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[1] Measurements in a closed, recirculating wind-wave tank using variable wind speeds
showed that wind waves in the gravity-capillary range exhibit a threshold in their growth.
Surface wave height variance spectral densities in the wave number domain were
measured for gravity-capillary waves using both radar backscatter and a wavelet transform
technique applied to a laser probe. The measurements showed that when the wind
speed was slowly ramped up, a threshold wind speed or friction velocity was required to
produce waves. Turning the wind on suddenly showed that the wind stress did not grow as
rapidly as the wind since the surface waves supporting the stress grew relatively slowly.
Changing water temperature or current in the water caused a pronounced change in the
wind speed threshold but not in the friction velocity threshold. Changes in fetch of as
much as a factor of 2 had no discernible effect on the thresholds. The results imply that
wind speed, being a condition imposed on the air-water interface, causes wave growth,
while friction velocity, being a result of air-water interactions, is closely related to surface
roughness, hence radar cross section, and changes during wave growth.
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1. Introduction

[2] The initial growth of waves by the wind has been
studied for many years, both theoretically [Jeffreys, 1924,
1925; Miles, 1957, 1959a, 1959b, 1960, 1962; Valenzuela,
1976; Riley et al., 1982; Miles, 1993; Belcher and Hunt,
1993; Cohen and Belcher, 1999; Belcher, 1999] and exper-
imentally [Shemdin and Hsu, 1967; Dobson, 1971; Elliott,
1972; Snyder, 1974; Larson and Wright, 1975; Wu et al.,
1979; Kawai, 1979; Snyder et al., 1981; Plant, 1982;
Kahma and Donelan, 1988; Caulliez et al., 1998]. Donelan
and Pierson [1987] suggested that short wind waves could
not grow until the wind exceeded a threshold value at which
the energy input from the wind could overcome dissipation
due to viscosity. Thus, Donelan and Pierson predicted a
very sharp rise from noise levels for short wave spectral
densities at low winds. Because of the relationship between
these spectral densities and radar cross sections, they
therefore predicted that cross sections would also rise
sharply from noise levels at low wind speeds. Initial
attempts to detect this effect in wind-wave tanks were not
successful [Keller et al., 1995] but carefully controlled
microwave measurements over the ocean did detect it [Plant
et al., 1999a]. In general, the threshold is not pronounced on
the ocean owing to variability of the wind, which is
especially pronounced at light winds [Plant, 2000;
Shankaranarayanan and Donelan, 2001]. In this paper we

report the first observation of this threshold effect in a wind-
wave tank at the Canada Centre for Inland Waters (CCIW).
Here we will limit ourselves to gravity-capillary waves with
wavelengths of 1.51 cm (wave number = 415 rad/m) and
1.88 cm (335 rad/m), Ku band microwave scatterers. Our
measurements showed similar behavior for other wind
waves, however. We have observed the threshold effect in
both microwave backscatter in the tank and in spectral
densities obtained from a wavelet transform method applied
to laser height/slope measurements made at a single point
[Donelan et al., 1996].
[3] The two most commonly used forms for the expo-

nential rate of growth of gravity-capillary wind waves are
those given by Plant [1982] and Donelan and Pierson
[1987]. Plant’s formulation is

b ¼ 0:04u�2w=c2 ð1Þ

where u* is friction velocity or the square root of wind
stress divided by air density, c is the phase speed of the
growing wave, and w is its angular frequency. Measure-
ments at CCIW in 1993 using a scanning laser slope gauge
[Uz et al., 2003] are in close agreement with the empirical
constant 0.04 in (1).
[4] Donelan and Pierson’s expression is

b ¼ K ra=rwð Þ U l=2ð Þc� 1½ �2w ð2Þ

where K is an empirical constant which Donelan and
Pierson determined from the data of Larson and Wright
[1975] to be 0.194, and U(l/2) is the wind speed at a height
above mean water level of one half the wavelength of the
growing wind wave. During these experiments, we
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determined that a better value for K is 0.17 and we will use
this value in this paper. U(l/2) is obtained from measure-
ments of U and u* at other heights z by

U l=2ð Þ ¼ U zð Þ þ u*=kð Þ ln l= 2zð Þð Þ ð3Þ

where k is von Karman’s constant, 0.4. Measured growth
rates, bm, should be less than those given by equations (1)
and (2) owing to energy lost to viscous dissipation. Thus,

bm ¼ b � 4nk2 ð4Þ

where k is the wave number of the water wave. The value of
bm is obtained by fitting the increase in spectral density of
the water wave to the form exp(bmt) for times t after a
sudden start of the wind.
[5] For wavelengths less than a few tens of centimeters,

equations (1) and (2) yield growth rates so close together
that it is difficult to distinguish between them by compar-
ison with measured growth rates [Donelan and Pierson,
1987]. Here, we attempt to discriminate between them by
observing the behavior of the observed threshold wind
speed and friction velocity for different water temperatures
and currents.

2. Experimental Design

[6] Figure 1 shows the experimental setup. The scanning
laser slope gauge shown in Figure 1 was not used in the
measurements reported here. Some runs were made with the
surface covered for a distance of 5 m, shortening all
indicated fetches by this amount. In all cases, care was
taken that the airflow made a smooth transition to the water.
The microwave antennas were directed both upwind and
downwind and were set at incidence angles of 35� and 45�.

When the antennas looked upwind, the microwave footprint
on the water was at a fetch of 5 or 10 m. Looking
downwind, the fetches were 7.4 and 12.5 m. The inside
roof and sides of the wind tunnel were lined with micro-
wave absorbing material to a distance of 2.4 m upwind and
1.8 m downwind from the Teflon window. The width of the
tank was 76 cm. The wind was either slowly ramped up
then down or suddenly started and stopped. Currents up to
30 cm/s could also be set up in the water in the wind
direction.
[7] The point height/slope gauge shown in Figure 1

consisted of an Argon-Ion (488 nm–blue) laser transmitting
2 Wof power whose beam was directed upward through the
water surface. Fluorescein in the water caused the beam,
which is blue in air, to fluoresce, producing a green beam
(513 nm) in the water. A line-scan camera observing the
surface spot from above through the side of the tank tracked
the vertical movement of the surface spot. A green filter
over the lens discriminated against the blue beam above the
water surface. A Fresnel lens and four-quadrant detector
above the tank recorded the position of the laser beam after
it was refracted by the water surface. The gauge detected all
frequencies of motion of the surface up to a maximum
determined by the spot size of the beam on the water surface
and by the sampling frequency, which was 1000 Hz for the
measurements reported here. However, signal-to-noise
problems in fact limit the frequency response to a value
somewhat lower than this. The spot size was about 1 mm, so
wave numbers up to about 3000 rad/m could be measured.
The maximum slope that could be measured by the system
was 42�. As outlined in more detail below, complete wave
height variance spectra as a function of wave number and
frequency, F(k, w), could be obtained from this gauge after
processing.
[8] The microwave system was identical to that described

in detail by Plant et al. [1994] except that the frequency had

Figure 1. Diagram of the CCIW wind-wave tank showing the placement of instruments.
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been shifted up to Ku band; it is exactly the same system
used by Plant et al. [1999b]. Briefly, the system was a
coherent, dual-polarized, continuous wave system and data
were collected on horizontal transmit/horizontal receive
(HH) and vertical transmit/vertical receive (VV) polariza-
tions simultaneously. Exact frequencies were 14.00 GHz for
VV and 14.06 for HH. One-way half-power antenna beam
widths were 6.6� in the E plane and 5.0� in the H plane, and
the beam viewed the water surface through a 6 mm thick
Teflon window. The height of the antennas was maintained
at 147 cm above mean water level for all incidence angles
and look directions. Calibration procedures differed slightly
from those described by Plant et al. [1994] owing to the
laboratory setting. Water was drained from the tank, and a
corner reflector was placed on absorbing material on the
bottom of the tank at various positions in the beam. Return
from the corner reflector was measured as a function of
position in the beam and used to calculate calibration
constants and illuminated areas as described by Plant et

al. [1994]. Microwave return was collected at a sample rate
of 257 Hz to fill an array 1024 samples long in 4 s during
the ramped runs. In the sudden start runs, the sample rate
was 1042 Hz for the same array size, yielding a measure-
ment every 0.98 s. This array was then Fourier transformed
to produce Doppler spectra that were stored on optical
disks. A reference signal from the microwave system and
the mean value of the sum of the squares of the in phase and
quadrature channels were stored for later use in computing
normalized radar cross sections, so.
[9] Winds in the tank were measured using a Pitot tube

and hot X-film anemometers, from which friction velocities
could be calculated. The height of the Pitot tube varied from
3 to 8.1 cm above the water surface during the experiments,
and the hot film was 3.2 cm directly above the Pitot tube.
The Pitot tube was used to calibrate the X-film anemom-
eters several times per day by ramping the wind speed up
and down. The X-film anemometers were then used to
determine the horizontal mean wind speed and fluctuations

Figure 2. (a) Time plot of wind speed at 3 cm (solid line) and friction velocity at the surface (dashed
line) for a slowly ramped wind (ramp rate is 0.34 cm/s/s). (b) Time plot of F(kb, 0) from Ku band radar
cross sections and F(kb, 0) from the laser height/slope gauge, where kb = 335 rad/m. The radar antenna
was at a 35� incidence angle looking upwind. The fetch at the radar footprint was 10.0 m, while the fetch
was 14.3 m to the laser probe. Solid curve, radar, VV; dashed curve, radar, HH; dots, laser.
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of both horizontal and vertical components of the wind.
From these the friction velocity at the height (usually
6.2 cm) of the X-film anemometers u*(z) was calculated.
Wind speeds shown in Figures 4–6 have been adjusted to
be those at a 3 cm height; in Figures 2 and 3 measured wind
speeds are shown. Friction velocities quoted here have been
corrected to be those at the surface. The experimentally
determined correction was

u�2 0ð Þ ¼ 25= 25� zð Þ½ �u�2 zð Þ ð5Þ

where z is the height of the measurement in cm [Uz et al.,
2002]. Note that the change of u* is small in the region
below 6 cm, so that a constant flux approximation is
appropriate in deducing the velocity profile at lower heights.
Air and water temperatures were recorded during each run,
and the water surface was skimmed free of surfactants each
morning before the runs began. The wind measurements
were recorded on a different computer from the radar
measurements. However, a synchronizing signal, a 30 s saw
tooth, was recorded on both computers as was the signal
from the Pitot tube. The Pitot tube signals recorded on the
two computers were plotted together to verify synchroniza-
tion. As noted above, winds were varied in two ways. In the
mode we call ‘‘ramped,’’ the wind speed was slowly
increased linearly to a maximum value then slowly
decreased linearly at the same rate. The rate at which the
wind speed was changed was 0.34 cm/s in one second. Thus
it required 294 s for the wind to change by 1 m/s so the
waves remained in equilibrium with the wind in this mode.

We could have performed this part of the study by stepping
the winds through a series of fixed values. The threshold
discussed below was so sharp, however, that this method
could have missed it. The second mode we call the ‘‘sudden
start’’ mode. Here the fan was turned on suddenly and held
at a constant speed until it was turned off. The wind speed
had a risetime that will be shown in Figures 2 and 3 but was
generally near equilibrium by the time waves began to
grow.

3. Wave Number Spectra

[10] Along with wind speed and friction velocity, the
wave height variance spectrum as a function of wave
number, F(kx, ky) where kx is the along-tank wave number
and ky is the cross-tank wave number, was central to this
study. We measured F(kx, ky) using both radar backscatter
and a wavelet technique applied to the output of the laser
gauge.
[11] At sufficiently low wind speeds, radar backscatter

from rough water surfaces is Bragg scattering. Under these
circumstances, the relationship between the radar cross
section, so, and F(kx, ky) is given by

F kb; 0ð Þ ¼ so= 16pk4o cos qijgpqj
2

� �
ð6Þ

where

kb ¼ 2ko sin qi; ð7Þ

Figure 3. (a) Time plot of wind speed at 4.7 cm and friction velocity for a suddenly started and stopped
wind. Solid line, wind speed; dash-dotted line, friction velocity times 10. (b) Time plot of F(kb, 0) from
Ku band radar cross sections and F(kb, 0) from laser height/slope gauge for kb = 335 rad/m. The radar
antenna was directed upwind at a 35� incidence angle. Solid curve, radar, VV; dashed curve, radar, HH;
circles (error bars indicate integration time), laser; solid line, exponential wave growth with Plant’s
growth rate, equation (1) using the equilibrium friction velocity; dashed line, wave growth from
exponential wave growth with Donelan and Pierson’s growth rate, equation (2) using the time-varying
wind speed; dash-dotted line, exponential decay due to viscosity.
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gpq is a function of incidence angle and dielectric constant
depending on polarization, (p, q), qi is incidence angle, and
ko is the wave number of the microwave radiation.
Expressions for gpq are given by Plant [1990].
[12] This expression does not work well at higher wind

speeds where the more complex composite surface scatter-
ing theory must be used. Our concern in this paper,
however, is primarily with the growth of wind waves near
the threshold wind speed, which is low. Thus we always
relate spectral density F to cross section so by equation (6)
in this paper.
[13] Radar backscatter yields F(kx, ky) only for a very

small range of wave numbers around (2ko sinqi, 0), the
Bragg wave number. By contrast, a wavelet technique
developed by Donelan et al. [1996] yields F for all values
of (kx, ky). In these experiments, this technique was applied
to height/slope measurements made by the laser at a single
point by expanding the surface displacement in a Taylor
series about the point of measurement. Given the slopes in
the along- and cross-tank directions, the first two terms in
the series may be evaluated, effectively yielding wave
amplitude measurements at four points, two in each the
along- and cross-tank directions. To ensure that the effect of
curvature and higher-order terms is relatively small, the
separation of these virtual probes from the location of the
height measurement needs to be small. We set this separa-
tion to 0.01 mm. Comparisons with duplicate runs using a
separation of 0.05 mm showed no perceptible difference.
Applying wavelet techniques to the outputs of these four
virtual probes then yields time series of wave heights in
various, nonoverlapping frequency bands. Phase differen-
ces, D8i, and separations, ri = (ri, ai), between pairs of
probes at 90� to each other then yield the instantaneous
wave number, k, and direction, 8i, associated with each
frequency according to the following equations:

k ¼ r2D81 sina2 � r1D82 sina1ð Þ= r1r2 sinða2 � a1Þ cos8ð Þ
ð8Þ

8 ¼ tan�1 r2D81 cosa2 � r1D82 cosa1ð Þ½
= r1D82 sina1 � r2D81 sina2ð Þ� ð9Þ

[14] Taking the squared magnitude of the wave amplitude
in each frequency band and averaging many such individual
measurements yields the wave height variance spectrum as
a function of wave number for each frequency band. That is,
it yields the complete variance spectrum of the wave height
as a function of (kx, ky, w) where w is angular frequency.
Integration over w then yields F(kx, ky).

4. Observations of a Threshold

[15] Figure 2 shows the result of slowly ramping the wind
speed up and then down. As stated above, the ramp speed
was sufficiently slow that the waves were always essentially
in equilibrium. A pronounced threshold is apparent in the
growth of the wind wave spectral densities shown in
Figure 2b. This threshold occurs at the point where the
growth rate b as given by either equation (1) or (2) is equal
to the rate of viscous dissipation, 4nk2. Note that spectral

densities measured by the radar and laser agree very well in
the threshold regions, although the laser has a somewhat
lower noise level.
[16] The situation is somewhat different if the wind is

suddenly started and stopped as shown in Figure 3.
Figure 3a shows that the friction velocity increases at a
much slower rate than the wind owing to the relatively slow
growth of the surface waves that support the wind stress.
Because of this slow growth of the stress, gravity-capillary
wind waves do not grow in a constant stress environment as
usually assumed theoretically. As both the radar and laser
response demonstrate, the short waves investigated here
grow more rapidly than the wind stress. Donelan and
Pierson’s formulation, based on the time-varying wind at
a height of half the wavelength, provides a good prediction
of wave growth. Plant’s formulation using the equilibrium
friction velocity cannot yield a starting time for this growth.
[17] Two comments relating to these observations should

be made at this point. First, the slow growth of the friction
velocity is due to the fact that wind stress is supported by all
waves on the surface and longer waves than those observed
here grow more slowly [Plant, 1982]. Second, once the
wind stress has risen to its equilibrium value, Plant’s growth
rate is nearly the same as that of Donelan and Pierson as
noted previously so that both predict the same energy input
from the wind.

5. Factors Affecting the Threshold

[18] To see if wave propagation down the tank might play
a role in the location of the threshold, we measured radar
cross sections as a function of wind speed and friction
velocity at a wave number of 415 rad/m and a variety of
fetches. This variety is possible because we have combined
upwind and downwind radar looks, with and without the
water surface mask, with the laser data. Figure 4 shows the
results for a wind speed increasing at 0.3 cm/s/s. Clearly,
the threshold wind speed, friction velocity, and the wave
height spectral densities at higher wind speeds are indepen-
dent of fetch.
[19] We next examined the effect of a change in water

temperature on the threshold wind speeds and friction
velocities. Figure 5a shows that the threshold friction
velocity does not depend on water temperature but that
the threshold wind speed does. We interpret this to mean
that the wind speed controls the rate of growth of wind
waves and that the friction velocity adjusts to changes in the
water surface. We believe these results to be very significant
for air-sea interactions and microwave scatterometry.
[20] The reasoning behind these conclusions is as

follows. If the growth rate, b, of wind waves depends on
the wind speed near the surface as equation (2) states, then it
will not change with water temperature for any given wind
speed. But if the water temperature is increased, the viscos-
ity will decrease resulting in lower viscous dissipation,
4nk2. By equation (4), then, a lower wind speed will result
in bm = 0. That is the threshold will occur at lower wind
speeds at higher water temperatures if energy input from
wind to waves is controlled by wind speed. This is what we
observe. The expected change in the wind speed threshold
can be easily computed from equations (2), (3), and (4) by
finding U(l/2) where bm = 0. For a change in kinematic
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viscosity n from 0.0100 cm2/s at 20�C to 0.0081 cm2/s at
29.4�C, we find an increase in the wind speed threshold of
0.18 m/s. This agrees well with the 0.2 m/s change shown in
Figure 5. We have also taken into account the change in air
and water densities although these have little effect.
[21] On the other hand, Figure 3 suggests that friction

velocity adjusts to surface conditions. In fact, Figure 3 says
that friction velocity is lower when the waves are lower. But
at higher water temperatures, the threshold is shifted to
lower wind speeds so waves at these wind speeds are higher
than at lower water temperatures. The friction velocity
therefore becomes higher at these wind speeds. The data
indicate that this causes the friction velocity threshold to
remain constant. Since radar backscatter responds to surface
wave intensities, this means that the backscatter is more
closely related to wind stress than to wind speed.
[22] This latter statement requires a bit of qualification.

Wind stress consists of the sum of two parts: skin stress and
form stress. The latter component is supported by all the
waves moving relative to the wind, i.e., the entire slope-
spectrum weighted by the square of the velocity difference
between waves and wind [Donelan, 1998]. On the other
hand equations (6) and (7) show that so depends on surface
waves only in a restricted range of wave numbers. Thus the
relationship between so and friction velocity will be broken

if the wave spectrum is not self-similar. This requires that all
wave components in the spectrum respond similarly to the
wind speed when they are in equilibrium. This condition
corresponds to a pure wind sea. By contrast, the relationship
between so and stress is not expected to apply in the
presence of swell.
[23] The changes in the threshold wind speed and friction

velocity caused by changes in current are illustrated in
Figure 6. Here again we look at the decreasing part of the
wind speed ramp. We plot radar cross section at a 45�
incidence angle (Bragg wave number = 415 rad/m) versus
either wind speed or friction velocity for currents of 0, 12,
and 27.6 cm/s in the same direction as the wind. Increasing
the current clearly increases the threshold wind speed but
changes the threshold friction velocity little. The increased
wind speed threshold, however, is larger than the currents
used: going from zero current to 12 cm/s increases the
threshold by 41 cm/s while going from 0 to 27.6 cm/s
increases it by 59 cm/s. If the current were laminar, one
would expect that wave growth would occur whenever the
wind relative to the moving water exceeded the constant
threshold. Thus the threshold in the laboratory reference
frame would increase by the amount of the current. But the
current is obviously turbulent as evidenced by the increase

Figure 4. Ku band cross sections, so, at different fetches
for a slowly increasing wind versus (a) friction velocity and
(b) wind speed at 3 cm. Rate of change of wind speed is
0.3 cm/s/s. Symbols are as follows: squares, so (VV),
downwind, 7.4 m fetch; pluses, so (VV), upwind, 10.0 m
fetch; circles = so (VV), downwind, 12.4 m fetch; diamonds,
spectral densities from laser converted to so (VV), 14.3 m
fetch. Radar is at a 45� incidence angle; kb = 415 rad/m.

Figure 5. Ku band radar cross sections, so, at two
different water temperatures for a wind decreasing at
0.3 cm/s/s versus (a) friction velocity and (b) wind speed
at 3 cm. Data taken at a fetch of 10.0 m with an upwind look
direction; incidence angle is 45� (kb = 415 rad/m). Rate of
change of wind speed is 0.3 cm/s/s. Air temperatures were
between 20�C and 22�C. Symbols indicate water tempera-
ture as follows: circles, 20.0�C; squares, 29.4�C.
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in cross section below the threshold. The fact that the
threshold increases more than expected when starting from
zero current suggests that the eddy viscosity associated with
this turbulence increases the dissipation of the waves. Thus
a larger wind speed relative to the moving water surface is
required to maintain waves than would be required in the
absence of turbulence. The slight decrease in spectral
density above the threshold wind speed also supports the
idea of turbulent damping. Small amounts of turbulence are
required to generate the initial roughness but increasing the
level of turbulence increases the dissipation [see Veron and
Melville, 2001], causing short waves to be damped. These
measurements clearly show that a given level of radar cross
section will be related to a different wind speed depending
on the current in the water. The relationship between radar
cross section and wind stress appears to be little affected by
currents, however.

6. Conclusion

[24] Properties of wind-generated gravity-capillary waves
have been studied. Spectral densities of these waves during

their initial growth have been derived from microwave
backscattering cross sections and from a wavelet method
applied to laser height and slope measurements at a single
point. The two methods agree very well and both show that
a threshold wind speed or friction velocity exists below
which the waves cannot grow. The reason is clearly that
energy input from the wind does not exceed viscous
dissipation below this threshold. The threshold values of
wind speed or friction velocity have been shown to be
independent of fetch in the tank when the fetch is changed
by a factor of 2. The wind speed threshold has been shown
to decrease when the water temperature is increased but the
friction velocity threshold does not depend on water tem-
perature. Similarly the wind speed threshold increases when
currents in the same direction as the wind exist in the
water but the friction velocity threshold remains constant.
Furthermore, the friction velocity has been shown to in-
crease more slowly than the wind speed when the wind is
suddenly started. Thus the initial growth of gravity-capillary
waves is not in a constant-stress environment as most
theories presume. We conclude from these measurements
that wind speed just above the water controls the growth of
these short waves while the friction velocity adjusts to
surface roughness and therefore is more correlated with
radar backscatter when the stress is supported primarily by
these short slow moving waves.
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the incidence angle was 45�C (kb = 415 rad/m).
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