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ABSTRACT

Effects of rain on surface waves have been investigated in a circulating wind-wave tank. Surface displacement
and slope spectra under different wind velocities were measured near the upwind and downwind edges of a
region with simulated rains. Spatially uniform rains of varied intensities with drop size of about 2.6 mm and
spacing of 3 cm were used. Damping of surface waves by rain was observed in the frequency region of 2-5 Hz,
and there was an increase in the damping rate with rain intensity. The effective eddy viscosity in the rain-
induced mixed layer was found to be an order of magnitude greater than the molecular viscosity of water. As
for rain-induced ripples, spectral densities of the surface slope in the frequency range of 10-100 Hz increased
with the rain intensity. However, at the highest wind velocity (6.34 m s™') of the present experiment, the ripple

structure was influenced primarily by wind, with rain introducing no observable effects.

1. Introduction

Rain falling over the ocean can change the structure
of surface waves in many ways. When raindrops strike
the water surface, they generate ripples (Houk and
Green 1976). Meanwhile, the rain can enhance the
wind stress acting on the sea surface (Caldwell and
Elliott 1972) and hence affect surface waves. Eddies
generated at the rain-induced mixed layer immediately
below the air—water interface (Katsaros and Beuttner
1969; Green and Houk 1979) may also affect wave
structures through wave~turbulence interaction (Wang
and Chern 1988).

Effects of rain on the sea surface have only been
scarcely studied and were mostly confined to the in-
teraction between a single raindrop and water body
(Kilgore and Day 1963; Chapman and Critchlow 1967;
Siscoe and Levin 1971). Rain was suggested much ear-
lier to have a calming effect on surface gravity waves
(Reynolds 1900). Recently, an enhanced damping of
monochromatic mechanical waves passing a region of
simulated rains was observed by Tsimplis and Thorpe
(1989); the effective eddy viscosity causing the addi-
tional damping was also found to be an order of mag-
nitude greater than the molecular viscosity of water.
Based on the momentum exchange between rain and
surface waves, Le Méhaute and Khangaonkar (1990)
found that for an intense rain the damping rate depends
on rain intensity, terminal velocity, and inclination of
the drops. In addition to the damping of gravity waves,
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rain also generates ripples (Houk and Green 1976);
their measurements, however, were limited to low-fre-
quency wave components (<10 Hz). Le Méhauté
(1988) also found analytically that ripples generated
by spherical water drops entering a quiescent water
body were in a rather narrow wavenumber range
around 1.43 rad cm™, corresponding to the minimum
possible group velocity.

Both the attenuation of surface waves and generation
of ripples by rain are simultaneously measured in the
present experiment under different wind and rain con-
ditions. The attenuation is examined by evaluating
changes in the frequency spectra of surface displace-
ments. The ripples are best quantified in terms of their
slopes; the latter are measured with a laser-optic system.
Relative importance between rain- and wind-generated
ripples is evaluated, which is also helpful in under-
standing radar backscattering from the sea surface un-
der rain.

2. Experiments
a. Facility
1) CIRCULATING WIND-WAVE TANK

All experiments are carried out in an oval-shaped
circulating wind-wave tank (see Fig. 1). The tank con-
sists of two straight sections, each 7 m long; they are
connected by two semicircular sections with the cen-
terline radius of 1.35 m. The tank is 31 cm wide and
44.5 cm high; the water depth is maintained at 24 cm.
A variable-speed fan is mounted in the back straight
section of the tank. Horizontal guiding vanes are in-
stalled in front of the fan to regulate airflows. Vertical
guiding vanes are installed in the semicircular sections
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FiG. 1. Circulating wind-wave tank and experimental setup.

to minimize secondary flows in both the air and water.
Artificial rain is simulated over a 1-m stretch of the
front straight section of the tank; the upwind end of
the rain region is 5 m downwind from the end of the
curve section. Filtered tap water is used for ail the ex-
periments.

2) ARTIFICIAL RAIN SIMULATOR

A rain module similar to those of Katsaros and
Beuttner (1969) and Green and Houk (1979) is used.
Spanning across the tank, the module is a rectangular
box 1 m long and 20 cm high. Uniformly spaced hy-
podermic needles, 3 cm apart from center to center,
are arranged in a staggered fashion at the bottom of
the box. The rain intensity is controlled by the water
head above needle tips. Needles of gauge number 23
are used to generate raindrops about 2.6 mm in di-
ameter; the latter is determined by measuring the
weight of drops, assuming that they are spherical. For
our simulated rain conditions, the drop diameter de-
pends only on the needle size but not the water head.
Calibration of the drop size is done without wind, and
the effect of wind on the drop size is not considered.
According to Cataneo and Stout (1968 ) and Willis and
Tattelman (1989), over a wide range of rain intensities
from 2 to over 250 mm h™!, the drop diameters are
within 0.5 to 5 mm. Hence, the drop size chosen in
the present experiment is found in natural rain.
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b. Measurements

As shown in Fig. 1, surface displacements are mea-
sured with two capacitance-type wave probes, placed
at a distance 23 cm upwind and downwind away from
the rain section, respectively. Each probe consists of a
0.5-mm diameter Tantalum wire with an oxidized
coating and a controlling circuit. The surface slope is
measured with a laser-optic system, which utilizes the
light-refraction principle (Haimbach 1985). A laser
beam directed vertically upward is refracted at the water
surface to project an image on a horizontal focusing
screen, which is also a part of the tank cover. A matrix
camera with 100 X 100 photodiodes is used to track
the image of the beam. From the displacement of the
image from its neutral position corresponding to a still
water surface, and the distance between the screen and
the still water surface, both the upwind-downwind and
crosswind slopes can be deduced from Snell’s law. With
the present setup, the resolution of the slopes is 15
mrad. Measurements of surface slopes are performed
at a distance of 18 cm away from either edge of the
rain section. The measurement locations for surface
displacements and slopes are chosen such that they are
not directly disturbed by rain but are as close as possible
to the edges of the rain section. Due to the wind, the
maximum horizontal travel distance of raindrops be-
fore reaching the water surface is about 10 cm under
the highest wind velocity. This observed displacement
agrees with a simple numerical simulation on the tra-
jectories of spherical drops, to be discussed fully in sec-
tion 4a.

The experiments are conducted with wind velocities
of 3.41, 4.88, and 6.34 m s~ measured 11 cm above
the mean water surface. The rain intensities are 33, 65,
and 100 mm h™!. Before the rain is introduced, the
wind is turned on for about 30 minutes; it is measured
with a Pitot tube about 40 ¢cm upwind of the rain sec-
tion. Surface displacements and slopes are also mea-
sured at specified locations as discussed earlier. After
the rain is introduced, measurements of surface dis-
placements and slopes are again taken at those locations
for the rain intensity of 100 mm h™! as a reference.
Measurements of surface displacements and slopes at
other rain intensities are then taken only at the down-
wind side. For each condition, the displacement data
are recorded for a period of 409.6 s at the sampling
rate of 20 Hz; and the slope data for a period of 163.84
s at the rate of 400 Hz.

3. Results
a. The damping of surface waves

The damping of surface waves is evaluated from fre-
quency spectra of surface displacements measured at
the downwind side of the rain region. We report here
only the results measured at the two highest wind ve-
locities, and leave the discussion for the lowest wind
velocity of 3.41 m s ! with very small surface displace-
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ments to surface slopes for section 4. Due to the growth
of wind waves, the root-mean-square (rms) surface
displacement obtained from measurements at the up-
wind and downwind sides of the rain section are dif-
ferent even without the rain. At the wind velocity of
4.88 m s ', the rms surface displacement at the down-
wind side is about 4% greater than that at the upwind
side; the corresponding increase is about 3% at 6.34
m s~'. Hence, only the measurements obtained at the
downwind side are used to examine changes in the
surface displacement due to the presence of rain. In
other words, we compare measured surface displace-
ments with rain to those without rain at the same lo-
cation.

Each set of 409.6-s surface displacement data is di-
vided into 32 segments; this gives a frequency resolu-
tion of 0.078 Hz. Each data segment is windowed
(Blackman and Tukey 1959), and the spectrum for
each segment is calculated with the standard fast Fou-
rier transform. The lost variance due to windowing is
corrected, and the final spectrum is obtained from the
average of all 32 corrected segments. The results are
shown in Fig. 2, where E(f) is the spectral density of
displacements with f being the frequency. It can be
seen that without rain, E(f) for wind velocity of 4.88
m s~! (Fig. 2a) shows an f~” dependence, where 7 is
between 3 and 4 in the range of 3 < f < 5 Hz and
gradually increases to 4 towards higher frequencies of
f > 5 Hz. The f~* dependence for the high-frequency
range agrees well with the spectra suggested by Toba

Spectral Density, E(f) (cm’s)
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(1973) and Phillips (1985). For wind velocity of 6.34
m s~! (Fig. 2b), the exponent of the frequency depen-
dence at the frequency range of 3-5 Hz has a value
smaller than 4, and the exponent n does not increase
at higher frequencies. This is possibly due to a greater
effect of the Doppler shift at higher winds (Wright and
Keller 1971; Shemdin 1972; Wu 1975; Banner 1990).

Contributions to the Doppler shift of wave frequen-
cies are from both orbital motions of waves and wind-
induced drift currents. Recently, Banner (1990) ex-
amined the effect of dominant-wave steepness, A4,k,,
on the shape of the frequency spectrum, where 4, and
k, are, respectively, the amplitude and wavenumber at
the spectral peak. The amplitude 4, is estimated from
the displacement spectrum integrated over the fre-
quency range of 0.5-1.5 f,, where f, is the frequency
at the spectral peak. The results show that for f/ f, > 3,
the Doppler shift increases the exponent of the fre-
quency dependence, and the magnitude of change in-
creases with 4,,. For wind velocities of 4.88 and 6.34
m s~ in the present study, 4,k, are, respectively, 0.09
and 0.12, and f, are 2.6 and 2.1 Hz. Therefore, the
dominant-wave steepness should affect the portion of
frequency spectra with frequencies higher than 7.8 and
6.3 Hz for wind velocities of 4.88 and 6.34 m s™!, re-
spectively. In addition, there is a greater effect at higher
winds because A, is larger. This explains partially the
gentler slope at the high-frequency range of the dis-
placement spectrum at higher winds. In addition, the
contribution of wind-induced drifts to the Doppler shift
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FIG. 2. Comparisons of displacement spectra measured with and without rain. The wind velocities are
(a) 4.88 and (b) 6.34 m s™!, respectively. The results from top to bottom are obtained at rain intensities of
100, 65, and 35 mm h~', respectively; results measured without rain are shown as solid lines and those with

rain as dashed lines.
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is also greater for higher winds. Wu (1975) showed
that for wave frequencies smaller than about 8 Hz,
there is an increase in the Doppler shift with wave fre-
quency and the magnitude of shift increases with the
surface-drift current.

Frequency spectra of displacements with and with-
out rain at the wind velocity of 4.88 m s~ are com-
pared in Fig. 2a. With the presence of rain, the shapes
of the spectra are not affected, except that there are
decreases in the wave energy at frequencies between
that at the spectral peak and 5 Hz. Similar results are
found at the wind velocity of 6.34 m s™! as shown in
Fig. 2b. To better demonstrate the damping effect, we
examine the spatial damping rate of waves due to pres-
ence of rain. For monochromatic waves, the damping
coeflicient, A, is usually defined as

A = Age —AL,

(1)

where Ay and A4 are the wave amplitudes at a distance
of L apart. For the present study, we are dealing with
wind waves and are interested in examining the damp-
ing for each frequency component,

E'2(f) = Ei”*(f)e *DH, (2)

in which E(f) and Ey(f) are, respectively, the spectral
densities of displacements measured at the downwind
edge of the rain region with and without rain, and L
is 1 m. Since measurements at the same location are

Damping Coefficient, A(f) (m™)
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1
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being compared, the calculated A(f) from Eq. (2) is
solely due to the presence of rain. The resuits are shown
in Fig. 3. Despite the scatter of data, we can still see
from Fig. 3a that for the wind velocity of 4.88 m s},
most of the damping occurs at a narrow range of fre-
quency between 2.3 and 4.5 Hz, and the maximum
damping occurs near 3.1 Hz. For the wind velocity of
6.34 m s™!, damping occurs mainly between 2 and 5
Hz, and the maximum damping at about 3.5 Hz. As
discussed earlier, these differences are probably caused
by the difference in the frequency shift at two wind
velocities. Wu (1975) proposed an empirical relation
between the measured and intrinsic phase velocities,
wave frequency, and drift currents. Based on his results
and the surface drifts measured in the same tank by
Wang and Wu (1987) under similar conditions, it is
estimated that after corrections for the Doppler shift,
the frequency at which the maximum wave damping
occurs at both wind velocities is about 2.8 Hz, corre-
sponding to the wavelength of about 20 cm. The de-
pendence of the damping rate on the rain intensity will
be discussed later.

b. The generation of surface ripples

Similar to the displacement data, the 163.84-s up-
wind-downwind slope data are divided into 16 seg-
ments, each consisting of 4096 data points. The final
slope spectra shown in Fig. 4 are then obtained from
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respectively.

FIG. 3. Damping coefficients A(f") at various frequencies. The wind velocities are (a) 4.88 and (b) 6.34
, respectively; the results from top to bottom are obtained at rain intensities of 100, 65, and 35 mm h™!,
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FIG. 4. Measured upwind-downwind slope spectra with and without rain. Measurements are taken at
wind velocities of (a) 3.41, (b) 4.88, and (c) 6.34 m s™', respectively; the results are obtained without rain
(solid line) and with rain intensities of 35 (long dashed line), 65 (medium dashed line), and 100 mm h™!

(short dashed line), respectively.

frequency smoothing and segment averaging. Without
rain, the spectral densities are seen to increase with the
wind velocity. In addition, the frequency of spectral
peak decreases as the wind velocity increases, indicating
that dominant waves become longer. The shape of slope
spectra first shows a steep decrease of the spectral den-
sity at frequencies just greater than the peak frequency
and is followed by a gentler decrease, as in previous
laboratory measurements by Long and Huang (1976)
and Haimbach (1985). For wind velocities of 4.88 and
6.34 m s™!, the spectral peaks occur, respectively, at
frequencies of 2.8 and 2.1 Hz, close to those of the
displacement spectra at 2.6 and 2.1 Hz.

The presence of rain is seen to change significantly
the slope spectra, especially at low winds. For frequen-
cies higher than about 10 Hz, there is an increase in
the spectral density with the rain intensity. At the high-
est wind velocity of 6.34 m s™!, the changes of slope
spectra with the presence of rain are much less signif-
icant than those at two lower wind conditions; the rip-
ple structures under the highest wind are dominated
by the wind action. To better illustrate the generation
of ripples by rain, the ratio between the difference of
spectral densities with and without rain and the spectral
density without rain, (S — So)/So, is plotted in Fig. 5.
The spectral density at the lowest wind velocity and
heaviest rain condition is seen raised up to 20 times of
those without rain. With the increasing wind velocity,
the effect of rain is seen clearly in the figure to be less
important. In general, it is found that the rain generates
ripples of frequencies between 10 and 100 Hz.

4. Discussion

a. Effects of rain conditions on wave damping

Wave damping by rain was studied by Tsimplis and
Thorpe (1989) under very different rain conditions.
Monochromatic mechanical waves with frequencies
between 1.8 and 4.2 Hz were generated at one end of
a straight tank and propagated through a rain region
2 m long. The rain drop was 3.2 mm in diameter, and
the rain intensity was 600 mm h ™', The damping coef-
ficients were calculated by them according to Eq. (1)
with corrections for damping due to side walls and
bottom of the tank; their results are reproduced in Fig.
6. In the figure, the mean values of A(f) obtained in
the present experiment at wind velocities of 4.88 and
6.34 m s~! with the same rain intensity are also pre-
sented. Our measurements showed that rain has no
effect on the waves in the area before the rain section.
Since it is unlikely that rain will affect damping due to
the side walls and our resuits are obtained from mea-
surements at the same location, no corrections on the
calculated damping coefficients are performed.

It can be seen from Fig. 6 that the damping coeffi-
cients obtained by Tsimplis and Thorpe are generally
greater than those obtained in the present study. Both
groups of results indicate that the waves with frequen-
cies lower than 2 Hz are not affected by the rain. For
2 < f< 3.5 Hz, both results are again compared fairly
well, indicating a gradual increase of the wave damping
with frequency. For 3.5 < f < 4.2 Hz, Tsimplis and
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F1G. 5. Production ratios of rain-generated to wind-generated rip-
ples. Measurements are taken at wind velocities of (a) 3.41, (b) 4.88,
and (¢) 6.34 m s™', respectively; the production ratios are obtained
for rain intensities of 35 (long dashed line), 65 (medium dashed
line), and 100 mm h~' (short dashed line), respectively.

Thorpe’s results show a rapid increase of the wave
damping with frequency, while the present results show
a slight decrease in the damping coefficient. This dif-
ference is possibly due to the differences in experimen-
tal conditions. Our study is on the interaction between
rain and wind waves; the rain-generated ripples are
convected downstream by the wind-induced current
and long waves. Consequently, in addition to the
damping of wind waves due to the rain, the waves gen-
erated by rain are also present at the downwind section.
Although the Stokes drift is also present in wind waves,
its magnitude is small in comparison to the wind-in-
duced drift (Wu 1975). In Tsimplis and Thorpe’s ex-
periment, there is no wind-induced current, only the
Stokes drift. The rain-generated ripples were not con-
vected downstream fast enough and were damped by
the time they reached the downwind location through
viscous dissipation.

Since rain-generated ripples are always present, the
present study represents a more realistic situation than

POON ET AL.

981

that of Tsimplis and Thorpe (1989). Although the sur-
face displacements are measured outside the simulated
rain regions in both studies with the presence of wind-
induced currents, some of the rain-generated ripples
are included in the present study but not in Tsimplis
and Thorpe’s measurements. Moreover, in addition to
wind stress, rain-induced surface stress is present with
the wind; the latter can also affect the surface waves.
In the field raindrops are moving at the same velocity
as the wind at a height far above the sea surface. As
the drops fall, they are retarded by the wind since the
wind velocity decreases toward the sea surface. Rain-
drops were estimated by Caldwell and Elliott (1971)
to maintain about 85% of their original horizontal ve-
locity when they reach the sea surface; this contributes
to a rain-induced surface stress. The latter was found
to be comparable to the wind stress at low winds (sev-
eral meters per second) and moderate to heavy rain
conditions (several centimeters per hour). In our lab-
oratory study, it is quite the contrary, as raindrops are
initially at rest and they gain their horizontal momen-
tum from the wind while they are falling. The contri-
bution of rain-induced stress at the water surface for
our experiments is then estimated.

Assuming the raindrops are spherical, the equations
of motion of a single drop can be written as

du _ 3 pa C _

d " dpaq e

dw _ o 3paCa

dt - 4p d Urwa (3)

where u and w are, respectively, the horizontal and
vertical (positive downward) velocities; ¢ is time; p,
and p are the density of air and water, respectively; d
is the drop diameter; C,is the drag coeflicient; g is the
gravitational acceleration; U, is the wind velocity; and
U, is the speed of the drop relative to air

U = [(Ua_u)2+ W2]l/2; (4)

C, varies with the Reynolds number Re = U,d/v,,
where v, is the kinematic viscosity of air. In our sim-
ulation, the values of C, are calculated from the equa-
tions suggested by Raudkivi (1976), and the wind ve-
locity U, is based on the wind profile measured up-
stream of the rain section. For wind velocities of 4.88
and 6.34 m s™!, the maximum horizontal displace-
ments of raindrops are found to be, respectively, 7.8
and 11.8 cm, agreeing well with our visual observations.
Upon arriving at the water surface, the vertical velocity
of the rain drops is 1.9 m s! regardless of the wind
velocities. The horizontal velocities, however, are 0.7
and 1.0 m s™!, corresponding to about 14% and 17%
of the wind velocities at 4.88 and 6.34 m s™', respec-
tively. The ratio of the horizontal velocity of raindrops
to that of the wind is smaller in laboratory than in field
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FIG. 6. Comparisons of damping coefficients obtained
by Tsimplis and Thorpe (1989) and this study.

conditions. However, since the vertical velocities of
raindrops are also reduced, the drops strike the water
surface at an angle of 20°-30°, similar to those in the
field.

The horizontal stress induced by rain, 7,, can be
calculated from 7, = pUI, where U is the horizontal
velocity of raindrops just before entering the water and
1 is the rain intensity. It is found that the ratio between
the rain-induced and wind stresses at the water surface
is about 7%-25% at our experimental conditions. The
contribution of rain-induced stress is higher for lower
winds and heavier rain conditions. Since the rain-in-
duced stress contributes to the wave growth rather than
the damping, this explains partially the smaller damp-
ing rate of the present study compared to that measured
by Tsimplis and Thorpe (1989).

The vertical momentum flux carried by the rain, M,
is defined by M = pWI (Manton 1973), where W is
the fall velocity of raindrops just before hitting the water
surface. In Tsimplis and Thorpe’s (1989) experiment,
the water drops fall over a distance of 1.25 m, and they
estimated the fall velocity of the dropstobe 4.5 m s™!.
The vertical momentum flux, M, in their experiment
is therefore about 0.75 N m™2. For our experimental
conditions, the values of M are only between 0.02 and
0.05 N m™2 for rain intensities between 35 and 100
mm h™!; these are more than one order of magnitude
smaller than that in Tsimplis and Thorpe’s experiment.
It is reasonable to assume that the mixing strength in-
duced by rain is related to the vertical momentum flux
(Manton 1973). With such a great difference in mo-
mentum fluxes produced by different rains in the pres-

ent and Tsimplis and Thorpe’s experiments, it is not
surprising to see that there is a difference of about 100%
in the measured damping coefficients for 2 < f< 3.5
Hz. Due to the fluctuation in our spectral estimates, it
is difficult to see from the present study the effect of
rain intensity on the damping coefficients A(f’) pre-
sented in Fig. 6. Moreover, in the presence of wind,
the increase in rain-induced surface stress compensates
partially the increase in damping with the rain intensity.
In Fig. 7, the ratio of the rms surface displacement
with rain to that without rain is shown. Although the
data are limited, a trend of increased damping with
the rain intensity can still be seen. From the present
study, together with the results of Tsimplis and Thorpe,
we can conclude that there is an increase in wave
damping with the rain intensity. For natural rains,
Manton estimated that under “ordinary” conditions
(I=3.6mm h™'), M =0.006 N m~2, and for “violent
rain like a cloud burst with some hail” (I = 43.2
mm h™'), M = 0.098 N m™2, For the present study
the simulated rain conditions are better representations
for natural rains, at least for simulating the vertical
momentum fluxes. Moreover, the present study also
simulates the rain-induced surface stress that is absent
in Tsimplis and Thorpe’s experiment.

b. Comparison of measured damping rates
with analytical estimates

Based on the momentum exchange between rain and
water waves, Le Méhauté and Khangaonkar (1990)
established a theory to determine the dynamic effect
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of intense rain on waves, They considered a uniform
rain with drops entering water with speed ¥, at a zenith
angle «. It was assumed that as soon as a drop reaches
the water surface, its mass is entrained by the current
in a thin boundary layer and hence is subjected to a
change of momentum. It was further assumed that as
a result of the rain, the amplitude of the wave varies
exponentially with time, and the wave field can be de-
fined as Airy waves. The momentum change as the
rain enters the water was then converted to a fluctuating
pressure and shear stress acting on the water surface.
Following Longuet-Higgins’ (1969) approach on the
effects of a variable stress on water waves, they obtained
a dispersion relationship relating the complex fre-
quency o (=0, + ig;) to the rain and wave conditions.
The imaginary part ¢; corresponds to the temporal
wave growth (g; > 0) or wave decay (o; < 0) coeffi-
cients such that the amplitude of wave changes from
Ap to A in time ¢ according to

A = Ap exp(o;t). (5)

The complex dispersion equation cannot be solved an-
alytically. However, Le Méhauté and Khangaonkar
(1990) found numerically that o, is not sensitive to
rain; in most practical conditions (except when rain is
nearly horizontal) and in deep water

P Y (RN g =3
6’—.04' 5 P 1no 5 N

(6)
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where p; is density of sea water. In the case of vertical
rain, Eq. (6) simply reduces to

(7

To compare the predicted damping rate with those
measured in the present and Tsimplis and Thorpe’s
(1989) studies, we convert the temporal decay coeffi-
cient ¢; to the spatial damping coefficient A according
to

A= j‘_ s (8)

c

where c¢ is the phase velocity of waves. In comparing
the theory with Tsimplis and Thorpe’s results, Eq. (7)
is used since the rain is falling vertically in their ex-
periments. To compare the theory with the present
study, Eq. (6) is used with V, and «a estimated from
the numerical simulation discussed earlier. The com-
parisons are shown in Fig. 8; the theory is seen to un-
derpredict the damping coefficients by one to two or-
ders. Hence, the momentum exchange may not be the
dominant mechanism leading to the damping of sur-
face waves by rain,

Le Méhauté and Khangaonkar’s (1990) theory has
considered the most direct effect of rain on waves. The

Damping Coefficient, A(f) (m})
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FIG. 8. Comparisons between the measured and predicted damping
coefficients. The measurements are from Tsimplis and Thorpe (1989)
(open circles) and this study with rain intensity of 65 mm h~! (short-
dashed line). The theoretical prediction corresponding to the former
measurement is shown as the solid line and the latter as the long-
dashed line.
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change of momentum of raindrops is converted to a
force acting on the water surface as a part of the free
surface conditions. However, most of the rain energy
may be expended in generating a turbulent mixing layer
near the water surface. The enhanced mixing is then
interacting with surface waves, leading to their damp-
ing; this will be further discussed in the next two sec-
tions.

¢. Rain-induced mixed layer

Long ago, Reynolds (1900) suggested that the at-
tenuation of waves by rain is due to the vertical mixing
of the surface water layer, enhanced by the formation
of vortex rings introduced by raindrops. Laboratory
experiments on the rain-induced mixing ( Katsaros and
Beuttner 1969; Green and Houk 1979) showed that
under various rain conditions, a mixed layer having
depth between 5 and 20 cm was formed. Tsimplis and
Thorpe (1989) suggested that the effective eddy vis-
cosity within the rain-induced mixed layer, »., could
be calculated from an expression similar to the molec-
ular viscosity,

ASf) = 4Q2nf) v )] 8. (9)

Values of », obtained by Tsimplis and Thorpe and from
this experiment are shown in Fig. 9. The values of v,
calculated from Eq. (9) are based on the damping coef-
ficients shown in Fig. 6. Only positive v, are shown;
the few negative », corresponding to negative damping
coeflicients measured at low frequencies are not shown.
We can see that the intensity of mixing, reflected by

12 y T
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the effective eddy viscosity, decreases as the frequency
increases. Tsimplis and Thorpe’s results show a stronger
mixing than the present results; this is due to differences
in the rain conditions as discussed earlier. For 2.5 < f
< 4 Hz, an average value of v, = 2.8 X 107> m?s™!
was suggested by them; it is 1.2 X 107> m2 s~ from
our results. Both values are significantly higher than
the kinematic viscosity of water, which is only about
1 X 1079 m? s~! at 20°C.

d. Selective damping of gravity waves by rain

A simple model for evaluating the wave damping
by rain due to the enhanced effective eddy viscosity in
the rain-induced mixed layer was proposed by Nystuen
(1990). He showed that the wave decay due to the
enhanced eddy viscosity in the rain-induced mixed
layer could be represented by

1

E% = —4k’[(1 — e 2 P)y, + e72KPy],
where d E / dt is the temporal rate of change of the spec-
tral density, D the thickness of the rain-induced mixed
layer, and » the kinematic viscosity of water.

Using the values of », obtained by Tsimplis and
Thorpe (1989) and this study, that is, 2.8 X 107 and
1.2 X 1075 m?s™!, respectively, and taking D as 10
cm (Green and Houk 1979), we calculate the ratio
between the e-folding time in the presence of rain to
that due to molecular mixing, 7.,/ T,,. The results are
plotted against the wavenumber in Fig. 10, showing

(10)

0.8 r—

0.6 L

0.4~

Effective Eddy Viscosity, v, (cm® s71)

e

Tsimplis & Thorpe (1989) ©
Present study =
Rain intensity (mm/r)
B5 e eeee -
656 — — — -
100

Frequency, £(Hz)

FiG. 9. Comparisons of effective eddy viscosities obtained
by Tsimplis and Thorpe (1989) and this study.
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~

Ratio of e-Folding Times, To./Te
3

102 1 L 1

{ ) I 1

3 5 101 2 5

100 2 5 10!

Wavenumber, k (rad m!)

F1G. 10. The ratio of e-folding times in the presence of rain to that by molecular mixing, 7./
T.., at various wavenumbers. The calculation is based on taking the thickness of the rain-induced
mixed layer, D = 10 cm, and the effective eddy viscosity, v, = 1.2 X 107° (solid line) and 2.8

X 10~° (dashed line) m® s, respectively.

clearly that rain has a greater damping effect on shorter
rather than longer waves. Based on », = 1.2 X 107
m?s~!, T,/ T,, decreases gradually as the wavenumber
increases. For k = 21 rad m™!, that is, the wavelength
equals 30 cm, as pointed out by Nystuen (1990), which
is important for SAR (L-Band) measurements, 7,/
T., is about 0.085, indicating that the waves in the
presence of rain decay 12 times faster than in the ab-
sence of rain. This clearly illustrates the rain has sig-
nificant effects on signals from remote sensors. The
effect of rain on surface waves, however, diminishes as
wavenumber decreases; when k approaches 0.03
rad m™!, that is, wavelength equals 200 m, T,/ T, ap-
proaches 0.93.

e. Comparison of measured rain-generated ripples
with analytical estimates

Recently, Le Méhaute (1988) quantified analytically
waves generated by the impact of individual water
drops on an initially quiescent water body. Waves in
the capillary-gravity regime are generated. Around the
minimum group velocity, waves observed at any dis-
tance away from the impact point are the linear su-
perposition of two wave components: the super-k,, (k
> k) and sub-k,, (k < k,,,) wave components, where
k., is the wavenumber corresponding to the minimum
group velocity. Most waves observed are in a narrow
band around k,,. At a short distance from the impact
point, the super-k,, components have a relatively large
amplitude and hide the sub-k,, components. However,

at large distances, the super-k, components are
damped rapidly and only the sub-k,, components are
still visible.

Our experiments are performed with filtered tap wa-
ter; taking the surface tension of 74 dyn cm™, the
minimum group velocity is 17.9 cm s™' and the fre-
quency f,, corresponding to k,, is 6.41 Hz. Normalized
wave amplitudes of the sub-k,, and super-k,, compo-
nents versus time at distances of 30, 60, and 120 cm
away from the drop were presented by Le Méhaut€ in
his Fig. 1; the amplitude of super-k,, components at a
distance of 30 cm from the point of impact is seen to
be much greater than that of sub-k,, components. At
a distance of 60 cm away, the amplitudes of these two
components are comparable in magnitude. In our ex-
periments, the ripple structures were measured at a
distance of 18 cm from the downwind edge of the 100-
cm-long simulated rain region. For half of the simu-
lated rain region, the distance between the raindrops
and the measuring location is less than 60 cm, hence
ripples that reach the measuring point are dominated
by the super-k,, components even when there is no
wind. In the presence of wind, the rain-generated rip-
ples are convected by long waves and surface drift cur-
rents to the measuring location. Hence, we expect that
even for ripples generated at the farthest end from the
measuring point (118 cm), the super-k,, components
are not damped by the time they reach the location of
measurements. Such a dominance of rain-generated
ripples with the super-k,, component can also be seen
from our measurements, as rain-generated ripples have
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frequencies higher than 10 Hz, which is higher than
Jm. Moreover, if the Doppler effect is corrected, the
frequency of rain-generated ripples is found to be higher
than about 7 Hz, very close to the predicted f,, of 6.41
Hz according to Le Méhauté’s theory. Of course, rain-
generated ripples of lower frequencies (in the sub-k%,,
regime) are present. Their presence, however, is simply
masked by the wind-generated ripples.

f Influence of rain-generated ripples to radar signals

The effects of rain on radar signals were studied by
Moore et al. (1979) and Bliven and Norcross (1988)
in wind-wave tanks with artificial rains. Moore et al.
found that with a FM radar operating at 14 GHz (2.2-
cm wavelength) and incidence angle of 40°, the radar
cross section increased with the rain intensity under
light winds and produced little changes under heavy
winds. Similar results were found by Bliven and Nor-
cross with a radar operating at 36 GHz ( 8.3-mm wave-
length) and pointing upwind at an incidence angle of
60°. In natural rain conditions, Hansen (1984 ) oper-
ated an X-band radar (3.2-cm wavelength ) near grazing
incidence. He found that under initially calm sea and
wind conditions, the radar sea return is greatly in-
creased due to the rain. However, for rougher initial
sea and wind conditions, the change in the return sig-
nals is much less dramatic.

According to the Bragg scattering, the radar sea re-
turns are from surface waves of Bragg wavelength A
satisfying

A = \/(2 sind), (11)

where A, is the radar wavelength and 6 is the angle of
incidence. For Moore et al.’s measurements, the Bragg
wavelength is about 1.67 cm and the corresponding
values for Bliven and Norcross’ and Hansen’s mea-
surement are, respectively, 0.48 and 1.6 cm. Our results
indicate that rain is effective in generating ripples of
frequencies higher than about 10 Hz; it corresponds to
wavelengths less than about 3.8 cm following the re-
moval of Doppler shifts. Moreover, our results indicate
that the ripple structures are most affected by rain under
low winds (3.41 and 4.88 m s™!); at high wind (6.34
m s~'), the effect of rain-generated ripples is no longer
important. Of course, under different wind velocities,
the structure on the part of rain-generated ripples
should not change significantly. It is the increase of
wind-generated ripples, which eventually mask the
presence of rain-generated ripples.

5. Conclusions

We have shown experimentally that rain has effects
on wind waves at two different scales. For the low-
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frequency waves, they are attenuated by the rain, and
most of the damping occurs within a narrow frequency
band of 2-5 Hz. Together with the measurements of
Tsimplis and Thorpe (1989), it is shown that the
damping rate increases with rain intensity. Compari-
sons of the damping coefficients measured by Tsimplis
and Thorpe and in the present study with those pre-
dicted by Le Méhauté and Khangaonkar’s (1990) the-
ory revealed that momentum exchange between the
rain and surface waves may not be the dominant
mechanism of wave damping. To explain the damping
in terms of the mixing generated by rain near the water
surface, an effective eddy viscosity of 1.2 X 107> m?s ™!
is found. It is also found that the rain has greater
damping effects on shorter than longer gravity waves.
For waves with wavelength of 30 cm, the damping rate
in the presence of rain is 12 times that without rain;
and for waves longer than 200 m, the damping effect
of rain is not important. For ripples, the presence of
rain at low-wind conditions can drastically enhance
the slope spectral density for frequencies between 10
and 100 Hz. At high wind conditions, however, the
structure of ripples is dominated by the wind and there
is no observable influence by the rain. Our measured
changes in rain-generated ripples with the changes of
wind conditions can explain the observed changes in
radar sea returns under rain.

Further studies are necessary to explain the atten-
uation of waves by rain, especially on the mechanisms
that lead to damping. It is suggested that the turbulence
structure at the near water surface be measured si-
multaneously with changes in the waves. Hence, direct
correlation between the mixing induced by rain and
the resulted damping can be sought. To better under-
stand the effect of rain on radar returns, simultaneous
measurements on changes in radar return signals and
surface ripple structures are also suggested.
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