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Purpose. The aim of the work is to evaluate the contrasts between the two-dimensional spectra of 
the short wind waves on a clean sea surface and on the surface covered by a thin film of vegetable oil. 
The contrast angular dependence, which is still not understood, is of particular interest. The study is 
intended to widen the base of empirical notions of wave suppression on the surfactant films in field 
conditions. Its results may be useful both for theoretical modeling the short wind wave spectra, and 
for developing the methods for remote monitoring of the ocean. 
Method and Results. The contrasts were assessed by analyzing the sea surface photographs taken 
from the Platform of the Black Sea hydrophisical subsatellite polygon (Katsiveli) during 
the specialized experiments aimed at obtaining artificial slicks using vegetable oil spills. The applied 
in the study simple method for estimating the contrasts is based on the assumptions of a linear 
relationship between the brightness and the sea surface slope, and of the invariability of 
the brightness – slope transfer function at transition from a clean sea surface to a slick. In contrast to 
the previously applied methods, this approach makes it possible to obtain the contrasts varying both in 
wavenumber and direction. Obtaining the estimates of the shortest wave characteristics usually 
constitutes the utmost technical difficulty. In the work, the spectral contrasts are evaluated for the wind 
waves whose lengths are from ~ 20 to ~ 1 cm.  
Conclusions. At moderate wind speeds (6–8 m/s), the obtained contrasts increase monotonically with 
the wavenumber up to the values ~ 10. Under calm conditions (wind speed 0.5 m/s), the spectral 
contrast maximum (~ 30–50) is observed at the wavenumber peak ~ 100 rad/m that is qualitatively 
confirmed by the estimates from a string wave gauge. These results are consistent with the previous 
measurements performed by the other authors. The two-dimensional contrast distributions are 
anisotropic with the maximum in the direction perpendicular to the wind one. At moderate winds, 
the anisotropy increases with growth of a wavenumber. 
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Introduction 

Films on the sea surface remain a phenomenon intensively studied in marine 
hydrophysics, marine biology and ecology [1–5]. The study of surface-active 
substances (SAS) films of anthropogenic origin as a marine pollution indicator is 
necessary for the development and improvement of satellite monitoring systems for 
unauthorized oil spills, especially the consequences of accidents on oil platforms and 
ships [6–9]. Natural films of biological origin are interesting as indicators of 
bioproductivity and eutrophication zones [2, 10]. The sea surface smoothing (slicks) 
generated by them visualizes the features of currents, internal waves and 
convergence zones [1, 11–13]. 
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SAS films change the surface tension of water and the elasticity of the sea 
surface; therefore, they can be used as a tool for studying phenomena at the water – 
air interface. Since the thermodynamic properties of films of such substances as, 
for example, fish oil, vegetable oil, oleic acid, have been studied in 
laboratory conditions, they are used to create artificial slicks in the sea and wave 
tanks in order to set up targeted experiments for studying the process of 
film spreading, mechanisms of formation of short waves and wave breaking, 
the effect of the sea surface roughness on the air flow, etc. [1, 5, 14–17]. 

Spectral contrasts )(kK – the ratio of the short waves’ spectra in the absence 
of a film and in a slick, depending on the wave vectork , carry important 
information in these experiments. A simple theoretical model relating to the 
damping of short waves caused by the film was proposed in [1, 18 and 19]. Field 
measurements of spectral contrasts using an optical scatterometer are described in 
[18, 19]. Radar measurements of spectral contrasts on artificial slicks in the sea, 
created using various SASs, were carried out from aircraft [20], satellites [4, 21–
23], vessels and platforms [1, 4, 24 and 25]. As a result of experimental and 
theoretical studies, a characteristic form of the spectral contrast dependence on the 
wave number was established [1, 24 and 25], while their dependence on azimuth 
relative to the wind direction remains not entirely clear. Knowledge of the 
azimuthal dependence is especially important for the interpretation of radar images 
of films [4, 22, 23 and 25]. 

The present paper continues field studies of spectral contrasts on artificial 
slicks. Contrasts were evaluated based on the processing of sea surface 
photographs. This method, in relation to those listed earlier, has the advantage that 
it permits to obtain a two-dimensional picture of contrasts immediately, i.e. their 
dependence on both the wavenumber and azimuth. 

Spectral Contrast Assessment Method 
According to numerous studies [14, 26–29], the assumption of a linear 

relationship between the radiance and the surface slope is fulfilled for the sea 
surface. Therefore, the spectrum of sea surface elevations SH can be obtained by 
multiplying the brightness spectrum of the SB photograph by the modulation 
transfer function (MTF) [28–32]: 
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where yx GG ,  are constants that require calibration of the method to obtain. Such
a calibration, for example, in [28, 29, 32] was carried out by analyzing 
the smoothed sun glint brightness field, in [33, 34] – by iterative fitting of the 
satellite image brightness field and its complete physical model. 

Despite the wide practice of successful application of the method in scientific 
research, theoretical analysis of its errors carried out in [35–37] indicates a number 
of significant limitations associated with nonlinear effects and inhomogeneity of 
constants within the considered image of the sea surface. For the purposes of this 
study, it is important that in works [31, 38], using photographs taken from 
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the platform of the Black Sea hydrophysical sub-satellite polygon (Katsiveli), 
the method was applied to assess the spatial spectra of short waves at different 
wind speeds. Similar estimates of the spatial spectra of short waves near California 
[39], obtained using video recording with a polarimetric camera in the framework 
of a fundamentally different approach to assessing surface slopes [40], fully 
confirmed the conclusions [38] about the level of the short-wave spectrum and its 
dependence on the modulus and azimuth of the wavelength vector k ; therefore, in 
the present paper, the equation (1) will be applied to estimate the spectral contrasts 
of slicks. 

In [31, 38], stereo photography data was used to calibrate the method. Stereo 
processing of sea surface images is possible only if there are markers on it – short-
wave ripple trains. The ripple is suppressed by the film in the slick region; 
therefore, in the present study, the technique [31, 38] cannot be fully applied. 
At the same time, the MTF is determined mainly by the lighting conditions and 
the geometry of the observation (see, for example, [26, 35]). If they are assumed to 
be the same for a slick and a clean surface, then the MTF value remains 
unchanged. In this case, as follows from formula (1), the MTF will not be included 
into the expression for spectral contrast, which can be found using only 
the brightness spectra: 

( ) ( ) ( ) ( )slick0slick0 )(/)()(/)()( kkkkk BBHH SSSSK == ,       (2) 

where indices 0 and slick refer to a clean sea surface and a surface covered with 
a film, respectively. 

Formula (2) permits to reconstruct spectral contrasts from photographs of 
the sea surface. However, as follows from formula (1), the MTF is singular in 
the directions of the wave vector satisfying the condition 0=+ yyxx kGkG . For
these directions, the brightness spectrum is formed by nonlinear mechanisms [31, 
35]. Accordingly, the described method cannot provide spectral contrasts in 
the vicinity of these directions. 

Experiments 
The experiments were carried out from the oceanographic platform of Marine 

Hydrophysical Institute (Katsiveli) in 2009–2011 by forming artificial slicks using 
a thin film of vegetable oil. Spilling of vegetable oil from a boat or from a platform 
was carried out taking into account the direction of the wind and current so that 
a slick spot with a typical size of 20–30 m passed through the observation field of 
a camera located on the platform. A digital camera SONY DSC-R1 was used to 
make photos. The measurement series, lasting 10–15 min with a stationary camera, 
included several tens of photographs of the sea surface in and out of the slick 
(Table). Camera settings excluded automatic correction of image brightness, color 
and contrast. According to the known shooting parameters (height and view angle, 
focal length and physical dimensions of the matrix), the images were subsequently 
linked to the middle plane of the sea surface. The view field of the camera, located 
at a height of 4.3 m, had the form of a trapezoid with typical base dimensions of 
2.3 and 3.3 m. The camera resolution was 3888 × 2592 pixels, which at a shooting 
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height of ~ 4 m and an angle to the horizon of 30º corresponds to the average 
resolution on the sea surface of 1–2 mm. Simultaneously, measurements of sea 
surface elevations were carried out using a string wave recorder located 10–15 m 
from the camera observation area, as well as measurements of wind speed and 
direction on the platform mast at a height of 21 m. More detailed information on 
the method of forming slicks is given in [15, 17], on the physical properties of 
a thin film of vegetable oil – in [1, 17], on the used means of measuring wind and 
waves – in [17, 41]. 

The table below provides information on experimental conditions, including 
average wind speed (U) and significant wave height ( )SH ; to characterize 
the stability of wind conditions during the experiment, which is necessary for 
the correct comparison of the spectra in pure water and in slicks obtained with 
a time shift of 10–20 min, which the standard deviations of the wind speed ( )Uδ
and direction ( ).δφW  are indicated for. 

Experimental conditions 

Experiment 
number Date, time U, m/s δU, m/s °,δφW  HS, m 

Number of 
images 

(background/ 
slick) 

1 13.10.2009, 10:05–10:22 7.8 0.3 2.2 0.49 68/28 

2 13.10.2009,10:24–10:42 7.9 0.2 2.5 0.53 46/29 

3 24.08.2010, 15:48–16:24 0.5 0.1 9.8 0.42 18/60 

4 01.10.2011, 11:55–12:30 7.4 0.5 38 0.27 72/69 

5 07.10.2011, 11:30–12:10 6.7 0.3 9.4 0.30 74/63 

Examples of fragments of images of a clean sea and a film-covered sea surface 
covered with a film for moderate wind speed (experiment 1) and almost calm 
conditions (experiment 3) are shown in Fig. 1. On a clean surface, ripples and 
numerous systems of capillary waves are observed, while the surface in a slick 
is smoother. Separate trains of capillary waves are found in many slick images 
in experiment 1, but their number is much less than in images of a clean 
surface. At low wind speed, short waves are practically absent in the slick. The 
insets show enlarged fragments of images – a train of parasitic capillary waves 
(Fig. 1, c), confirming the presence of such waves at a low wind speed, and 
concentrically diverging capillary waves from a fishing line accidentally 
caught in the frame (Fig. 1, d), confirming that the absence of ripples in the 
frame is not caused by camera defocusing. 
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F i g.  1. Photographs of a clean sea surface (a, c) and a slick-covered surface (b, d) for moderate (a, 
b, experiment 1) and low (c, d, experiment 3) wind speeds 

 
Spectral contrasts 

The photographs of each measurement series were separated into RGB 
components. The images of the green channel, the least susceptible to hardware 
noise, since most modern cameras use a Bayer filter consisting of 25% red, 25% 
blue and 50% green elements [42] will be considered below. After pixel-by-pixel 
binding to the coordinates on the horizontal plane at the level of the undisturbed 
sea surface, a two-dimensional Fourier transform was performed for the brightness 
fields of three partially intersecting square areas with a size of 1.5 × 1.5 m, 
overlapping the view area. The brightness spectra were estimated in a standard 
way: )()()( * kkk bbSB =  (see, for example, [43]), where )(kb  are the Fourier 

components of the brightness; the asterisk means complex conjugation, and 
the averaging was carried out over these areas for all images related to a slick or to 
a clean surface. 

Fig. 2 shows an example of two-dimensional brightness spectra obtained 

inside and outside the slick area. Spectra BB SkB 2= are shown that give 

the luminance display of the Phillips saturation spectrum )(4 kHSkB = . The spectra 

are plotted on the decibel scale )/(log10 max10 BBB⋅ , where maxB is the maximum for 
both spectra. When using the MTF, the saturation spectrum turns out to be 
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multiplied by )φφ(cos2
G− , where φand Gφ are the directions of the vectors k and

G  (see formula (1)). As is known (see, e.g., [38]), outside the slick, the saturation 
spectrum level takes visually comparable values in the entire considered range of 
wavenumbers. This is what can be seen in Fig. 2, a. In slicks, the short-wavelength 
part of the spectrum is suppressed by the film, which is clearly shown by 
comparison of Fig. 2, a, 2, b. These figures also show the typical angular shape of 

the brightness spectra associated with )φφ(cos2
G− . The minimum brightness

values are achieved at 2/πφφ ±=− G  (shown by solid lines in Fig. 2, a, 2, b).
The orientation of the picture is the same outside the slick and inside its area, 
which confirms the assumption that the MTF remains unchanged. 

F i g.  2. Brightness saturation spectra in experiment 4: a – background; b – slick; c – spectra 
)φ,(kkBВ  in a slick along 2/πφφ += G  (blue) and Gφφ =  (red) transects. Solid straight lines 

indicate the direction 2/πφφ ±=− G , dotted line (b) – the working area 

A significant limitation of the considered approach to the assessment of 
contrasts is associated with the presence of noise, which, with a decrease in 
the spectral density of waves under slick conditions, turns out to be comparable in 
level with the useful signal. Sources of noise, other than the hardware ones, are 
spatial irregularities in illumination, wave breaking and their consequences in 
the form of floating bubbles, sunbeams, as well as effects associated with deviation 
from the linear law (formula (1)) during the surface brightness formation by wave 
slopes. To minimize noise, photographs were always taken in an area remote from 
the sun glint zone, and photographs that had fragments of whitecaps were rejected 
by visual inspection. To get an idea of the spectral noise level, a section of 

the brightness spectrum in a slick along the direction 2/πφφ ±=− G  where,
according to formula (1), there is no useful signal, is to be considered. An example 
of spectrum cross section )φ,(kkBВ along the line shown in Fig. 2, b is given in 
Fig. 2, c, which also shows the cross section of the spectrum in the perpendicular 
direction. As the wavenumber increases, the noise level becomes comparable to 
the total signal level. Therefore, further analysis will refer only to the spectral 
regions in the slicks, where the total signal exceeds the noise level at least twice. 
Hereinafter, we will refer to such areas of confidence in signals as working area. 
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An example of a working area is shown in Fig. 2, b. Note that such an analysis for 
the blue and red components of the RGB image gave the working areas of 
a significantly smaller size than for the green component. 

Fig. 3 shows the spectral contrasts (formula (2)) in the working areas for all 
experiments. At moderate wind speeds, the contrasts increase with – 
the wavenumber, reaching values of ~ 10 at the boundaries of the working areas at 
k ~ 500 rad/m. Under conditions close to calm (experiment 3, Fig. 3, c), 
the maximum contrast is localized not only in angle, but also in wavelength, and 
reaches values of several tens. Experiments 1 and 2 were carried out under 
practically the same wave conditions, but shifted in time, which led to a change in 
illumination conditions and a corresponding turn of the vector G in the MTF. As 
a result, the working areas in these cases complement each other, clarifying 
the angular dependence of the contrast. As follows from the entire set of figures, 
the maximum contrasts are achieved in the directions of the waves, approximately 
perpendicular to the direction of the wind. 

F i g.  3. Spectral contrasts in the working areas for experiments 1–5 (a – e, respectively). Lines 
indicate the average wind direction 

Discussion 
Fig. 4, a shows the dependences of the contrasts on the wavenumber at 

moderate wind speeds for experiments 1 and 5. The azimuth-average and 
maximum field contrasts determined within the working regions are shown. 
The figure also gives a generalized array of various data on contrasts on 
a vegetable oil film at wind speeds of 6–8 m/s. These data are taken from Fig. 7 
and 9 in [24]. Curves for experimental series 1 and 5 are consistent with known 
empirical information. However, similar curves for experiments 2 and 4 (not 
shown in the figure) demonstrate approximately half the contrasts. A possible 
reason for this is the above-mentioned noise, which is added to the spectrum of 
brightness fluctuations caused by waves, which can lead to a significant 
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overestimation of the spectrum in the slicks and, accordingly, to 
an underestimation of the contrast. 

F i g.  4. Dependence of the mean and maximum spectral contrasts on a wavenumber at moderate (a) 
and low (b) wind speeds in experiments 1, 3, 5. Comparison with the data from the wave gauge and [1, 
24] 

Fig. 4, b shows the dependences of the mean and maximum spectral contrasts 
on the wavenumber for low-wind speeds (experiment 3), demonstrating a well-
pronounced peak. In [1] it is noted that a similar contrast peak was observed in 
a weak wind for an oleic acid film (OLE, black crosses in Fig. 4, b). In this work, 
a peak dependence was obtained for a vegetable oil film. Fig. 4, b also 
demonstrates the contrasts calculated from the wave gauge data, obtained during 
experiment 3. It was used to estimate the frequency spectra of the waves for pure 
water and slick. The frequency spectra conversion )ω(HS  into spectra by wave 
numbers )/ω)(ω()( dkdSkS HH = was carried out using the dispersion relation for 
linear gravitational-capillary waves 

ρ/ω 3Tkgk += , 
where ω  is the circular frequency; g  is the gravity; ρ  is the water density; T  is the 
surface tension coefficient equal to 73 · 10−3 N/m for pure water, 32 · 10−3 N/m –
for used vegetable oil [17]. In Fig. 4, b, the spectral contrast, estimated directly 
from wave measurements, also demonstrates the dependence in the form of a peak. 
The similar peaks were repeatedly obtained by wave recorder in the field 
experiments with oleic acid films under almost low-wind conditions. 
Unfortunately, in such films, white flakes form on the surface of the water, which 
interferes with the assessment of contrasts using photographs. It should be noted 
that a stationary wave recorder, as a rule, is not used to estimate the spectra of such 
short waves due to possible Doppler frequency shifts in currents and in the field of 
orbital velocities of long waves. In addition, for the used wave recorder design, 
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the noise level at frequencies over 1 Hz, apparently, is comparable to the wave 
spectrum level in the slicks [41], which, as in the case of photographs, should lead 
to a significantly contrast underestimation. Thus, the spectral contrast obtained 
with the wave recorder confirms the photographic data only at a qualitative level. 

F i g.  5. Azimuthal dependence of the spectral contrasts: а – field of the averaged normalized 
contrast KN (white line corresponds to the wind direction); b – smoothed angular profiles KN for 
the wavenumbers (from bottom to top) 100, 200, 300 and 400 rad/m 

Azimuthal dependence of the spectral contrast at moderate winds, which 
follows from the four fields of spectral contrasts (experiments 1, 2, 4 and 5 in 
Fig. 3), is difficult to determine, since the working areas in each experiment do not 
cover all azimuths. To show this dependence clearly, the contrast fields, 
normalized to their maximum values, were aligned and deployed in such a way that 
the wind direction in each case corresponded to the azimuth 0φ = . The normalized 

contrast NK at the overlapping points of the working areas was taken to be equal

to the average over the overlapping data. The resulting field NK  is shown in Fig.

5, a, in 5, b for detailing the picture, smoothed dependences )φ(NK for fixed
wavenumbers are shown. This figure presents a clear azimuthal contrast anisotropy 
with a minimum in the wind direction and an increase in contrast in the transverse 
directions. The angular difference in contrast increases with the growing 
wavenumber. 

Noted regularities of the spectral contrasts distribution correspond to 
the known theoretical concepts. Growth of contrasts with an increase in 
the wavenumber at moderate winds is predicted by the simplest theoretical model 
of suppression of short waves in slicks [1, 25]. Localized contrast maximum at low 
winds reflects the theoretical conclusions following from the Marangoni effect 
consideration [1]. Anisotropic distribution of contrasts can be explained by 
the following general considerations. The energy input from the wind to the waves 
is carried out mainly in the directions close to the one of wind [44]. In these 
directions, accordingly, the maximum values of the spectral density of short waves 
are observed (see, for example, [38]). Waves propagating across the wind can only 
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be generated by nonlinear mechanisms of wave interaction: resonance interactions 
[45], generation of short waves when breaking longer waves [46], generation of 
parasitic ripples on the crests of short waves and possibly other effects. With 
a decrease in the spectrum level in a slick, the intensity of nonlinear processes 
decreases to a greater extent than linear wind pumping, i.e., the generation of 
waves in directions approximately perpendicular to the wind direction is 
suppressed; therefore, for such directions, the greatest spectral contrast takes place. 

Conclusion 
Spectral contrasts of short wind waves in artificial films of vegetable oil 

were estimated in field conditions using a series of photographs of the sea surface.
The estimation method assumes a linear relationship between brightness 
fluctuations and surface slopes, which implies a conceptually simple way of 
obtaining contrasts using only standard spectral processing of photographs. This 
method implements the idea of simultaneous spectral contrasts obtained in a wide 
range of both module and directions of wave vectors of short waves. 

Processing of photographs with vegetable oil films taken in field experiments 
showed that, under moderate winds, the dependence of the contrast on 
the wavenumber is monotonic and corresponds to the known data, while under low 
winds it has a resonant character with a peak at wavenumbers ∼ 100 rad/m. At 
the same time, the contrast distribution anisotropy was revealed: the contrasts are 
minimal at angles close to the wind direction and grow when deviating from it. At 
moderate winds, the anisotropy increases with wave number. 

The described method for assessing spectral contrasts can be applied in 
specialized hydrophysical experiments, in particular, for obtaining rapid estimates 
of contrasts when measured using more subtle methods. The obtained experimental 
results can be of interest for theoretical modeling of the short wind waves spectra 
and for determining the assessment of the SAS film effect on them. 
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