. By using the thickness of the viscous and diffusive sub-
layers in terms of the Kolmogorov and Batchelor length scales,
Lorke and Peeters (2006) suggested that the interfacial fluxes at
both the benthic and air-sea boundary layers can be described
by a unified relationship, in which the gas transfer velocity kp
can be expressed as

ki =(2r)" Sc™ 2 (ev)4, (11
where the Schmidt number Sc is defined as the ratio of the kine-
matic viscosity v of water to the mass diffusivity D. A similar
scaling has been derived by Kitaigorodskii (1984) in the contex-
t of modeling the influence of patches of the enhanced turbu-
lence by the wave breaking, and by Lamont and Scott (1970) us-
ing surface renewal theory.

Therefore, all factors, such as wind speed, wave and cur-
rent, which can influence the turbulence, are expected to cor-
relate with the gas transfer velocity. The TKE dissipation rate is
regarded as the most robust parameter to all the modifications
and transforms to the turbulence (Zappa et al., 2009). Howev-
er, the gas transfer velocity has been traditionally expressed as
a function of the wind speed for practical applications since the
wind is the main factor driving the turbulence, as well as eas-
ily obtained from routine observations. With a series of labo-
ratory experiments in a wind-wave tank, Komori et al. (1999)
measured the gas transfer velocity in the wind speed U; range
of 2 to 20 m/s. They found that the gas transfer velocity rapid-
ly increases with the increase of wind speed when U; <5 m/s.
However, the gas transfer velocity tends to be damped in the
wind speed range of 5 m/s< U, <12 m/s. For the higher wind
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speeds of U; >12 m/s, gas transfer velocity again begins to in-
crease rapidly (see their Fig. 3).

This damping phenomenon of the gas transfer velocity in
terms of the wind speed can also be interpreted by the possi-
bility of energy transfer from turbulence to waves mentioned
above. At the low wind speed, the SPW is located at higher fre-
quency than that of the IST, and separated from the IST. The
energy transfers from wave to turbulence as usual. The signifi-
cant enhancement of turbulence leads to the rapid increase of
the gas transfer velocity with the wind speed. When the wind
speed is high enough, the SPW moves to lower frequency until
it approaches and overlaps with the IST. Then the energy starts
to transfer from turbulence to wave. Thus the turbulence en-
hancement is greatly hindered; the corresponding gas transfer
velocity tends to level off in this wind speed range. When the
wind speed becomes much higher, the SPW departs from the
IST by moving to much lower frequency, the energy again trans-
fers from wave to turbulence, which leads to rapidly increasing
the TKE dissipation rate. Thus the gas transfer velocity rapidly
increases with the wind speed again.

Therefore, it is inferred that the damping phenomenon of
the gas transfer velocity discovered by Komori et al. (1999) is
a result of the parameterization of the gas transfer velocity in
terms of the wind speed. It is the turbulent intensity or the TKE
dissipation rate, not wind speed, which directly controls the gas
transfer through the air-sea interface. If the gas transfer veloc-
ity was parameterized in terms of the TKE dissipation rate, this
damping phenomenon would disappear.

5 Conclusions

The rain effects on the wind waves and the turbulence
beneath the sea surface were investigated by laboratory ex-
periments in various wind speeds, rain rates and rainfall-area
lengths. It is shown that the rain effects on the waves depend on
the wind speeds and the rain rates, but are almost independent
of the rainfall-area lengths. The surface roughness in terms of
the mean square slope of sea surface is well correlated with the
wave development at all wind speeds. In laboratory, the wind
waves are damped as a whole at the low wind speeds, but are
enhanced at the high wind speeds. Simultaneously, the TKE
dissipation rates are significantly increased with the rain rates
at the low wind speeds, and their arguments are not obvious at
the high wind speeds. The dual effect of rain on the waves has
not been found in the field so far. Instead, the field waves are
generally attenuated at low and high wind speeds. This damp-
ing effect is more significant with the increase of wind speed.

In order to explain this contradiction, a possibility of ener-
gy transfer from turbulence to waves is assumed in the case of
the SPW overlapping the IST, although it remains to confirm in
the future. It is useful to interpret the damping phenomenon of
the gas transfer velocity in terms of wind speed, and the damp-
ing TKE compared with the law of wall when the wind waves are
very young.

The important contributions of this work are: (1) first
demonstration that the wind waves are enhanced at the high
wind speeds in laboratory, and the corresponding turbulence
enhancement is suppressed, and (2) the proposal of a possibil-
ity of the energy transfer from turbulence to waves. It provides
a new approach to clarify the turbulence-wave interaction pro-
cess.
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