Detection of oil OCEANOLOGIA, No. 32
pp. 29-40, 1992.

derivative substances PL ISSN 0078-3234
on a sea surface Scattering of acoustic signals

. - - Statistical analysis
by statistical analysis Water pollution
of scattered acoustic Gravity waves
signals*

S. Saeid Khalifa, Bogumi+ Linde,
Stanistaw Pogorzelski, Antoni Sliwinski
Institute of Experimental Physics,

University of Gdansk,

Gdansk

Manuscript received October 28, 1991, in final form May 15, 1992.

Abstract

The statistical amplitudes of ultrasonic signals scattered from clean sea surfaces
and surfaces contaminated by crude oil films with different in situ physical pro-
perties are described by means of the probability density function of the scatte-
red signal amplitude distribution. The scattered signals data in specular geome-
try were collected at a carrier frequency of 10 MHz. The fluctuation coefficient
V ~ a measure of the signal amplitude variability - and the parameters Ai and A2
~ the asymmetry and flattening coefficients - describe the deviation of the stati-
stical distribution from the normal in the presence of oil films and are referred to
those coefficients obtained from clean surface scattering.

1- Introduction

Experimental investigations of the scattering of an acoustic beam from
a rough surface statistically described by its r.m.s. roughness, height stan-
dard deviation (h.s.d.) and probability density function (p.d.f.) has been
much discussed (Clay and Medwin, 1970; Clay et al., 1973; Medwin and
Clay, 1970; Welton et al., 1972). Pogorzelski et al. (1988) investigated the
scattering of high frequency acoustic waves from a water surface covered
with oil films and they studied these statistical parameters on the basis of
laboratory measurements (Pogorzelski, 1989, 1989a).

* The investigations were carried out as part of the research programme CPBP 02.03,
co-ordinated by the Institute of Oceanology of the Polish Academy of Sciences.



The capillary surface waves generated produced a random surface, and
the acoustic signal scattered by the surface was also of a random nature.
This can be described quantitatively by means of the statistical moments of
the signal amplitude distribution. The scattered coefficient of acoustic waves
under such conditions depends on the mean square slope of the surface (Clay
and Medwin, 1970; Clay et al., 1973; Medwin and Clay, 1970). The presence
of an oil film on the sea water surface alters the damping mechanism of the
propagation waves, particularly for short surface waves.

The statistical parameters chosen for discussion in this paper when ultra-
sonic signals are scattered from clean sea surfaces and surfaces contaminated
with oil derivative films with different in situ properties are the following: a
- the mean amplitude, rj - the fluctuation coefficient, A\ - the asymmetry
coefficient, Ai - flattening coefficient (Pogorzelski, 1989a, 1990a,b).

2. The statistical parameters of an acoustic signal scattered
at a rough surface

A rough surface is described by a statistical statement of the root mean
square (r.m.s.) roughness, the probability density function (p.d.f.) and the
statistical correlation function of surface heights (Marsh et al., 1961; Ogilvy,
1987). The first order of the probability density function of a random surface
is assumed to be Gaussian.

The significant characteristics of the fluctuations of the scattered acou-
stic signal, i.e. the auto-correlation function, the magnitude of amplitude
fluctuations and the form of the probability density function, depend on the
value of the Rayleigh parameter (Clay and Medwin, 1970, 1977; Medwin and
Clay, 1970)

Ra = 2kh cos 9, (1)

where

k = 2ae/X - the wave number of the acoustic wave,
h - height of surface irregularities,

9 - incident angle of the acoustic wave.

The probability density function of the resultant acoustic wave ampli-
tude (a) was developed by Rayleigh for Ra> 1. In practice, the high di-
stribution is assumed to be non-linear or Gaussian, in accordance with the
following expression (Beckmann and Spizziching, 1963; Marsh et al., 1961;
Pogorzelski et al., 1986; Pogorzelski, 1990a; Welton et al., 1972):

p(a) = -1 exp —a2/2cr2. (2)
<z [
For iia < 1 the surface is relatively smooth, the statistical distribution

signals have a Gaussian Pg(u). The specular scattered relative pressure



amplitude will yield a Gaussian probability density function of the form
(Leonard, 1970; Medwin, 1967; Welton et al., 1972)

Pc(a) = (2,)W 6XP_a2/2(j2'

The consequence of the non-linear properties of the sea surface can be
accounted for as the participation of the consecutive terms of the Gram-
Charlier series of the surface elevation statistical density function (Clay and
Medwin, 1964, 1970; Clay et al., 1973; Medwin and Clay, 1970)

p(a) = (27rm2)i/2exp”~cr2/2 1+ m*~4 + .. (4)

where

#3 and llg - are third and fourth degree Hermit polynomials given in the
following forms:

113 — cr3 — 3cr,
114 = a4 - 6¢cr2- 3, (4a)

where a is the standard deviation computed from experimental data, and
n2>m3, are the second, third and fourth central statistical moments
respectively.

A good approximation of the experimental distribution is obtained by
expanding the Gaussian distribution into the Gram-Charlier series up to
the fourth statistical moment. The probability density function of the po-
lynomial distribution has the following form (Clay, 1966; Clay and Medwin,
1964; Clay et al., 1973; Medwin and Clay, 1970; Pogorzelski, 1989a):

P(o)= 1-~A1H3+ ™A 2H4(m) (2Tji/2ffexp(-a2/2g) , (5)
where
~1 = rn™/a3 - the asymmetry coefficient,
~2 = mN/crA—3 - the flattening coefficient,
7~ aZa - a normalized random variable.

Parameters A\ and A2 can be described in a non-regular manner as
the deviation of the experimental distribution from the Gaussian one in
which the mean amplitude and the standard deviation are introduced from
experimental data.

The fluctuation coefficient is a measure of the signal amplitude varia-
bility and is defined by (Clay and Medwin, 1977; Pogorzelski, et al., 1988;
Pogorzelski, 1989, 1989a)



where

a - the mean amplitude.

The intensity of the acoustic signals is given by the acoustic pressure and the
voltage amplitude of the scattering signal (Clay and Medwin, 1964; Marsh
et al., 1955)

< ls>~< Ps>~ A2, (7)

At a high frequency range, the scattering function of acoustic waves depends
only on the mean square slope of the surface. However, the intensity of scat-
tered high-frequency signals depends on the slope of surface irregularities;
the specular forward scattering is expressed by

<lIs>=< PP*>~ (JiJ

3. Experimental conditions

The measurements were performed in the Naval Port, Gdynia, using
10 MHz ultrasonic signals. The block diagram of the experimental arrange-
ment is shown in Figure 1.

The transmitting T and receiving R ultrasonic quartz transducers were
situated on the supports of a free floating buoy at a depth of about 6 cm
below the sea surface. The horizontal distance between the two transducers
was about 13 cm.

The electrical part of the set-up was located on the sea shore and con-
nected to the buoy by 50 m cables. The ultrasonic transducer operated
under water with pulses in a frequency regime of 3 KHz repetition and
produced a series of pulses lasting several microseconds. The incident
angle of the acoustic beam was 60° and signals scattered from the sur-
face were recorded in a specular direction from the clean and contaminated
sea surfaces. To obtain the probability density function of the amplitude
fluctuation, the signals were tape-recorded as 200 second segments of the
acoustic wave using a level Briiel & Kjaer 7003 recorder. The sea-level wind
velocity was measured with an anemometer for each film-covered surface.
The wind velocity, which was nearly constant, is given in Table 1 for both
clean and oil-covered surfaces. During the measurements the sea tempera-
ture was 285 K and the air temperature above the water was 284.5 K. The
recorded acoustic signal segments were played back using a Briiel & Kjaer
4420 statistical distribution analyser, which measured the amplitude every
0.1 second when a generator produced short pulses, each of which could
cause the counter, or counters, to register one more digit. Every pulse was
recorded by the Period Counter (total register), and at the same time, by
the 12 channel counters when the total count number N was distributed in
12 channel counts, i.e.
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Table 1. The statistical parameters measured for a clean sea surface and one
covered with oil films under natural conditions

Qil a a a=q Aj= 2r A2=g-- 3 Wind

substance m2 — cr2 speed
[u, m-s

Clean

sea 0.11377 0.01746  0.15349 0.8402 0.55336 17

surface

Selectol

plus oil 0.11386 0.07897  0.15717 0.66861 0.11169 2.0

Contamination

sea 0.10568 0.01279 0.12102 0.30140 -0.17951 2.3
surface

Gasoline

86 film 0.13255 0.01214  0.09159 -0.12459 -0.16701 2.0.
Gasoline

94 film 0.01123 0.01165 0.10374 0.15574 -0.211438 2.2
< - standard deviation,

a - mean amplitude,

77 - fluctation coefficent,
A\ - skewness coefficient,

A2 - peakedness coefficient.

N = N1+ N2+ N3+ ---+ N1i. 9)

The probability density function of the signal distribution was measu-
red on the basis of 1800 counts. The samples were sorted into 12 channel
amplitude high analysers to obtain the acoustic signal distribution.

The ultrasonic beam generated by a directional transducer with narrow
characteristics irradiated a given surface area (A). The irradiated area
formed an elliptical slope of A = «XY = 0.645-10 -4 m2, where X =
1.3cm and Y —0.6 cm (Pogorzelski, 1989a). In order to obtain the Rayleigh
parameter value, the local value of the angle ofincidence of the acoustic wave
and the surface height were introduced into equation (1).

In this investigation the Rayleigh parameter Ra is equal to 106.08 >> 1
when the wavelength of the acoustic signals A= j = 1.48 - 10~4 m, assu-
ming that ¢ = 1480 m-s-1 and / = 10' Hz. Capillary surface waves of
frequency 30 Hz have a wavelength of 1.2 cm (Willard, 1959).

The large Rayleigh parameter obtained here is the result of the scattering
of high-frequency, short wavelength acoustic signals from capillary surface



Fig. 2. The platform used in the experiment under natural conditions

waves. The scattering measurements were carried out for both clean sea
surfaces and surfaces covered with alayer of Gasoline 94, Gasoline 86, second
hand engine oil (Selectol plus) and a surface contaminated in situ.

The oil substances were dissolved in hexane before being spread onto the
sea surface; the film moved along with the surface water flow. The platform
used in this investigation is shown in Figure 2.

4. Results and discussion

The coefficients Ai and Ai describe in a regular manner deviations of
the experimental distribution from the theoretical Gaussian one, in which
the main amplitude a and the standard deviation a were introduced from
experimental data (Pogorzelski, 1990a,b, 1991). The statistical parameters
°f the scattered acoustic signal distribution from the clean sea surface and
the oil-covered surface were recorded under natural conditions (Tab. 1).

The spectral range of the signal fluctuations is linked with the properties
°f the acoustic system used, especially with the ratio of the irradiated surface
area to the length of the surface waves. Figures 3, 4, 5, 6 depict examples
°f probability distributions P(a) of amplitudes of acoustic signals scattered
from clean and oil-covered sea surfaces. In order to facilitate the comparison
between the experimental and theoretical distributions, both the main



Fig. 3. Normalized probability density function of a clean sea water surface and in
the presence of a Selectol plus oil film in the open sea, measured by acoustic signal
scattering in the Gulf of Gdansk

Normalized random variable Im]

Fig. 4. Normalized probability density function of a clean sea water surface and a
contaminated one under natural conditions, measured by acoustic signal scattering
in the Gulf of Gdansk



Fig- 5. Normalized probability density function of a clean sea water surface and
one covered with a Gasoline 86 oil film under natural conditions, measured by an
acoustic method in the Gulf of Gdansk

Fig- 6. Normalized probability density function of a clean sea water surface, and
one covered with a Gasoline 94 oil film under natural conditions in the Gulf of
Gdansk



amplitude (a) and the fluctuation coefficient (77) were computed from the
experimental data, and the signal distribution is presented as
a function of a normalized random variable (see also Pogorzelski, 1990a,
1991).

An acoustic signal scattered at clean and oil-covered sea surfaces made
rough by the presence of short surface waves is of such a statistical character
that can be quantitatively described by the statistical moment of the signal
amplitude distribution.

The systematic change in sea surface roughness resulting from the pre-
sence of the oil films is revealed in corresponding changes in the values of
the statistical parameters in comparison with the reference clean sea sur-
face. Table 1 presents parameters A\ and A2 in the presence of oil films of
different physical and physico-chemical properties, which exhibit significant
damping-mechanism differences on the short surface waves (see Pogorzelski,
1990b, 1991).

The parameter A\ is negative in the presence of a Gasoline 86 oil film
and displays left-hand asymmetry; A\ is positive in the presence of the other
oil films, and displays right-hand asymmetry (Figs. 3, 4, 5, 6).

In the presence of Gasoline 86 and in the case of a contaminated sea
surface the flattening parameter A2 is negative, which indicates that the
distribution is lower than the Gaussian one, i.e. the presence of such oil films
flattens the distribution; A2 is positive only in the presence of the Selectol
plus oil. This indicates that it had a steeper than Gaussian distribution;
the fluctuation coefficient was higher in this case.

It may be concluded from the experimental curves that the presence of
an oil layer in the sea surface does not sig ificantly change the probabi-
lity density function (p.d.f.) of the scattered-signal amplitude distribution
(Pogorzelski, 1990a). However, it does lead to apparent changes in the
parameters referred to the clean water surface.

It can be seen from Table 1 that the mean amplitude for a surface covered
with a light oil film (Gasoline 94; Gasoline 86; and contaminated surface)
is low when the percentage error of the scattered signal amplitude is lower
than 10%. The second central moment m2, which may be represented by
the standard deviation a in the presence of Selectol plus oil, is greater than
that of light oil films and the clean sea water surface (for a more detailed
discussion, see Pogorzelski, 1991).
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