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ABSTRACT 

This paper reports an attempt to measure the asymmetry of wind-generated water waves 
by using acoustical methods. A 40-foot wind-tunnel water flume provided a controlled water 
surface that was insonified from above at 162 kHz with pulses 30 µsec in duration (5 cycles). 
The scattered-pressure amplitude pulses were analyzed statistically as a function of the shear 
stress produced at the water surface by the wind. Depending on the angle between the 
transducer and the water surface, the statistical amplitude ratio and energy ratio (upwind/ 
downwind) of the backscattered pulse were found to be a single-valued function of the 
water-surface shear over a significant range of wind speeds and scattering angles. 

Introduction. In order to discuss the properties of wind-generated surfaces 
(Miles 1957, 1959a, b, 1960, Phillips 1957), statistical samples of such prop-
erties are required. In general, there are ambiguities and experimental difficul-
ties in making sample measurements of roughness in more than one dimension. 
However, backscattering measurements, both acoustic and electromagnetic, 
may reveal some of the statistical properties over a part of the surface. The 
exact nature of such scattering is an extremely difficult problem to solve. 
Nevertheless, empirical relationships may be found with carefully controlled 
experiments (Beckman and Spizzichino 1963). 

In this paper it is demonstrated that water-surface shear can be measured 
indirectly by acoustic scattering, at least under controlled conditions. In order 
to maintain specified wind velocities and velocity profiles (and since there are 
no oceans in Colorado), the work was performed in a wind tunnel where the 
water-surface shear had previously been measured by other means (Goodwin 
1965). 
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Experimmtal Procedure. This experimental work was conducted in the 
wind-tunnel water-flume facility at the Fluid Dynamics and Diffusion Labora-
tory of Colorado State University (Plate 1965). The rectangular test section 
of the facility has a length of 13.4 m, a width of 0.61 m, and a height of 0.76 m. 
A variable-pitch fan is mounted at the exhaust end of the facility and the air 
inlet at the opposite end is provided with a trasitional region to reduce spiral 
air currents and to smooth out the air before it passes through the tunnel. 
Wind speeds in the tunnel are determined from air-pressure differences given 
by a calibrated pitot tube mounted near the midpoint inside the test section. 

Water was admitted in the flume to a depth of 5.1 cm in order to duplicate 
the conditions used by Goodwin (1965) in his measurements of water-surface 
shear. A barium titanate transducer, 6.8 cm in diameter, was mounted 25 cm 
above the water surface. Laterally, the transducer was positioned in the center 
of the tunnel to give a fetch of 9.5 m from the air inlet. The transducer was 
originally designed for use in water, but here it was operated at its air-resonance 
frequency of 162 kHz. The 162 kHz signal for the transducer was produced 
by a Hewlett-Packard oscillator, and the cw signal was gated to produce pulses 
of 30 µsec duration for transmission by the transmitter signal gate of a Scientific-
Atlanta series 1102 transmission-measurement system. The system's phase-
timing generator supplied both a gating signal for the transmitter gate and a 
delayed gating signal for the system's receiver gate. Fig. 1 is a block diagram 
of the electronic equipment. In order to use a single transducer as both a 
projector and a receiver, we used an electronic transmit-receive switch de-
signed by R. B. Stelting at the Defense Research Laboratory, Austin, Texas. 

The I o-µsec-wide receiver gate provided a window through which the 
backscattered signal could pass. The amplitude of this signal was measured 
and digitized in the analogue-to-digital converter of a modified Technical 
Measurements Corporation 400-channel analyzer operated in the pulse-height-
analyzer mode (Marshall and Pruitt 1967). A voltage pulse resulting from the 
gated portion of a large backscattered signal gave rise to a count stored in a 
high-numbered channel of the analyzer while noise resulted in a large number 
of counts in the low-numbered channels. 

With a transducer look angle of 1 5° as measured from the normal to the 
quiescent water surface, the wind speed was varied from 3.6 m/sec to 1 3. 7 m/sec. 
The transducer was then moved so that it could look at the same area of water 
surface, but from the opposite wind direction, and another set of runs was 
made. This process was repeated for look angles of 20° and 25° from the 
normal. 

Analytical Technique. The numerical data were transferred from the ana-
lyzer to punched cards, and all reductions of data were made on a CDC 6400 
computer. To analyze the data, the number of pulse counts, c1n, obtained at 
the j-th delay time and stored in the n-th channel, was multiplied by the chan-
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Figure 1. Simplified block diagram of the electronic equipment used in the analysis of acoustic back-

scattering from water waves. 

nel address, n, to yield a measure of the amplitude; these products were then 
summed over the 400 channels. This sum, A1, for a one-minute spectrum, is 
proportional to the average amplitude of the pulses taken at the j-th delay 
time and is represented by 
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Each .A1 was multiplied by the corresponding (L1t)1 [the time interval between 
the j-th delay time and the previous delay time], and this product was summed 
over the j delay times of a run. This sum, S, represented as 

(2) 

is the sum of all the areas enclosed by the envelopes of the pulses counted by 
the analyzer. For each wind speed, F, and look angle, 0, we have Su when 
the transducer is looking upwind and Sa when the transducer is looking down-
wind; Su and Sa are tabulated in Table I along with the actual number of 
pulses counted. In Fig. 2, the ratio R =Su/Sa is shown as a function of wind 
speed, F. Across the top of Fig. 2 is plotted the shear coefficient, Cws, a dimen-
sionless quantity defined by Goodwin (1965) as 

'l"wa 
Cw,=~, 

(!Ora 
(3) 

where ea is the mass density of the air and 'l"w, is the water-surface shear. 
Goodwin found experimentally in the same flume facility as that used in this 
investigation that the average air speed, Fa, was related to the measured wind 
speed, F, by 

F 
Fa=-- . 

1.15 
(4) 

To check the constancy of the low-level noise, two runs were made on 
different days with the tunnel fan shut off. Analysis of the data for these runs 
revealed that the noise level did not remain constant throughout the entire 
experimental investigation. Therefore, a simple subtraction of the noise spec-
trum from an experimental spectrum was not meaningful. Since the counts 
stored in the low-numbered channels are primarily due to noise, the noise was 
accounted for by simply ignoring the counts in those channels. This was done 
by making eight different calculations of .A1 by starting n at 40, 46, 52, 58, 
60, 66, 72, and 78 in the summation for .A,. These eight values for S were 
calculated and compared for internal consistency. R was calculated from values 
of S, for which this comparison showed that the noise had been eliminated 
by subtraction. However, as seen in Table I, the elimination of the noise in 
some instances eliminated most of the backscattered pulses. 

A quantity proportional to the total energy was found by calculating .A/, 
which represented the sum of the squares of the pressure amplitudes at the 
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Table I. 
Wind speed () = 15° () = 20° () = 25° 

(m/sec) Su(I03) N Sa(l03) N Su(I03) N Sa(l03) N Su(I03) N Sa (103) N " 3.7 1160 1137 23 275 29.9 387 2.9 23 
... .... ....... 

4.6 249 2428 288 2632 94.5 1200' 17.0 117 14.7 303 0.065 I 
6.1 199 1941 243 2458 48.8 524 21.9 227 18.3 374 0.221 5 
7.6 83.5 884 238 2214 58.3 714 49.7 519 9.7 211 0.576 7 " .... 
9.1 47.2 537 171 1862 14.5 277 20.8 388 8.49 159 1.44 29 ::,... 

s::, 
10.7 2.59 46 12.3 231 0.443 6 2.88 54 1.53 23 3.88 47 ... ::::: 
12.2 0.394 7 2.27 34 0.180 4 0.346 6 1.89 29 4.23 91 s::, 

;:s 
13.7 0.767 13 4.93 74 0.241 3 0.282 3 0.828 14 0.931 19 

C) 
"' "' t s::, 
;:s .. 

Table II. 
"' Wind speed () = 15° () = 20° () = 25° .... .... 

(m/sec) Eu (103) N Ea(103) N Eu(I03) N Ea(103) N Eu(I03) N Ea(l03) N ;:; • 

3.7 13100 1137 2000 275 2110 387 184 23 
t:t, 
s::, 

4.6 28400 2428 36100 2632 7960 1200 1290 117 724 303 4.22 I 
,., 
;,,,.. 

6.1 22500 1941 26700 2458 4620 524 1940 227 918 374 9.8 5 ::: 
s::, 

7.6 8700 884 25200 2214 4020 714 3540 519 454 211 25.7 7 
.... .... 

9.1 4450 537 16400 1862 822 277 1200 388 419 159 72.3 29 
10.7 130 46 673 231 23.4 6 142 54 75.7 23 178 47 ~-
12.2 22 7 110 34 8.19 4 17.7 6 86.1 29 195 91 
13.7 35.7 13 312 74 15.7 3 13.3 3 43.1 14 41.7 19 

.... 
'° 
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Figure z. Pressure-amplitude ratios (upwind/downwind) versus wind speed for look angles of 15°, 
zo0 , and 25°, with the corresponding values of the shear coefficient, Cws, plotted across 
the top of the graph. 

j-th observation time, and by summing over j in the same manner as that used 
for the analysis of amplitudes: 

400 

A/= L'111n'. (5) 
n 

.d/ is a measure of the total backscattered energy (neglecting noise) at 
time (L1t)1 -



Pruitt, Marshall, and Goodman: .Acoustic Backscattering 

18 10 

17 

16 

15 

14 

13 

12 

II 

10 
·« 

o· 9 
;:: 

" Q: 

8 

"' Q: 

7 

"' 
6 

5 

4 

3 

2 

0 

20 

172 
t 

0 

SHEAR COEFFICIENT, c.,., a 10- 4 

30 40 50 60 

.,,, 
I 
0 0 0•25" 

<J 0•20" 

tl 0•15" 

70 

e 
----,l>---_()._-==-=·===•·:::!!;:-":£.,...-.~ft-c, 

80 

-l .. 2--3---4---,;-5--6--7--8--9--1 ....--+.-..... ....---',13--14,..... 

WINO SPEED, M/SEC 

51 

Figure 3. Energy ratios (upwind/downwind) versus wind speed for the look angles of 1 5°, 20°, and 
25°, with the corresponding values of the shear coefficient, Cws, plotted acroas the top of 
the graph. 

Just as R is defined as a ratio of amplitudes, we define R' = Eu/ Ed and list 
the values for Eu and E,i in Table II: 

R' is plotted in Fig. 3. 

E = 2,.A/(LJt)1-
; 

(6) 
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Figure 4. Idealized side view of wind waves and transducer showing how specular reflection takes 
place, from the windward side of the waves, at certain wind speeds. 

Results. Figs. 2 and 3 show a clear correlation between acoustic backscatter 
and the water-surface shear, Twa· For all look angles, the amplitude ratio, R, 
and the intensity ratio, R', are greater than unity for low-wind speeds, so that 
more acoustic energy is backscattered from the leeward side than from the 
windward side of the waves. Since only a few large specularly reflected echo 
pulses were observed on an oscilloscope monitor, this difference in the back-
scattered energy does not seem to follow because neither of the wave faces 
is a good specular reflector. Instead, the scope trace revealed numerous small 
echo pulses that occurred with the same repetitive rate as the frequency of the 
water waves passing beneath the transducer. Also, these small echo pulses were 
of the same size as those obtained from a gravel surface in an auxiliary experi-
ment, where the gravel size was approximately the same as the acoustic wave-
length. These facts indicate that the principle scattering centers on the water 
are the small capillary waves that are found primarily in the trough and on the 
leeward side of the wave. 

As the wind speed is increased, the ratios R and R' decrease until they 
cross over from values of more than one to values of less than one. These 
crossover values for the look angles 15°, 20°, and 25° occur for the respective 
wind speeds of 4.6, 8, and 10.4 m/sec. For wind speeds that are slightly greater 
than these intermediate values, more acoustic energy is scattered back to the 
transducer from the windward face of a wave than from the leeward face, 
because the windward face is generally perpendicular to the transducer normal, 
so that specular reflection takes place when the transducer is looking down-
wind (see Fig. 4). When the transducer is looking upwind, the area of insoni-
fication is the leeward face, and the small capillary waves are still the back-
scattering centers. 

Further increase in the wind speed increases the wave height so that the 
slope of the wave face is increased. This increase in the slope of the wind-
ward face results in less specular reflection as the windward face departs from 
a parallel relation to the transducer face. However, the leeward side of the 
wave still possesses the small ripples that are backscatter centers, as before. 



1969] Pruitt, Marshall, and Goodman: Acoustic Backscattering 53 

Table III. 

Wind speed 
r-8= 15° ~ 

amp o/o ,-8 = 20° , ,-8 = 25° , 
(m/sec) ratio, R uncertainty R 0;0 R o/o 

3.7 5.04 11.27 10.3 23.3 
4.6 0.864 9.46 5.56 13.3 226 100 
6.1 0.818 9.57 2.23 12.1 82.8 46.7 
7.6 0.351 9.90 1.17 24.8 16.8 39.4 
9.1 0.275 10.3 0.698 11.9 5.89 22.1 

10.7 0.211 18.5 0.154 44.0 0.395 27.0 
12.2 0.174 42.4 0.520 65.2 0.447 23.3 
13.7 0.155 31.5 0.855 82.4 0.889 36.4 

Table IV . 

Wind speed 
r-8=15° ~ 
energy o/o ,-8 = 20° , ,-8 = 25° , 

(m/sec) ratio, R' uncertainty R' o/0 R' O/o 
3.7 6.55 14.9 11.5 25.3 
4.6 0.788 13.6 6.17 16.5 172 IOI 
6.1 0.843 13.6 2.38 15.5 93.7 46.9 
7.6 0.343 13.9 1.13 26.7 17.3 46.0 
9.1 0.271 14.2 0.684 15.5 5.78 24.1 

10.7 0.193 19.7 0.166 45.0 0.426 28.7 
12.2 0.200 43.6 0.463 65.9 0.442 26.5 
13.7 0.114 32.9 1.18 82.8 1.03 41.6 

Hence, this increase in the amplitude and energy received by the transducer 
when the transducer is looking downwind increases slightly the ratios R and 
R' from some minimum value that was obtained with an intermediate wind 
speed. 

The values of amplitude ratio, R, determined in this investigation, and their 
respective uncertainties are tabulated in Table III. Table IV lists the values 
of energy ratio, R', together with their respective uncertainties. Note that the 
larger uncertainties correspond to the larger look angles and higher wind 
speeds where the backscatter and the actual number of pulses received are small. 

Conclusions. This investigation indicates that, at low wind speeds (when 
the backscattered pressure and energy ratios, Rand R', respectively, are greater 
than unity), the water-surface shear can be measured indirectly in a flume by 
backscattering in air. Knowledge of one of these ratios and of the look angle, 
0, can give graphically a shear coefficient from which the water-surface shear, 
?"w8 , can be calculated according to eq. (3). 

Except for small grazing angles, an acoustic wave backscattered from above 
the water surface better characterizes that surface than an acoustic wave back-
scattered from below, principally because of surface shadows and multiple re-
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flections in the latter case, as discussed by Med win ( 1967 ). However, a more 
complete description of the backscattering asymmetry given by the correlations 
of Twa with R and R' would be provided by the companion experiments with 
the transducer below the water surface, taken together with these results. 

The experimental technique for data collection and analysis described here 
and in more detail by Marshall and Pruitt (1967) is applicable to the general 
problem of acoustic backscattering. Such a technique could be applied, for 
example, to the problem of reverberation in the ocean . 

.Acknowledgment. The authors are indebted to R. E. Bunney, J. G. Hanse, 
and J. R. Smith, who assisted with the experiments. 
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