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Abstract: The influence of a surface-active substance (SA®)dn the Doppler spectrum
width at small incidence angles is theoreticallyestigated for the first time for microwave
radars with narrow-beam and knife-beam antennaenpatt It is shown that the
requirements specified for the antenna system depenthe radar motion velocity. A
narrow-beam antenna pattern should be used totdditdes by an immobile radar, whereas
radar with a knife-beam antenna pattern is neededidgnostics from a moving platform.
The study has revealed that the slick contrashénoppler spectrum width increases as
the radar wavelength diminishes, thus it is prdfieréo utilize wavelengths not larger than
2 cm for solving diagnostic problems. The contristhe Doppler spectrum width is
generally weaker than that in the radar backs@agfeross section; however, spatial and
temporal fluctuations of the Doppler spectrum widte much weaker than those of the
reflected signal power. This enables one to conglte Doppler spectrum as a promising
indicator of slicks on water surface.
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1. Introduction

The detection and recognition of sea surface slmksneans of remote facilities grow more and
more urgent because of aggravating environmentaat&dn and increasing sea surface pollution by
human activity products. An important advantageaofar methods compared to optical ones is their
independence of weather and light conditions.
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Both radars and radiometers are employed to diggsodace-active substance (SAS) films on the
sea surface.

Modern methods using data of active microwave madaynthetic aperture radars, side-looking
radars, and scatterometers) are based on the effecspectral density decrease of small scattering
ripples in a slick [15]. In the first approximation, large-scale waves @ot sensitive to the presence of
slicks on the sea surface.

In the range of middle incidence angles one dedlls the Bragg scattering mechanism and the
power of the reflected radar signal is proporticimathe spectral density of resonance ripples, a.
ripples enhance, the reflected signal power grawsle as the ripple intensity decreases, the power
reduces.

The contribution of large-scale roughness to thren&ion of the reflected radar signal consists in
variation of the reflected signal power producedsigpe and hydrodynamic modulation; besides,
namely the statistical characteristics of largdeseaves determine the Doppler spectrum width.

A SAS film occurring on water surface leads to lpdamping (slick formation) and hence the
reflected radar signal power (the radar backscatferross section) reduces. Radar contrasts (clean
water/slick) in the radar backscattering crossiseaan achieve tens dB.

Under the conditions of temporal instability (oaspl inhomogeneity) of wind speed, one observes
significant fluctuations of the radar backscattgroross section caused by variance of the spectral
density of small resonance ripples and relatechéotémporal or spatial variance of the near-surface
wind speed. Small ripples rapidly respond to thedvspeed variation and the spectral density of
gravity-capillary waves is proportional to the wisdeed. As a result “wind” slicks appear, i.e.tpar
with lower or higher spectral densities of smakdscwaves than those in neighboring parts. Besides,
spatial inhomogeneity of the spectral density pples is brought about by large-scale waves osd¢he
surface.

Figure 1 shows the experimental results on slictea®n (“smoothed” ripple part) under the
conditions of moderate sea [6].

The authors employed the following technique. @iducts were poured out on the sea surface; the
antenna system and the strobe were aimed at tace.pThen sector scanning was realized by the
antenna system, so that the oil film was at thetereof the viewing area. Azimuth mark® were
recorded at intervals of 5 degrees. The radar waggh equaled 3.2 cm; the polarization was vettical

It is seen from the figure that the average valuthe scattered signal decreases at the location of
the oil slick. Other deep amplitude modulation$ign 1a are also seen in the records, which arseziu
by the reflected signal modulation due to largdeseaves.

A real slick can be revealed among these modulgtisimce the film position does not change; so
the actual position of the slick can be determihgdaveraging over several scans (see fig. 1b).
Unfortunately, repeated measurements are not alp@ssble in practice.

Therefore, the above-mentioned effects impedealétection of slicks produced by a SAS film
on the surface using the reflected signal powénéregion of middle and large incidence angles.

The width and the shift of the Doppler spectrunthaf radar backscattered signal are not obviously
dependent on the resonance ripple intensity, whietkes it difficult to develop methods of slick



Sensors 2008 8 3782

detection by spectral characteristics of the réfl@signal. Any examples of applying such methaods t
the surface film diagnostics at the incidence anglese to nadir are unknown to us.

Figure 1. Record of signals scattered by the sea surface ailifproducts at moderate
waves:a — one scan, b — four records obtained during tvimutes. Grazing angle is
approximately 3-2° and azimuthal angles change from®g020.
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Our previous investigations devoted to the develemnof the algorithms of roughness parameter
retrieval employing a microwave Doppler radar asinmcidence angles [7—10] stimulated the study
of the possibility of detecting films on water sagé by the Doppler spectrum width.

The present paper deals with the influence of slimk the Doppler spectrum width for the Bragg
and quasi-specular backscattering mechanisms. ®hditons of slick detection are discussed for
resonance scattering. The dependence of the Dogpéetrum width on the measurement conditions at
small incidence angles is analyzed. Numerical eg#siof the influence of sea surface slicks on the
Doppler spectrum width at small incidence anglasréalars with narrow-beam Y% 1° and knife-
beam (2 x 22°) antenna patterns are presented.

2. The SAS film influence on the wave spectrum. Reks and discussion

To describe the SAS film influence on the surfa@evspectrum, in the calculations we used the
model suggested in [11].

SAS films on water surface efficiently damp shomavwaves, i.e., slicks occur. The decrease of
the spectral density depends on the film thickaeskthe properties of the substance.

To describe the variation of the spectral densftysuwrface waves in the slick, we introduce a
concept of contrasKS“Ck as follows:

Kgiox =W(K) Wy (K), (1)
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whereW,,(K) is the wave spectrum on clean wald/(K) is the wave spectrum in the slick, akd

is the wavenumber.
Depending on the relation between the viscous dagngecrementy and the wind increme;ﬂ,

the contrast is calculated as [12]:

-2
Ksick :[[;——2))((' B>2x, and S>2x 2
0
or
2x,~ B
Kslick:—ZXO_IB’ B<2x,and f<2y. (3)

If the above-mentioned conditions are not fulfilleskrong smoothening (damping) at this
wavelength is observed; in this caKegick =0.
The expressions for the viscous damping decremahtle wind increment are given below [13-
15]:
[ =(004%002) (k% [U?/ w, (4)
and
wk? _Ek® Jwk? | E° [ w
Jomp w par\ W 20%\ 2wK? | )
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where U, is the friction velocity (cm/s)(W= \/gK+JK3/,0 is the dispersion relation for surface
waves,( is the acceleration of gravity (crfysT is the surface tension coefficient (?g/sp is the

water density (g/c), V is the kinematic viscosity (cits), andE is the film elasticity modulus
(mN/m) dependent on the concentration and typaetubstancey, corresponds to the case of clean

water.

The model described above was frequently employexitry out numerical calculations, e.g., [16,
17] and its adequacy was validated.

In further numerical estimates we choose vegetalblas SAS. This choice is explained by the
necessity to provide environmental safety of th@eeixnent, thus it is more preferable to use a
substance that will not pollute the environmend #ren the calculation results will be compareth®
future experimental ones.

For the numerical estimates we utilize the follogviralues:V = 0.01 cni/s, O (water) = 72 gf5
and O (vegetable oil) = 40 gfs

The film elasticity E is in the range 5 30 mN/m: in the calculation we use two valuesamhfl 20
mN/m.

For convenience of comparison to the data obtanyeather authors, the wind speed is assigned at
a height of 10 m above the sea surfakbl((); when calculating the friction velocity, for neutral

stratification, the logarithmic profile of the wirggheed is used [18]:
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_ WU
Ulo—aln(lolzo) , (6)
where 2, is the surface roughness parameter (height).

As the wave spectrum (elevation spectrum) we empteymodel suggested by us in [19] and
successfully used in numerical calculations. Thentdas for the wind wave spectrum taking into
account the case of developing wind waves are ptegen Annex 1. This model is in good agreement
with experimental data, for example, the Cox andhkormula for slopes.

To pass over from the elevation spectrum to theeslspectrum, we invoke the known
transformation implying multiplication of the eldi@n spectrum by the coefficier? [20, 21].

An example of the slope spectrum transformatiotihéslick for the wind speed 7 m/s is shown in
fig. 2. The transformations of spectrum are calealaaccording to formulas (1) — (5).

Figure 2. Spectra of slopes for the wind velocity 7 m/s. @uiv— the initial spectrum
on clean water, curve 2 — the spectrum in the $tickhe film elasticityE = 10 mN/m,
curve 3 — the spectrum for the film elasticky= 20 mN/m.

6.0E-3 —

5.0E-3 —

4.0E-3 —

3.0E-3 —

spectral density of slopes

2.0E-3 —

1.0E-3 —
3

w

0.0E+0 IALLU BRI L IR

1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4
wave number, 1/m

The figure shows the slope spectrum on clean water the spectra in the slick for the film
elasticity E = 10 mN/m and 20 mN/m. The shown violation of memit decrease in the spectral
density with the increasing wavenumber for the fitracosity 20 mN/m entirely corresponds to the
known experimental data on the SAS influence orstitéace wave spectrum (formulas (1) — (5)).

It is seen from the figure that the film damps sheaves and thus statistical characteristics of
waves vary. Since the main contribution to slopeavee is made by short waves, the variation of the
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slope variance in the slick is strongest, whilevthgation of the wave height determined by largals
waves free of the film influence is weakest.

3. Statistical characteristics of surface waves agpplied to the problem of microwave
backscattering at small incidence angles

To describe backscattering of centimeter electrareag waves at small incidence angles, the
Kirchhoff method is used now [22, 23]. In this madht is assumed that scattering takes place in the
parts of the large-scale wave profile oriented pedicularly to the incident radiation. Small ripplen
a large-scale wave induces diffusion scatteringraddces the backscattering power compared to the
smooth surface.

The radar backscattering cross section alongXdais for radar with a narrow-beam antenna
pattern is calculated by the well-known formula:

_ ‘Reﬁ‘z . _tanfg

20, 0yy 20 jx

O : 7

where fo and 0§y are slope variances along and across the windtdire 50 is the incidence

angle, andReﬁ is the effective reflection coefficient introducetstead of the Fresnel coefficient to

take into account the signal attenuation by smatfese ripples [22-26].

Small ripples are suppressed in a slick, which detad an increase of the effective reflection
coefficient; besides, the slope variance decreasés;h also results in a growth of the radar
backscattering cross section.

The experimental data confirm the statement thataair probing the backscattering radar cross
section in the slick can be by 2—-4 dB higher thaat bn clean water [6, 27]. At middle incidence
angles the inverse effect is observed: the radeksgattering cross section in the slick is smahan
that on clean water.

To pass over to numerical estimates of the sliflk@mce on the statistical characteristics of large
scale waves, we shall divide arbitrarily the futlean spectrum into small-scale and large-scales part
and introduce a boundary wavenumhgr. The small-scale park|, > K is held obeying the
perturbation theory, while the large-scale partinexg conformity with physical optics [28]:

KRcos g, >>1,

R being the mean curvature radius, dads the radar wavenumber. The latter inequality raeg¢hat
for electromagnetic diffraction the appropriategkuscale surface can be replaced at its arbiti@int p

by a tangent plane with a local normal.

The slope variance of large-scale waves is foundntggration over the slope spectrum to the

boundary wavenumber, i.e., the contribution is miagléhe waves located on the wavenumber axis to
the left of the boundary wavenumbkf .

Let us give formulas for the dependence of the dannwavenumber on the wind speed for the two
radar wavelengths (0.021 m and 0.008 m) calcul@edur model of the wave spectrum:
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K, (A =0.021) =171844—299715[U, , +110462[U ,In(U, ) —
-0.8727lU% +0.13932lU% In(U,,) |

K, (A =0008) =5956+0.072[U, , +58417/ /U, , — 49524[exp(-U,,).
The formulas work in the following interval of Wir11|beedsU1O O[3 m/s, 20 m/s].

The slope variance of large-scale waﬂ’é%< versus the wind speed for the wavelength 0.008 m i

the absence of a slick (curve 1) and in the slicktie film elasticityE = 20 mN/m (curve 2) is plotted
in fig. 3.

As is expected, the calculations exhibit that thekgnfluence on the statistical characteristids o
waves is much stronger for shorter radio wave0@m), than for longer ones. For 0.008 m the slope
variance in the slick is reduced by about 30%, evfar 0.055 m by less than 4%.

Figure 3. Dependence of the variance of large-scale wavygesl¢the electromagnetic
wavelength is 0.008 m) on the wind speed. Curvecaleulations for the spectrum on
clean water, curve 2 — for the slick at the filrasgicity E = 20 mN/m.
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Other statistical characteristics of ripples in #iek are less variable. The variance of orbital
velocities is mainly determined by large-scale ve&awhus, e.g., for the wind speed 7 m/s and the
wavelength 0.008 m the difference in the variarfaerbital velocities is less than 1%.

The variance of sea wave heights is fully deterchibg the large-scale component of the wave
spectrum and does not change in the slick.
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4. The Doppler spectrum of a backscattered microwaysignal

In contrast to the radar backscattering cross@ectine Doppler spectrum of a reflected radar $igna
is not used now to detect sea surface slicks.

As is known, the Doppler spectrum width of a fixediar at small incidence angles >-015)
primarily depends on the variance of orbital veiesi This results in lower sensitivity of the Ddgrp
spectrum to the slick occurrence on water surfaceomparison with the radar backscattering cross
section.

In the range of middle incidence angles (~80°) the Doppler spectrum is also low sensitive to the
presence of slicks on the surface, because lagje-s@ves only modulate the reflected signal, while
the Doppler spectrum width depends on the variafagbital velocities. Therefore, disinterest te th
use of the Doppler spectrum for slick detectiomseé&o be quite feasible at first sight.

In [29, 30] we have shown that the Doppler spectoam be sensitive to the slick occurrence when
measurements are carried out in the transitionerafgncidence angles (3&1°). In this case both the
Bragg and quasi-specular scattering mechanismgipate in the reflected signal formation.

If in the absence of a slick the Bragg scatterireciinism predominates, the total spectrum only
slightly shifts with respect to the carrier freqagiicurve 1, fig. 4).

Figure 4. The X-band radar Doppler spectra for clean surfageand a slick (2) at wind
speed 6 m/s (JONSWAP sea spectrum model)%anh@idlence angle [29].
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Resonance ripples are suppressed in the slickrengdwer of the Bragg component considerably
decreases, which provides domination of the quyastidar component in the total Doppler spectrum.
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The quasi-specular component shifts more strongheliation to the carrier frequency in comparison
with the resonance scattering, due to the diffexenicthe scattering mechanisms. The shift of the
Doppler spectrum depends on the phase velocitgrgétscale waves at small incidence angles and on
the phase velocity of resonant ripples at the neidlatidence angles.

As a result, the total Doppler spectrum essentiadlsies in going from clean water to the film-
covered part. This effect was confirmed experimignfa0]. Figure 4 (see page 8) shows a theoretical
example of the Doppler spectrum variation in gdnagn the slick (2) to clean water (1).

Further studies have shown that under some definiteitions the Doppler spectrum can be used to
measure water surface slopes [9, 10], i.e., the s@ssitive parameter to the SAS film occurrence on
water surface. Consequently, the Doppler spectram“see” the slope variance in going from clean
water to the film-covered part. Let us verify thssumption by numerical calculations.

Consider the experimental scheme presented irbfiRadar moves with the velocity in the YZ
plane. As we examine small incidence angles, tlasiegpecular scattering mechanism predominates.
The antenna orientation is shown in the figure. i@l statement of the problem is discussed,, e.g
in [31, 32].

Figure 5. Measurement scheme.

v

Now we give the formula for the Doppler spectrundtiviat the level of -10 dB from the maximum
in the considered measurement scheme [7, 8]:

Af :4\/In10Ecos90 138/2 +202_2K)%_2K>2,t+
10 A R?k292 v ook o
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where A is the radar wavelengtlk is the wavenumberR0 Is the distance to the center of the
scattering area, and the flight height eqdalg = ROCOSHO. The antenna beam pattern is assumed to
be Gaussian, wher@, and dy is the antenna beam pattern at the half-powet Boeg theX andY
axes, respectively.

To describe a rough water surface, in additiorhéodlope variancesC{fx and Uf,y) and the orbital
velocity variance Ot%) we use the following statistical characteristidge coefficients of correlation
between slopes and the vertical component of théabrvelocity th(l') and Kyt(l') at the time
T = 0. The slope correlation coefficieKXy(O) along theX andY axes is zero if waves propagate

along the axix orY. The correlation coefficients are calculated gy fibrmula:
K,y =050
daop |1pr=0"

where K(,0,T) is the correlation function of the sea wave height

op = 05

The Doppler spectrum shiffSh at a quarter turn of the antenna (the incidencgeas in the plane

YZ) is yielded by the formula:

_sing, _2Kyt Kyt_ , 262 \
a7 [2“ 7, +(a§y V}(sm;mzﬂ

At nadir probing the shift is zero, while at oblegprobing in measurements of a moving carrier the
Doppler spectrum is very sensitive to the incideanogle. As a result, even a small inaccuracy in
determining the incidence angle causes a large errcetrieval of the scattering surface parameters
using the algorithms based on the Doppler specthif The algorithms using the Doppler spectrum
width are more stable.

Now we consider the contribution made by the olthitdocity variance to the Doppler spectrum
width for radars with knife-beam and narrow-beaneana patterns.

Figure 6 plots the Doppler spectrum width verswes whind speed for radars with a narrow-beam
antenna pattern (line 1) and with a knife-beamepatfline 2). It is assumed in the calculationg the
radar wavelength is 0.008 m and the incidence aisglero. Line 3 shows the dependence in the
absence of correlation between the vertical compioioé the orbital velocity and surface slopes
(th(l')= Kyt(l') = 0); note that it is the same for radars with &bkam and narrow-beam antenna

patterns.

Within the limits of the Kirchhoff method, backstaing occurs in the wave profile parts oriented
perpendicularly to incident radiation, thus dudhe correlation between slopes and orbital velegiti
not all orbital velocities contribute to the Doppkpectrum of a reflected radar signal but only the
velocities “coupled” (by the incidence angle) withe reflecting part of the wave profile. The
consequence of this fact is the limitation of theppler spectrum width.
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An increase of the antenna beam width extendsathgerof slope angles of the wave profile, which
contribute to the reflected signal and hence bnoatle Doppler spectrum. That is why the Doppler
spectrum width for radar with a narrow-beam antesramaller than that for radar with a knife-beam
antenna.

The limiting case is the absence of correlationvbenh slopes and orbital velocities. This was
determined by the calculations with the zero catreh coefficient. In the figure this case is shdwn
line 3. The Doppler spectrum width becomes maxiamal principally does not depend on the antenna
beam width, i.e., the Doppler spectrum widths fadars with knife-beam and narrow-beam antenna
patterns are the same.

For a moving radar the situation is different, hesathe Doppler spectrum width depends not only
on the scattering surface self-motion but also lo@ ¢arrier motion velocity. We assume in the
numerical calculations that the radar motion vejoisi 30 m/s (helicopter) and =0.008 m.

Figure 6. Dependence of the Doppler spectrum width on thedwspeed for an
immobile radar. The first line shows the case nagow-beam antenna, the second line
shows the case of a knife-beam antenna, and tieeliimé is the casdK; = Kyt =0.
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The dependence of the Doppler spectrum width onained speed under the assumption that the
antenna pattern is knife-beam and waves propatgatg the Y axis is shown in fig. 7.

As the wind speed increases, the Doppler spectrigthwgrows (curve 1). If it is assumed that the
correlation coefficient of slopes and orbital velies is zero, the Doppler spectrum width slightly
increases since radar “sees” all orbital velocitesve 2).
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From the physical point of view this is explainedtbe fact that the wind speed growth leads to an
increase of the surface slope variance and hemceetlected signal arrives at larger incidence esgl
has a larger Doppler shift (projection of the radawtion velocity on the probing direction), but
remains in the limits of the antenna directivitytpen.

If we deal with an immobile surface repeating tlea surface shape, then we obtain a similar
dependence for a wide-beam antenna pattern (cQrn4s3s seen in the figure, the Doppler spectrum
width slightly decreases because self-motion ofstiméace is absent. In this case the Doppler spectr
width is fully determined by the surface slope angde.

Therefore, making measurements above land e.gveatbesert, one can retrieve the ground slope
variance by means of radar with a knife-beam aratgrattern.

If we deal with an immobile surface, the situatieith a narrow-beam antenna radically changes.
For the beam width of one degree, reflectors aeestlrface parts oriented perpendicularly to the
incident radiation, i.e., practically horizontalljhese parts are always present on the surfaceéhend
wind speed variance does not affect their existembe radar backscattering cross section changes,
while the Doppler spectrum width remains practicathnstant. This result enables one to assume that
radar with a narrow-beam antenna pattern will baely slicks on the sea surface if measurements are
made from a moving carrier.

Figure 7. Dependence of the Doppler spectrum width on thmelwpeed for radar with a
knife-beam antenna (22 1°). Curve 1 — developed wind waves, curve 2 — trseabe
of correlation between slopes and orbital velosjtend curve 3 — calculation results for
an immobile surface, i.e., for the calg,; = Kyt = Ut% = 0 and a moving radar.
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This peculiarity of the reflected signal formatigives rise to the fact that at a low velocity odiaa
motion the main contribution to the Doppler spetinwidth is made by the surface self-motion rather
than by the projection of the carrier motion vetpcin particular, for radar with a narrow-beam
antenna moving with the velocity 30 m/s at the wspeed 5 m/s, the Doppler spectrum width is equal
to 353 Hz for the sea surface, 424 Hz in the alesefccorrelation between slopes and orbital
velocities, and only 239 Hz for an immobile surfadée width of the Doppler spectrum for an
immobile radar is equal to 260 Hz.

5. Analysis of the SAS film influence on the Doppiespectrum width

As is mentioned above, the task of the presentrp@péo determine the experimental scheme
enabling one to detect SAS films on the sea surface

Let us enumerate possible variants of the measequngpment installation analyzed below. First of
all, radar can be installed fixedly (sea platfothg height is about 30 v, = 0 m/s), move with a slow
velocity (helicopter, the height is about 100-200vhe 30 m/s) or move rapidly above the sea surface
(aircraft, the height is 2000 ny, = 200 m/s). The variant of measurements from allgatis not
considered. Below we examine the cases of obligdenadir probing.

The Doppler radar antenna can be narrow-be@n< 1° and d, = 1°) or knife-beam &y = 22

and 5y =1°).

The correct choice of radar wavelength is of gnegortance, thus to single out promising radiation
frequencies we consider three Wavelen@fthQ.OOS m, 0.021 m, and 0.055 m. These waveleratins
rather frequently used in actual radar systemsmbte sensing.

The scheme of the numerical experiment is as faldwirst, measurements are carried out above
the “clean” part of the surface and then abovestiok. The detection task is to determine the prese
of a film on the surface by the variation of theppter spectrum width.

As an example, in fig. 8 we present the dependehtge Doppler spectrum width at nadir viewing
for a knife-beam antenna pattern® @ 22°) and the wavelength 0.021 m on the wind speed in
measurement from a helicopter for the clean watse qcurve 1) and for the slidk = 20 mN/m
(curve 2). In the calculations the direction of tiedicopter motion\{ = 30 m/s) was chosen along the
Y axis, while waves propagated counter to Yhexis, i.e., against the radar motion. Note that the
Doppler spectrum width can be employed to unamhiglyo determine the direction of wave
propagation [31].

The presence of the slick on the sea surface seisuét decrease of the variance of large-scale wave
slopes, and, consequently, in a decrease of thelBrogpectrum width in measurement from a moving
carrier.

It is seen in the figure that the wind speed groythughness intensity) leads to the Doppler
spectrum broadening. In this case the film inflleerscapproximately equivalent to the decrease @f th
wind speed by 1 m/s.

Depending on the radar wavelength the divisionhefwave spectrum into large-scale waves and

small ripples proceeds differently; the sensitivafythe Doppler spectrum width to the slick occooe
depends on the boundary wavenumkgr. The larger the boundary wavenumber, the strotiger
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variation of the statistical characteristics ofgluscale waves in the slick and hence the strotiger
sensitivity of the Doppler spectrum.

For a detailed consideration we choose one winddsf@ m/s) and make calculations for the three
wavelengths. The calculation results for radar watmarrow-beam antenna patterf! 1 1°) are
presented in Table 1, the calculation results dolar with a knife-beam antenna patterhy22°) at
nadir probing are presented in Table 2. Tables @ 4ndeal with the calculations of the same
parameters for oblique probing (the incidence aigi, = 10%). The Doppler spectrum widihf,,

in the tables is given in Hertz.

Note that for a narrow-beam antenna pattern (Tapkd the radar wavelength of the order of 0.05
m and more, the Doppler spectrum width is not $mmesito slicks under arbitrary measurement
conditions. For shorter waves the probability atksdetection is highest for an immobile radar &nd
diminishes as the motion velocity grows. In thiseavind speed fluctuations can interfere.

Figure 8. Dependence of the Doppler spectrum width at na@wing on the wind
speed for the radar wavelength 0.021 m and theomotelocity 30 m/s. Curve 1 —
without a slick, curve 2 — in the slick (a knifeame antenna pattern).
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Table 1. The Doppler spectrum width for radar with a narosam antenna {k 1°),
Hz.
V=0m/s V=30 m/s V =200 m/s
Wave- E=0mN/m |E=20mN/m |[E=0mN/m |E=20mN/m |[E=0mN/m |E=20mN/m
length
0.008 m 259.9 227.9 362.9 344.0 1626.6 1625.4
0.021 m 94.3 86.7 135.9 131.6 619.5 619.2
0.055 m 33.6 33.0 51.9 51.6 236.5 236.4
Table 2. The Doppler spectrum width for radar with a kriileam antenna (22 1°),
Hz.
V=0m/s V =30 m/s V =200 m/s
Wave- |[E=0mN/m |E=20mN/m |[E=0mN/m [E=20mN/m |[E=0mN/m [E=20mN/m
length
0.008 m | 321.9 320.0 3283.4 2964.5 20743.6 18428.5
0.021m | 122.3 121.9 1201.5 1128.7 7542.6 7015.6
0.055 m 46.6 46.5 436.2 429.8 2715.8 2670.3
Table 3. The Doppler spectrum width for radar with a nartoeam antenna {k 1°),
Hz at oblique probing (the incidence angle i§)10
V=0m/s V =30 m/s V =200 m/s
Wave- |[E=0mN/m |[E=20mN/m [E=0mN/m |E=20mN/m |[E=0 mN/m |E=20mN/m
length
0.008 m | 256.0 224.5 357.4 338.8 1601.9 1600.7
0,021 m | 92.9 85.4 133.9 129.6 610.1 609.8
0,055m | 33.1 32.5 51.1 50.8 232.9 232.9
Table 4. The Doppler spectrum width for radar with a kriiieam antenna (2 1°),
Hz at oblique probing (the incidence angle i§)10
V=0m/s V =30 m/s V =200 m/s
Wave- E=0mN/m |[E=20mN/m [E=0mN/m |[E=20mN/m |[E=0mN/m |E=20mN/m
length
0.008 m 317.0 315.2 3233.5 2919.4 20428.4 18148.5
0.021 m 120.5 120.1 1183.2 11115 7428.0 6909.0
0,055 m 45.9 45.8 429.5 423.3 2674.6 2629.7

The sensitivity of the Doppler spectrum width tcsleck for radar with a knife-beam antenna
pattern (Table 2) also considerably decrease€860n, hence shorter wavelengths should be used for
the diagnostics.

Contrary to radar with a narrow-beam antenna pattéie contrast of the “clean water"—"slick”
transition increases in the Doppler spectrum wadtlthe radar motion velocity grows.

This happens because in measurements by radaatife-beam antenna pattern mounted on a
moving platform the main role in the formation éetDoppler spectrum width is played not by the
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orbital velocity variance but by the slope variabeéng most sensitive to the presence of SAS foms
the surface.

At oblique incidence (Tables 3 and 4) the Doppleecsrum behavior in the range of quasi-
specular scattering does not essentially vary,usscthe dependence of the Doppler spectrum width on
the incidence angle is rather weak and proportidmatosine of the incidence angle. As is seen in
Tables 3 and 4, the Doppler spectrum widths atitclence angle fodiffer from those at nadir
probing by a few per cent.

Thus radar with a knife-beam antenna pattern caenygloyed for diagnostics of slicks from a
moving carrier.

Let us introduce a concept of contrast for the Depgpectrum width in the following way:

Kas =—AAf?‘Ck , ©)

10

WhereAf10 Is the Doppler spectrum width on “clean water” dhﬁsnck is the Doppler spectrum

width in the slick.

The dependence of the contrast on the wind speethéradar wavelength 0.008 m and the
motion velocity 200 m/s (a knife-beam antenna pa}tess shown by line 1 in fig. 9. It is assumedhe
calculations that the film elasticity IE = 20 mN/m. To convert the contrast to decibel, ftilwing
formula is utiizedK  =10lg K .

Figure 9. Dependence of contrast in the Doppler spectrunthwed the wind speed for
the radar wavelength 0.008 m and the motion vel&90 m/s (nadir probing). Curve 1
— the contrast in the slick, curve 2 — the windtcast caused by wind speed variation by
1 m/s (a knife-beam antenna pattern).
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As well as in conventional energy methods, a seriglostacle in diagnostics of surface films is
wind speed variability. Near-surface wind is ofterstable, which leads to fluctuations in the sgéctr
density of small-scale waves and, as a resultlutduations in the reflected signal power and ia th
Doppler spectrum width.

To estimate this effect we calculated the wind raBttKWmd caused by the difference between

the wind speed at this point and the wind speetieaneighboring part by 1 m/s. The wind contrast
was calculated as:

= Aflo(ulo) _
wind - Af, (U +)

In fig. 9 the wind contrast is shown by line 2. Foe assigned film parameters it is much weaker
than the contrast in a slick.

Though the absolute value of the contrast in th@dler spectrum width is smaller than the
absolute value of the contrast in the radar battesoag cross section, one should take into account
that fluctuations of the reflected signal power rangch stronger. This is seen in fig. 10 displayasgan
example of variability the measurement results iobth during the flight above the Gorky water
storage basin [31]. The observed contrasts in thwep and in the Doppler spectrum width are
attributed not to the slick presence but to valigtoef waves and wind speed above the sea sunfaae
small-size scattering area. For the flight heighatmout 150 m the size of the scattering area wés 2
42.2 m at the half-power level. For a narrow-beate@na the fluctuations could be even stronger.

K

(10)

Figure 10. Fluctuations of the Doppler spectrum width (curyeahd of the radar
backscattering cross section (curve 2) during ligltfabove the Gorky water storage
basin.
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Therefore, the question of advantages of the eramgyspectral approaches to the slick detection
remains open until field measurements are carngd o

6. Conclusion

The case of nadir probing is of interest to usgeiradio altimeters have been used successfully in
this range of incidence angles for a long time. $hggested design of radio altimeter with a knife-
beam antenna pattern enables one to measure sliopesugh water surface [33].

Besides the wind speed, the slope variance valnebeaalso affected by the occurrence of SAS
films on the sea surface; thus the developed sygstam be used for slick diagnostics. The goal ef th
present paper is to validate this assumption.

The dependence of the Doppler spectrum width onrteasurement conditions and a sea surface
state is analyzed. In the numerical analysis waidened the influence of surface films on the Deppl
spectrum width for radars with narrow-beam andddiéam antenna patterns.

The calculations are based on the wave spectrunelntaking into account the SAS film influence
on the surface wave spectrum. The analysis hasrshiost among the statistical characteristics of
large-scale waves the slope variance is most sensgitthe occurrence of SAS films.

In the case of a fixed radar it is possible to defiems at small incidence angles by using a nafro
beam antenna pattern. The calculations have dematetsthat radar with a knife-beam antenna pattern
is poorly sensitive to the film presence. Note thatsmaller the electromagnetic wavelength, theemo
sensitive the Doppler spectrum.

According to the calculations, radar with a narfe@am antenna mounted on an aircraft (200 m/s)
does not see the film, because the Doppler speatnaith is fully determined by the motion velocity
of the carrier. This explains the point of view tthbhe Doppler spectrum is inapplicable to slick
diagnostics. However, our estimates have revediatl the employment of a knife-beam antenna
changes the situation. In this case the Dopplectgpa width depends on the slope variance being
rather sensitive to the SAS film occurrence onsiindace

An additional advantage of a knife-beam antennthas the reflected signal is collected from a
larger area (from a larger number of scattererk)chvdecreases the signal fluctuations.

At an average motion velocity corresponding to tifadur flights above the water storage basin (30
m/s), radar with a narrow-beam antenna is not @bt sensitive to the film presence, while the
sensitivity of radar with a knife-beam antenna remmaatisfactory.

As the electromagnetic wavelength grows, the cehtcd the “slick — clean water” transition
weakens; hence the radar wavelength should noedx@©2 m.

The contrast in the Doppler spectrum width is wedkan the contrast in the radar backscattering
cross section. However, the power fluctuationshefreflected signal are stronger than the fluabunati
of the Doppler spectrum width, thus one cannotnitefly state that the sensitivity of the Doppler
spectrum in diagnostics (detection) of slicks omdka surface is lower than the sensitivity ofrtar
backscattering cross section.

In a future experiment it is planned to make meam@nts above an artificial slick and to compare
the sensitivities of the energy and spectral apgresito the slick detection.
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Annex 1

In  oceanography, the frequency spectrunﬁz(a‘) and the frequency-angular
spectrumSZ(a;)wa(aJ,(L) are usually measured, Wher‘éz(a;) describes the wave energy
distribution over frequencies arf® (¢, &) is responsible for the angular distribution fuanti

A “radiophysical” model of the spectrum [19] exgctorresponding to the known experimental
data was developed to describe wind waves.
In the frequency range from O to Ti%, the spectrum coincides with the JONWAP spectrudj: [2

S () = aglersex Dl— . 5( % 4} Wexr{—(co—am)z/[zaﬁa‘%ﬂ |

where ( is the acceleration of gravit§',, = 0.697Q /Ulo, and
_ | 007, L < Gy,
o=
009, W= W,.

The wavenumbeK ,and the frequency,, are related by the dispersion relationship forewat
waves.
At the frequency higher than X2, the wave spectrum is assigned by the formulas:

Sz(a))——z, 1.2 < W < A,

N

IN

S (w) :a_ . Bmlm <& < Gy L 64rad/s K= 270 rad/m);

a,
S(w)= —7 Qg <G < G L 298 rad/s K = 1020 rad/m);

Sz(a))— 5 L W <.
The coefﬂmentsﬂi are calculated as follows:
— 4 - \4 — ‘
a, =S (12a,) [(12a,)* . az=a,laney, |
— -23 — 2,3
a,=a,lag® as =a,6e>.
The value of the coefficierdi,,, depends on the wind speed and is yielded by theession:
am = 0.3713+0.29024U, , +0.2902/U .

To describe the angular distribution the followiogmula is used:

2
P, ADEZB¢+G_ZB¢ , —TIS@¢<T

where B =1(° and
b=-028+ 065(exf]- 075[In(k / k)| + 001lexy- 02+ 07lglk / &y
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The angleZ = ¢, —¢,, whered, is the direction of wave propagation agl is the azimuth

angle counted off from th¥ axis. The normalization coefficier amounts to:
A=___DB
arctgherB) -
The developing waves are described by the concdptseodimensionless wind fetck and the
dimensionless frequené?]:

X=xg/UZandac=alU,,/ g
where X is fetch in meters. When waves are developing ftleenshore under the action of wind, the

fetch length coincides with the distance to thersho
As waves develop, the following parameters of thecsum model varyt,, J, @ . Below are

the formulas for these values in the variation eaofithe dimensionless fetch = [1430, 20170]:
(q, = 0.61826+ 0.00000352X — 0.00197508/X + 62554/ /X —2902/ X ,

J = 5.25366+ 0.00010762X — 003776776/ X —1629835/~/X + 2532515/ X15,
@ = 0.0311937 0.002327736N(X) —83679/ X? + 451146010°1" exp(—X).

The fetch valueX = 20170 corresponds to the fully developed wingjfmess.
The present model of the roughness spectrum hasdmetoped by analyzing experimental data
for “radiophysical” application and is successfullsed for solution of different problems.
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