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Abstract

:

Microwave radar is a well-established tool for all-weather monitoring of film slicks which appear in radar imagery of the surface of water bodies as areas of reduced backscatter due to suppression of short wind waves. Information about slicks obtained with single-band/one-polarized radar seems to be insufficient for film characterization; hence, new capabilities of multi-polarization radars for monitoring of film slicks have been actively discussed in the literature. In this paper the results of new experiments on remote sensing of film slicks using dual co-polarized radars—a satellite TerraSAR-X and a ship-based X-/C-/S-band radar—are presented. Radar backscattering is assumed to contain Bragg and non-Bragg components (BC and NBC, respectively). BC is due to backscattering from resonant cm-scale wind waves, while NBC is supposed to be associated with wave breaking. Each of the components can be eliminated from the total radar backscatter measured at two co-polarizations, and contrasts of Bragg and non-Bragg components in slicks can be analyzed separately. New data on a damping ratio (contrast) characterizing reduction of radar returns in slicks are obtained for the two components of radar backscatter in various radar bands. The contrast values for Bragg and non-Bragg components are comparable to each other and demonstrate similar dependence on radar wave number; BC and NBC contrasts grow monotonically for the cases of upwind and downwind observations and weakly decrease with wave number for the cross-wind direction. Reduction of BC in slicks can be explained by enhanced viscous damping of cm-scale Bragg waves due to an elastic film. Physical mechanisms of NBC reduction in slicks are discussed. It is hypothesized that strong breaking (e.g., white-capping) weakly contributes to the NBC contrast because of “cleaning” of the water surface due to turbulent surfactant mixing associated with wave crest overturning. An effective mechanism of NBC reduction due to film can be associated with modification of micro-breaking wave features, such as parasitic ripples, bulge, and toe, in slicks.
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1. Introduction


Pollution of the sea surface is an imminent threat for the ecological state of open ocean, coastal zones, and inland waters. Remote sensing of marine films, both biogenic pollutions and oil spills, is aimed to identify the films and to quantify their characteristics, and is a very important and urgent problem actively discussed in the literature (see, [1,2,3,4,5,6,7], and references therein). This problem, however, is still far from a comprehensive solution. Microwave radar, as a day-and-night/all-weather tool, is particularly interesting for remote sensing of the sea surface. Slicks, associated with surfactants and/or mineral oil films can be easily detected, basically at low-to-moderate wind speeds, using both side-looking real aperture radar (RAR) onboard ships, aircrafts and marine platforms, and satellite synthetic aperture radar (SAR) (see, e.g., [4,5,6,7]). Film slicks appear in radar imagery of the sea surface as areas of reduced radar backscatter, and the latter is essentially a result of enhanced suppression of short wind waves.



One of the difficulties to resolve the problem is that mechanisms of suppression of wind waves by films are still not completely understood, particularly for crude oil films. Theoretical analysis has shown that the wave damping coefficient depends on physical characteristics of surface films, such as the surface tension and film elasticity (or viscoelasticity) for monomolecular surfactant films (see e.g., [8,9,10]), and on the surface and interfacial tensions and viscoelasticities, as well as the volume viscosity for oil layers of finite thickness (“thick oil films”) [11,12]. The physical characteristics for monomolecular organic films were experimentally investigated in detail in [13,14,15], while properties of ”thick” oil films have been studied insufficiently (see, [12,16]).



Another difficulty is how to correctly describe the action of films on short wind waves, keeping in mind that physical mechanisms of generation of wind waves, their nonlinear interactions and dissipation, and, hence, formation of the wind wave spectrum are poorly known and parameterized. As a result, existing models of the wind wave spectrum [17,18,19,20] are mostly empirical and cannot be considered as very reliable.



The third difficulty is that the very mechanisms of microwave scattering at the sea surface are still under investigation and existing models of radar returns cannot explain experiments properly. Conventional models, a Bragg scattering model and its extended version—a two-scale model (see, e.g., [21,22])—are unable, in general, to explain some important characteristics of microwave radar returns. In particular, it has been demonstrated in [23] when analyzing TerraSAR-X and Envisat ASAR VV-polarized images that reduction of radar return (radar contrast) in film slicks at incidence angles from 20° to 40°, and at low-to-moderate wind, is relatively weak (about 2–3 times) and almost independent both on incidence angle and film elasticity. A conventional composite radar model, taking into account Bragg (resonance) and specular (Kirchhoff) scattering mechanisms [21,22] has underestimated the radar contrast at incidence angles less than 25–30° and overestimated the contrasts at larger angles [23]. A possible reason of the model drawbacks is the existence of an additional component of radar returns, associated with breaking of wind waves, as it has been hypothesized in [24]. This hypothesis is supported, first of all, by the occurrence of strong “spikes” in radar returns, particularly in HH-polarization, which are not consistent with the Bragg scattering mechanism [25,26,27]. Secondly, experimentally measured values of a ratio of radar backscatter at VV and HH polarizations are smaller than those predicted by a two-scale model. The third inconsistency is that microwave radar Doppler shifts do not accurately correspond to the phase velocities of linear gravity-capillary Bragg waves. This may indicate that so-called bound or parasitic waves, which are generated by breaking waves, longer than Bragg ones, contribute to the radar Doppler shifts (see, e.g., [28,29,30]).



In [20] a physical radar model has been developed, following the hypothesis of [24], that the radar return is a sum of a Bragg (“polarized”) component and a non-Bragg (“non-polarized”) component, the latter appearing due to quasi-specular reflection from some facets on the profile of steep (breaking) waves. The non-Bragg component (NBC) has been described as similar to a Kirchhoff specular scattering model with some empirical coefficients. The latter have been introduced to make the model consistent with experiment, largely limited to C-band radar observations. It has been suggested in [31] to analyze different combinations of VV and HH signals, such as the polarization difference (PD) and polarization ratio (PR), thus eliminating either Bragg or non-Bragg backscatter components from the total radar return. The two components respond differently on non-uniform currents, low wind areas, slicks, etc., and potential capabilities to emphasize that one or the other surface signature in radar imagery can be realized. In particular, to develop more effective approaches to solve the problem of film slick remote sensing some observations with dual- and quad-polarized single-band radars have been carried out (see, e.g., [31,32,33]). In [32] where Radarsat (RS) and TerraSAR-X (TS) acquisitions of slicks were analyzed any noticeable effect of surface film on the non-Bragg component was not revealed. However, a significant reduction of NBC in films slicks was reported later in [33]. It was obtained in [33], based on analysis of Radarsat-2 observations, that NBC and BC contrasts in film slicks of different origin are comparable to each other.



A limitation of the experiments was the use of single band radars and poor knowledge of slick properties (film elasticity, surface tension, viscosity, etc.), responsible for suppression of wind waves. Accordingly, further, more detailed, quantitative studies of different components of radar return from the areas covered with films are needed for better understanding of mechanisms of slick radar imaging and for elaboration of models and methods of slick detection and identification. In the context of the problem solution it is crucially important (a) to check whether damping of Bragg waves can be described by hydrodynamic theory which predicts the damping as a function of film parameters, and (b) to understand how breaking wave features, i.e., crest overturning and micro-breaking, are modified by film. As it was mentioned above, dependences of wave damping on film characteristics (and on wave number, too) were studied, e.g., in [12,13,14,15,16]. Films with pre-measured surface tension and elasticity can be used as calibrated ones in experiment to study, in particular, reduction of BC due to damping of Bragg waves. As for the modification of steep wave profiles due to films, which might be responsible for the reduction of non-Bragg radar returns, the problem is practically open. Wave tank experiments [34] revealed that the film was destroyed in the area of spilling wave breakers, which resulted in “cleaning” of the water surface in the vicinity of breaking crests of m-scale waves. Accordingly, one can assume that strong wave breaking of m-scale waves weakly contributes to the reduction of the non-Bragg radar component, and modification of micro-breaking of cm-dm-scale waves in slicks can play the most important role in non-Bragg contrasts in slicks. The latter is characterized by the appearance near wave crests of structures with high curvature, so-called bulge and toe [35], and by parasitic capillary ripples [36,37] propagating on the forward slopes of steep waves.



This paper presents new results of studies of film slicks using dual co-polarized radar: the satellite TerraSAR-X and an X-/C-/S-band scatterometer mounted onboard a research vessel. The paper is organized as follows: Section 2 presents the theoretical background, introducing Bragg and non-Bragg scattering components and their extraction from the total normalized radar cross-section (NRCS) at VV and HH polarizations. Section 2 also describes the apparatus and methodology of the experiments on radar probing of slicks formed by “calibrated” organic films. The obtained experimental results are presented in Section 3, and possible physical mechanisms responsible for suppression of Bragg and non-Bragg radar components are discussed in Section 4. Conclusions are given in Section 5.




2. Materials and Methods


2.1. Theoretical Background


Radar observations of the sea surface indicate that microwave backscattering is characterized by the occurrence of short pulses (spikes) which are significantly larger than some mean (“background”) level between the spikes. The latter, as it has been hypothesized in [24], can be associated with breaking of wind waves (either micro- or strong breaking), while the lower background level corresponds basically to Bragg scattering. Thus, the total NRCS was supposed to be a sum of Bragg and non-Bragg components:


   σ  p p  0  =  σ  B C _ p p    +  σ  N B C    



(1)




where    σ  p p  0    is the total NRCS, p denotes vertical (V), or horizontal (H) transmit/receive polarizations,    σ  B C _ p p      is the Bragg (VV or HH) component of NRCS described by the two-scale model,    σ  N B C     denotes the NBC associated with quasi-specular scattering from surface facets on micro- or strong wave breakers.



The Bragg component, according to a two-scale radar model (see, e.g., [21,22]) can be expressed as:


   σ  B C _ p p  0  = 16 π  k  e m  4   R  p p   ( θ ) F (    k B   →  )  



(2)




where   F (    k B   →  )   is the spectrum of wind waves at a Bragg wave vector      k →   B  = 2  k  e m      n →   s   ,    k  e m     is the wave number of an incident electromagnetic wave,      n →   s    is a projection of the unit wave vector of the incident wave on the sea surface,    |     n →   s   |  = sin θ  , θ is an incidence angle,    R  p p   ( θ )   is a reflection coefficient which depends on polarizations of the incident/reflected electromagnetic waves, and in general on root mean square (r.m.s.) slopes of long surface waves, i.e., those which are longer than the antenna footprint [21]. Non-Bragg scattering from the areas of wave breaking is assumed to be independent of polarization, and    σ  N B C     is characterized in the literature as non-polarized.



It has been suggested in [31] to remove the NBC from the total NRCS when subtracting    σ  H H  0    from    σ  V V  0   . Thus obtained backscatter polarization difference    σ  P D     is:


   σ  P D   =  σ  V V  0  −  σ  H H  0  =  σ  B C _ V V  0  −  σ  B C _ H H  0  = (  R  V V    −  R  H H    ) F (    k B   →  )  



(3)







The non-Bragg radar backscatter component,   σ  N B C      can be found from Equations (1) and (3) as:


   σ  N B C    =  σ  V V  0  − (  σ  V V  0  −  σ  H H  0  ) / ( 1 −  R  H H   /  R  V V   )  



(4)







Slick contrasts for the total NRCS, Bragg and non-Bragg components are defined as:


   K  p p   =    σ 0       p p _ n o n s l i c k         σ 0       p p _ s l i c k        ,  K  B C   =  K  P D   =    σ  P D _ n o n s l i c k      σ  P D _ s l i c k     ,  K  N B C   =    σ  N B C _ n o n s l i c k       σ  N B C _ s l i c k       



(5)







Since the polarization difference is supposedly proportional to the Bragg components of NRCS, the contrast    K  P D     is equal to BC contrast    K  B C    . If one assumes that that film does not affect the scattering coefficients    R  V V     and    R  H H    , then the BC contrast is determined by the wind wave spectrum outside/inside slick    K  P D   =  F  n o n s l i c k   (  k B  ) /  F  s l i c k   (  k B  )  . Transformation of the spectrum of short wind waves due to film can be considered in the frame of a local balance model in [2,4,18], or using an improved physical model [20]. Without going into detail it can be said that the BC contrast for both the models depends on the energy sources, sinks, and nonlinear terms in the kinetic equation for the wind wave spectrum. In a particular case of low wind wave input that is realized, e.g., for wind wave components propagating across the wind, the BC contrast can be expressed as a ratio    γ s  /  γ  n s l     of surface wave damping coefficients inside the slick (s) and in a surrounding non slick area (nsl). The ratio    γ s  /  γ  n s l     can be described using the theory of wave damping in the presence of an elastic film (see, e.g., [8,9,10]). Then the BC contrast for the cross wind direction is:


   K  B C   ( c r o s s w i n d ) ≈  γ s  /  γ 0  =   1 − X + X Y   1 − 2 X + 2  X 2     



(6)




where   X =   E  k 2    ρ   ( 2 ν )   1 / 2    ω  3 / 2       and   Y =   E k   4 ρ ν ω    . Here  ρ  denotes the water density,  ν  the kinematic water viscosity, E the film elasticity,  k  and  ω  are the wave frequency and wave number of the wind wave spectrum component, respectively.




2.2. Experiment


Experiments on radar probing of film slicks were carried out in the southern part of the Gorky Water Reservoir (GWR) of the Volga River, Nizhny Novgorod Region, Russia. GWR extends approximately from north to south for about 100 km, and its width is 5–15 km. Artificial film slicks in the experiments of 2014 and 2015 were observed with satellite TerraSAR-X operating at a frequency of 9.65 GHz. Experiments of 2016 were performed using a new three-band radar designed at the Institute of Applied Physics, Russian Academy of Sciences (IAP RAS). It is a Doppler radar, operating in the X-, C-, and S-bands at frequencies of 10 GHz, 6 GHz, and 3 GHz, respectively, and at vertical transmit/receive (VV) and horizontal transmit/receive (HH) polarizations of electromagnetic waves in each band. The three-band radar operates in a pulse regime radiating 30-ns pulses. The beam width of the radar pattern is about 0.03 rad (X band), 0.05 rad (C-band), and 0.1 rad (S-band). The dynamic range of the radar signal is about 55 dBs in electronic channels, and is enhanced after digital processing. The radar was mounted onboard a research vessel at a height of about 7 m, looking at an incidence angle of 60° and at an azimuth angle of about 40° to the left from the ship’s heading. A photograph of a ship based X-/C-/S-band radar is shown in Figure 1.



The radar footprints and, accordingly, radar spatial resolutions, were as follows: the slant range footprints varied from about 2.8 m in the S-band to 0.8 m in the X-band, and the azimuth range footprints from 1.4 m in the S-band to 0.4 m in the X-band. OLE slick sizes in the experiment were typically 200–300 m, i.e., least two orders of magnitude of the radar footprints. The signal-to-noise ratio (SNR) in the experiments with the three-band radar ranged from about 15–17 dB in the slick to 23–27 dB in the background, depending on radar bands and polarizations.



The wind velocity/direction were measured with an acoustic anemometer (WindSonic ®Gill Instruments Limited, Lymington, Hampshire, United Kingdom) mounted onboard the research vessel at a height of about 6 m. Oleic acid (OLE), supposedly simulating natural biogenic films, was used to create film slicks on the water surface. Some amounts of the surfactant (about half a liter of OLE dissolved in one liter of ethanol) were poured on the water from a motor boat to an inflatable trimaran. During the experiments the boat was moving along spiral trajectories creating slicks at least 20 min before satellite overpasses or before slick transects made by the research vessel.



Physical characteristics (the surface tension and film elasticity) of artificial surfactant films used in the experiment were studied in the laboratory using a method of parametric waves [15]. The method is based on measuring the wavelength and the damping coefficient of gravity-capillary standing waves parametrically generated at certain frequencies in a small vertically-oscillating container. From these measurements the surface tension coefficient and the dynamic film elasticity were retrieved (the latter is the main parameter which determines the damping of surface waves). The dynamic elasticity for an oleic acid film retrieved at wave frequencies of 10 Hz, 15 Hz, 20 Hz, and 25 Hz, and the surface tension at a wave frequency of 25 Hz are shown in Figure 2 (cf. [15]). The elasticity of OLE films grows with surfactant concentration and tends to a constant value for a saturated monomolecular film, which is characterized by dense packing of surfactant molecules oriented nearly vertically on the water surface. At mean surfactant concentrations larger than that of saturated monomolecular films (“oversaturated” films) the excess of surface active materials is contained within microscopic drops, and the dynamic elasticity and surface tension in this case remain practically constant. OLE films in our experiments were normally “oversaturated” and could be characterized by constant elasticity and surface tension values, which were about 25–40 mN/m and 30 mN/m, respectively. Supporting measurements of wind velocity and current profiles, as well as sampling of natural biogenic films from the water surface, were conducted from aboard the trimaran. The physical characteristics of natural films were studied in the laboratory by the method of parametric waves in order to filter out the cases of a highly-contaminated background water surface. In the reported experiments the elasticity of the background biogenic films did not exceed 3–5 mN/m.



Experiments with artificial slicks were carried out at moderate winds, and wind speeds velocities were in the range of about 5 m/s to 7 m/s. The radar look azimuth angles kV, i.e., angles between the horizontal projection of the incident electromagnetic wave vector and the wind velocity, varied from about 180° (upwind) to 40° from downwind direction. Characteristics of the experiments are summarized in Table 1.





3. Results


3.1. Satellite Experiment of 31.08.2014


A fragment of a VV polarization image of an OLE slick in the experiment of 31.08.2014 (TerraSAR-X ascending pass) is shown in Figure 3.



Profiles of NRCS at VV and HH polarizations, BC and NBC contrasts and their ratio for the case of 31.08.2014 are presented in Figure 4. Note, that the contrasts in Figure 4 are current contrasts, which were calculated as ratios of mean background values, chosen well outside a slick to the current BC or NBC values along a slick transect.



It is seen that the total NRCS drops in the slick by several decibels. The NRCS contrasts, e.g., at VV polarization, are consistent with those obtained in our previous experiments (see, [23]). A drawback of the experiment of 31.08.2014 is that the NRCS values in the slick area are only 1–2 dBs above the noise floor, particularly for HH-polarization. Note that the noise floor is practically the same for both VV and HH polarizations. As a result, the NRCS contrasts after the noise floor subtraction are significantly larger than those without the subtraction and an error of the contrast estimate can be large, so the contrasts in Figure 4 should be considered mostly as rough estimates. Contrasts for the Bragg component, however, are practically unchanged after the noise floor subtraction, while the non-Bragg contrasts are affected by the noise floor. In the considered case the BC contrast is about twice the NBC contrast. The difference between BC and NBC contrasts is even larger if the noise floor is not subtracted.




3.2. Satellite Experiment of 03.08.2015


More reliable contrast estimates were obtained in the experiment of 03.08.2015. A fragment of a VV-polarized image an OLE slick for this case is shown in Figure 5. The slick was elongated due to wind; a slick transect in the image is shown in Figure 5.



An example of NRCS at VV and HH polarizations, as well as Bragg and NBC contrasts and their ratio are shown in Figure 6.



Figure 6 indicates that NRCS both for VV and HH-polarizations for the experiment of 03.08.2015 are well above the noise floor, so that the BC and NBC contrast values are more reliable than for the previous case. It follows from Figure 6c that the NBC contrast, unlike the case of 31.08.2014, is larger than the BC contrast.




3.3. Boat Experiment of 22.07.2016 with a Three-Band Radar


There were three transects through a slick made by a research vessel in order to obtain data at different angles between radar look and wind directions. A scheme illustrating the vessel trajectory and locations of slick transects is shown in Figure 7.



An example of profiles of the radar backscatter at VV and HH polarizations, and of BC and NBC components and their ratios is given in Figure 8 for transect 1, the intensities of radar return in Figure 8 are in arbitrary units, but the same for both VV and HH channels in each radar band.



It is seen that the noise floor of the three-band radar was well below the radar returns in the slick area for both VV and HH polarizations in all bands, so that one can reliably affirm that BC and NBC contrasts are close to each other. In more detail, the NBC contrast in S-band is practically equal to the BC contrast, in C- and X-bands the reduction of NBC is slightly larger than for BC.





4. Discussion


Let us consider the suppression of different components of radar backscattering estimated from experimental data (see Table 2). Mean contrasts for Bragg and non-Bragg components are presented in Figure 9, and 95% confidence intervals are depicted with the vertical bars. For comparison, some of BC and NBC contrasts obtained with RADARSAT-2 in [33] are shown for similar radar look directions relative to wind direction (kV).



Figure 9 clearly indicates that BC contrasts increase with wave number, except for the cross-wind case, and are highest for an upwind look direction. Similar behavior can be noted for contrasts in the directions close to the downwind, although the downwind contrasts are somewhat smaller than for the upwind case. The theoretical contrasts for up/downwind cases are estimated according to [2] at the conditions of experiments (at a wind velocity 7 m/s, E= 20 mN/m, and at two different empirical coefficient values—0.04 and 0.06 in the formula for a wind wave growth rate (see, [2]). The theory [2] has an obvious drawback of being invalid if the wind wave growth rate is close to the damping coefficient. In our case this occurs at wave numbers larger than 1 rad/cm, so at higher wave numbers the theory can be substituted by an empirical model [20]. Without going into detail of the models one can consider that the reduction of BC radar returns in the slick is due to enhanced viscous damping of short wind waves in the presence of film. This conclusion is also supported by an analysis of cross-wind contrasts. The latter, calculated according to Equation (6), are plotted in Figure 9c. A decreasing tendency of cross-wind BC contrasts with wave number is qualitatively consistent with the experiment. One should note that the elasticity of crude oil films according to recent laboratory measurements [16] has been estimated roughly as 25 mN/m, which is compatible with the OLE film elasticity and, thus, the contrast values [33] shown in Figure 9c can be considered as complementary to our data.



The NBC contrast values and their dependence on the wave number and on the azimuth angle are quite similar to the BC contrasts, thus indicating that film significantly influences the processes of wave breaking. One should recall that strong breaking with crest overturning is typical for surface waves of about 1 m in length and larger. This breaking is supposedly weakly affected by film, since the film can be essentially destroyed due to turbulence and air bubbles in “white caps” mixing down surfactants to the subsurface water layers. The effect of “cleaning” of the water surface in the area of strongly breaking wave crests was demonstrated in our laboratory experiments [34]. It was obtained in [34] when measuring the surface tension in the different phases of m-scale surface waves that, in the presence of OLE-film, the surface tension increased in the area of breaking crests. This proved the effect of film destruction by strong wave breakers.



One can assume, however, that NBC contrasts in slicks are basically associated with the suppression of wave micro-breaking. The latter is realized for surface waves shorter than 1 m, and micro-breaking features, such as “toe“/“bulge” structures [35] and “parasitic” capillary ripples (see, e.g., [36,37]) occur in the vicinity of wave crests. The structures can be effectively suppressed by film, even at relatively small mean surfactant concentrations. This is because the surfactant concentration   Γ ( x , t )   is modulated by the surface wave orbital velocity   U ( x − C t )   and achieves maximum values near the wave crests.   Γ ( x , t )   in the field of a surface wave travelling in the x-direction at a phase velocity C can be written as (see, e.g., [2,4]):


  Γ ( x , t ) =  Γ 0   C  C − U ( x − C t )    



(7)







Since   U ( x − C t )   is in phase with the surface wave elevation, the  Γ  values increase at the wave crests, of course, if the film is not destroyed due to strong breaking. Accordingly, the surface tension decreases and the elasticity in general increases at the crest. Significant reduction of the surface tension and enhanced elasticity on wave crests results in the abatement of the source of parasitic capillary ripples, i.e., the Laplace pressure [36], and also leads to “smoothing” of the bulge/toe structures. As a result, the quasi-specular reflection of electromagnetic waves from the micro-breaking structures can be strongly reduced.



To study the effect of suppression of micro-breaking in slicks some wave tank experiments have been carried out. Here, first, qualitative results are presented, and a more detailed analysis will be done elsewhere. Our experiments were conducted in an oval wave tank of IAP RAS, where surface gravity-capillary waves were generated with a mechanical wavemaker. The wave steepness was about 0.1 and larger, which corresponded to the generation of parasitic ripples and the formation of toe/bulge structures (see, e.g., [37]). The wave height was measured with a wire gauge and a fine structure of wave profile was studied using photographs. In order to obtain high-contrast wave profiles photo recording in a dark room was performed. A camera was placed opposite the plexiglas tank window. An optical lens system was used to obtain a laser “knife-shape” beam, which was directed downward onto the water. Typical profiles of short gravity waves at two wavelengths (about 10 cm and 20 cm) are depicted in Figure 10. Parasitic capillary ripples were effectively generated by a 10-cm steep wave and were propagating along the forward wave slope. For longer, 20-cm waves a bulge/toe structure dominated. The structures are characterized by rather large slopes, so that quasi-specular reflection of the incident electromagnetic radiation can occur. Film action on the micro-breaking structures was studied using monomolecular OLE-films at concentrations about 1 mg/m2. In the presence of film the wave profiles were smoothed and the micro-breaking structures practically disappeared, as illustrated in Figure 10.



One can, thus, assume that film can influence micro-breakers more effectively than strong breakers. This influence, however, has been insufficiently studied up to now, as well as the impact of wind on micro-breakers. It has been revealed in wave tank experiments [37] that parasitic ripples in the presence of wind were generated at smaller wave crest curvatures than for mechanically-generated waves. As for bulge/toe micro-breakers, no information about the role of wind in their generation has been found in the literature, and further studies of the dynamics of micro-breakers in the presence of film and wind should be carried out.




5. Conclusions


Organic films of oleic acid deployed on the water surface were observed using dual-polarized TerraSAR-X and an X-/C-/S-band dual-polarized microwave radars. Experiments were carried out at moderate wind (wind velocity about 5–7 m/s), at different azimuth angles, and the incidence angles ranged from about 32 to 60 degrees. The Bragg and non-Bragg components of radar returns were obtained from experimentally measured total radar backscatter at two co-polarizations. Suppression of radar returns of film slicks was characterized by radar contrasts, i.e., by ratios of radar return values for NRCS, BC, and NBC, outside and inside slicks in X- to S-radar bands.



It has been concluded that the Bragg scattering component is suppressed in slicks due to enhanced viscous damping of resonant Bragg cm-scale waves. The contrast values of the Bragg component are highest for an upwind look direction and grow with wave number. The contrasts for downwind directions grow with the wave number, too, but are smaller than for the upwind case. For cross-wind observations, the Bragg contrast values are comparable with up- and downwind contrasts, but slowly decrease with wave number.



An important conclusion is that the non-Bragg component is significantly reduced in slicks. Dependences of the NBC contrasts on radar wave number are qualitatively similar to the Bragg ones, and the NBC contrast values are comparable to ones for BC. Assuming that the non-Bragg component is associated with wave breaking one can conclude that the film essentially influences the wave breaking processes. The effect of the reduction of NBC in slicks can hardly be explained by strong wave breaking which is typical for gravity waves longer than 0.5–1 m since the processes of wave crest overturning can destroy the film. Thus, the action of the film on micro-breaking of cm-dm-scale wind waves and the modification of micro-breaking features—parasitic ripples, and toe/bulge structures—can determine the reduction of NBC in slicks. Although this hypothesis is supported by preliminary wave tank experiments, further studies of an impact of the films on wave breaking processes are to be carried out, aimed to better understand the radar returns from the sea surface and to elaborate the radar imaging models of film slicks.
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Figure 1. A ship based X-/C-/S-band radar. 
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Figure 2. Elasticity at several wave frequencies (a) and surface tension at wave frequency of 25 Hz (b) as a function of the surfactant concentration for OLE films (cf., [15]). 
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Figure 3. Fragment of the HH image of 31.08.2014 with an OLE slick (a dark spot) in the center. The arrow in the upper right corner denotes the radar look, and the grey arrow in the center is the wind direction. A transect along the slick is shown with the white line segment. 
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Figure 4. Characteristics of a radar return along the slick transect indicated in Figure 3 for the satellite experiment of 31.08.2014. (a) TerraSAR-X NRCS at VV and HH polarizations (black and red lines, respectively) before and after noise floor subtraction (dashed and solid lines, respectively). The dashed blue line is the noise floor. The vertical bars are a 95% confidence limit. (b) Current contrasts KBC with and without noise floor subtraction (solid and dashed blue lines, respectively) and KNBC with and without noise floor subtraction (solid and dashed brown lines). (c) Contrast ratio KBC/KNBC of radar backscatter with and without noise floor subtraction (violet and orange lines, respectively). 
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Figure 5. Fragment of a VV polarized image for the experiment of 03.08.2015. The black/white arrow in the bottom right corner denotes radar look, the grey arrow in the upper part denotes the wind direction. Solid and dashed arrows are wind and radar look directions, respectively. A transect along the slick is shown with the black line segment. 
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Figure 6. Characteristics of radar returns along the slick transect indicated in Figure 5 for the satellite experiment of 03.08.2015. (a) NRSC at VV-pol and HH-pol before noise floor subtraction (black and red dashed lines, respectively), and after noise floor subtraction (black and red solid lines), the blue dashed line is the noise floor level, the vertical bars are a 95% confidence limit. (b) BC (blue lines) and NBC (brown lines) are current contrasts without noise floor subtraction (dashed lines) and after noise floor subtraction (solid lines). The blue dashed and solid lines are overlapped. (c) Contrast ratio KBC/KNBC (violet: after noise floor subtraction; orange: without noise floor subtraction). 
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Figure 7. A scheme of a vessel trajectory in the boat experiment of 2016. 
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Figure 8. Radar backscatter at (a) VV and (b) HH polarizations (in arbitrary, but the same units) in the boat slick experiment of 22.07.2016 with a three-band radar. Current contrasts KBC (c), contrasts KNBC (d) and KBC/KNBC ratio (e). Black, blue, and red curves correspond to data for S-, C-, and X-bands, respectively. A noise floor level is depicted in (a), and a 95% confidence limit, which is the same for all of the channels, is shown with the vertical bars. 
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Figure 9. BC and NBC contrasts vs. Bragg wave number for OLE slicks in experiments of 2014–2016 obtained with a three-band radar (● BC, ▼ NBC) and with TerraSAR-X (■ BC,  [image: Remotesensing 10 01097 i001] NBC). (a) Upwind look direction, (b) 40° from downwind, the blue curves: theoretical BC contrasts at two different wind wave growth rates; (c) cross-wind observations; curves: theoretical BC contrasts at elasticity 20 mN/m (black), 30 mN/m (red), and 40 mN/m (blue), the red symbols: Radarsat data [33] for BC (●) and NBC (▼) contrasts for crude oil/emulsion slicks. 
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Figure 10. Elevation profiles of steep, short gravity waves of 10 cm (a,c) and 20 cm (b,d) wavelength (left and right columns, respectively), the upper row—clean water (a,b), the bottom row—water contaminated by an oleic acid film (c,d). Waves travel from right to left, and vertical and horizontal scales are extended for clarity. 
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Table 1. Characteristics of experiments on radar probing of OLE film slicks on the Gorky Water Reservoir.
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	Date, Sensor
	Inc. Angle
	Wind Velocity, Dir.
	Azimuth Angle (kV)
	Bragg Wavenumber kBragg, rad/cm





	31.08.2014, TerraSAR-X
	37°
	7 m/s, NW
	(kV) ≈ 40° (40° from downwind)
	2.43



	03.08.2015, TerraSAR-X
	32.5°
	5 m/s, W
	(kV) ≈ 180° (upwind)
	2.17



	22 07.2016, 3-band radar, transect 1
	60°
	7 m/s, E
	(kV) ≈ 80°
	1.01, 2.17, 3.63



	22 07.2016, 3-band radar, transect 2
	60°
	7 m/s, E
	(kV) ≈ 40°
	1.01, 2.17, 3.63



	22 07.2016, 3-band radar, transect 3
	60°
	7 m/s, E
	(kV) ≈ 180°
	1.01, 2.17, 3.63
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Table 2. Contrasts in slicks for total NRCS at VV and HH polarizations, and for Bragg and NP components in experiments with OLE slicks (see Table 1).
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Date, Experiment

	
Radar Band

	
kB, rad/cm

	
Contrasts




	
KVV

	
KHH

	
KBragg

	
KNBC

	
KBragg/KNBC






	
22.07.2016 Transect1, (kV) ≈ 80°

	
S

	
1.09

	
4.3

	
4.1

	
4.5

	
4.1

	
1.1




	
C

	
2.17

	
5.4

	
7.6

	
4.5

	
8

	
0.6




	
X

	
3.63

	
5.7

	
8.2

	
4.6

	
8.5

	
0.5




	
22.07.2016 Transect2, (kV) ≈ 40°

	
S

	
1.09

	
3.3

	
3

	
3.5

	
3

	
1.2




	
C

	
2.17

	
3.9

	
3.5

	
4

	
3.5

	
1.1




	
X

	
3.63

	
5

	
4.2

	
5.6

	
4.1

	
1.4




	
22.07.2016 Transect3, (kV) ≈ 180°

	
S

	
1.09

	
4.5

	
2.3

	
8.8

	
2.1

	
4.2




	
C

	
2.17

	
8

	
5.2

	
9.9

	
4.9

	
2




	
X

	
3.63

	
18

	
20.5

	
17.5

	
20.7

	
0.8




	
31.08.2014 TerraSAR-X, (kV) ≈ 40°

	
X

	
2.43

	
7.4

	
5.8

	
9

	
3.8

	
2.4




	
03.08.2015 TerraSAR-X, (kV) ≈ 180°

	
X

	
2.17

	
2.9

	
2.5

	
2.0

	
3.5

	
0.6
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