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Abstract

Introduction. Doppler spectra of signals scattered from the sea surface and received by radar are frequently used in
oceanology and ecological monitoring applications. Existing Doppler spectrum models are limited in their application
due to being based on empirical data obtained under changing conditions. The variability of observation conditions
having a critical influence on microwave scattering by sea surface at low grazing angles is typical for marine radioloca-
tions.

Objective. The aim of the investigation described in this article was to develop a mathematical model of Doppler
spectra at low grazing angles for the microwave frequency range.

Materials and methods. The two-dimensional problem of the scattering of an electromagnetic field on a cylindrical
deterministic surface is considered. The linear spatial sea spectrum model described by Elfohaily et al. is used to gen-
erate sea surface realisations. A solution to the scattering problem is obtained for the case of vertical polarisation of
the incident electromagnetic field using an integral equation with the control of the error of the solution. A mathemat-
ical modelling of the Doppler Spectrum of signal scattered by sea surface is carried out using the statistical trial meth-
od. The case where the direction of the observation of the sea surface by radar is perpendicular to the direction of the
wind is also considered. The electromagnetic field scattered in the direction of the radar receiver is calculated as a
function of time for each generated sea surface realisation. Further, the set of variables of the implementation of scat-
tered field is calculated for implementation of the Doppler spectrum.

Results. The set of implementations of the Doppler spectrum provided with its mathematical model consists of de-
terministic and random components. An approximation of each aforesaid component is proposed and mathematical
expressions for the calculation of value components are presented. The modelling result is analysed.

Conclusion. The developed mathematical model is proposed for use in the design of an algorithm for sea surface
condition estimation and pollutant detection using radar-detected signals.
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MATEMATUYECKASA MOAEJIb AONJIEPOBCKOIO CMEKTPA CUTHATA,
PACCEAHHOIO MOPCKOI MOBEPXHOCTbHO, MPU CKO/Mb3ALLUX YIIAX OB/IYYEHUA

AHHOTauuA

BeedeHue. /onneposckuli cnekmp CU2HO/M08, pPACCEUBAEMbIX MOPCKOU NOBEPXHOCMbI U NPUHUMOEMbIX
paouo0KAMOpPOM, UCNOAL3Yemcs 8 pazAUYHbIX 300a40X OKEaHO/A02UU U 3K0/a02U4Yecko20 MoHUmopuHaa. Cyuje-
cmeyroujue Mooenu 00N/aepo8cKo20 CNekmpa CU2HA/I08 UMem 02pAHUYEHHOe NPUMEHEHUE, NOCKO/bKY NoJy4eHsl
HQO OCHOBE IMNUPUYECKUX OGHHbIX 8 MEHSIOWUXCA yCA08UsX. VI3MeH4Yusocme ycaosull HabaoeHUsA Haubosee cyuje-
CMeeHHO esusgem Ha paccesHue paduoeoaH HO MOPCKOLU nogepxHOCMU npu xapakmepHom 0714 Mopckoli paduoso-
Kayuu ckonb3sujem 06yyeHuu.

Llene uccnedosanus. Paspabomka mamemamuyeckoli Modeau 0on/aeposcko20 cnekmpa cu2Ha/108 Npu CKo/b3A-
WUX y2nax 0bay4deHuss MOpckol nogepxHoCmu 0418 COHMUMempo8o20 OUANA30HA 0/1UH 8O/H.

Mamepuansi u Memodsl. PaccmompeHa d8yMepHas 300040 paCCeSHUS 31eKMPOMAZHUMHO20 NOAA HA YuAuHOpuYe-
ckoli demepMUHUPOBAHHOU nosepxHocmu. [ 2eHepayuu peanu3ayuli Mopckoli N08epXHOCMU UCN0/b308aHA AU-
HeliHas Modesnb C NPOCMPAHCMBEHHbLIM CNEKMPOM MOPCKO20 80/HEHUA davpoxelinu. ToaydeHo peweHue 300a4u
paccesHuUA 044 C1y4yas 8epmuKkabHOU NoAAPU3AYUU Nadarouje2o 3/1eKmpoMaz2HUMHO20 noas MemodoMm UHMe-
2panbHO20 ypa8HEHUS C KOHMpOJaeM nozpewHocmu pacyema. Memodom cmamucmu4eckux ucneimaxuli npogede-
HO Mamemamu4eckoe MoOeauposaHue 0on/aepoeckoz0 Cnekmpa Cu2Has08, pPacceu8aeMbix MOPCKOU NogepxHo-
cmetro. PaccmompeH cay4qall, Ko20a HanpaeneHue 0bay4eHuUs MOpcKol nogepxHOCmMuU paduosoKamopom nepneHou-
Ky/ApHO HanpaeaeHuro eempa. s Kaxco0ol U3 c2eHepupoBaHHbIX peanau3ayuli Mopckol nogepxHoCmMu pacc4yuma-
HO 3/1eKmpOMa2HUMHOe NnoJje, pacceugaeMoe 8 HaNPasAeHUU HO NPUEMHUK paduo10Kkamopa, Kak QyHKyuUsa epeme-
Hu. jasee no cOBOKYNHOCMU 8peMeHHbIX peanu3ayuli paccesHHo20 NOAS 8bIYUCAEHO peaau3ayus donsaepoeckozo
cnekmpa cuzHaAo8.

Pesyaemamel. 1o cogokynHocmu peanusayuli 00na1epoe8ckozo cnekmpa noay4eHa e2o MameMamu4eckas Mooess,
codepxcaujas 0emepMUHUPOBAHHYI U CAy4aliHyto cocmaenstoujue. [pednoxeHa annpokcumayusa kaxool u3 yka-
30HHBIX COCMABAAWUX, NpUBedeHsl MameMamuyeckue 8blpaxeHUs 049 ux pacdema. [lpusedeH aHAMU3 pe3yb-
mamoe Mo0enupo8aHuUs.

3aknto4eHue. [lony4eHHYrO MamemMamu4eckyro Modess 00n/aepo8cko2o cnekmpa npeodnoodeHo UCNo/a63080Ms
0415 pa3pabomku a120pUMMO8 OUeHKU No NPUHAMbIM PadUOAOKAYUOHHLIM CU2HAAAM COCMOSIHUA MOPCKOU no-
8EPXHOCMU U HOAUYUA HO Hell 302PA3HAIWUX 8elyecms.

KntoueBble cnoBa: pajunonokauus; JonaepoBCKNi CrekTp CUrHana; MoAeNpoBaHue; paccesHe PpagroBOIH;
MOPCKast MOBEPXHOCTb; CKONb3ALLMIA Yron 06aydeHuns

Ansa untmnposaHus: bopoauH M. A, Muxainnos B. H., duavnnosa M. A. MatemaTtnyeckas Mogens AOMNJepoBCKOro
CreKTpa CMrHana, paccesHHOro MOPCKOM MOBEPXHOCTLHO, MPY CKONBL3ALLMX Yriax obnyyeHus // N3B. BysoB Poccuu.
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Introduction. Microwave radar stations are  obtain information about a sea surface in a short time

widely used for the remote sensing of a sea surface
[1]-[4]. Among the advantages of remote ocean
probing carried out by radar are its all-weather capa-
bility, independence of day- or night-time operation
and possibility of radar installation on stationary ob-
jects as well as movable carriers. The abovemen-
tioned advantages of radar provide the possibility to
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period, which is highly important for an operational
analysis of an ecological situation in investigating
water aria.

Doppler spectra of signals (DSS) received by a
radar are used for determining the investigated charac-
teristics of sea surface (roughness, velocity and direc-
tion of near-water wind) and also for ecological moni-
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toring of the sea surface in the presence of biological
and non-biological (oil films) pollutants [1]-[5].

Radar signal reflection from the sea surface is af-
fected by the velocity and direction of a near-surface
wind as well as its duration, the length of the wind
acceleration region, the presence of pollution (e.g. oil
films) and other local weather conditions [6], [7]. In
addition, there are complications affecting the calibra-
tion of sea surface reflected signals [6].

The theoretical framework for the scattering of
radio waves by a rough sea surface became the basis
for the interpretation of experimental results. Within
the this framework are included both resonant
(Bragg) and non-resonant scattering [2]-{7].

Current empirical microwave mathematical models
are represented as DSS formulae averaged on a num-
ber of realisations for both downwind and upwind
illumination directions [5]. However, researchers
have yet to derive any DSS mathematical models for
illumination directed perpendicular to the wind direc-
tion for the wavelength of interest. In [4], only par-
ticular DSS realisations for the wind-perpendicular
illumination direction are presented.

In order to elaborate algorithms for the inverse
problem of reconstructing sea surface characteristics
using received radar signals deflected at low grazing
angles, averaged data from variety of DSS realisa-
tions is not sufficient. In particular, such an algorithm
requires a probability model, which allows DSS real-
isations to be generated in accordance with given
parameters and the accuracy of solution to the scat-
tering problem to be estimated.

The development of a theoretical approach to sea
surface diffraction of radio waves at low grazing an-
gles allows the creation of new mathematical DSS
models for surface areas, whose size is determined
by spatial radar resolution, along with various wind
velocity and direction parameters.

The aim of this paper to develop a mathematical
DSS model at low grazing angles for the microwave
frequency range typical of radars utilised for ocean-
ology and ecological monitoring tasks.

In order to develop the described mathematical
model, it was deemed necessary to carry out the fol-
lowing steps:

— select the mathematical model of the rough sea
surface;

— choose a method for solving the problem of the
scattering of radio waves by generated sea surface
realisations;

— develop the mathematical model for the scat-
tering of a microwaves at low grazing angles using
the statistical trial method;

— process the modelling results and form the math-
ematical model of DSS scattered by the sea surface;

The mathematical DSS model, which has a practi-
cal application and is hitherto poorly investigated in
scientific literature, will be formed for cases when the
sea surface radar illumination direction is perpendicular
to the direction of the wind.

Sea surface model. There are variety of models
for describing the sea surface, including linear and
nonlinear models that take into account the spatial
spectra of sea waves [10]-[13].

Within the framework of the linear model, the sea
surface is represented as a sum of spatial harmonics
whose amplitudes are comprised of independent
Gauss random values with a dispersion depending on
the wavenumber of a radial sea wave spectrum. A re-
view of common nonlinear sea surface models is rep-
resented in [9]-[11].

The Elfohaily spectrum, which takes the contri-
bution of capillary and gravity-capillary waves into
account, is adopted as a spatial spectrum of sea
roughness [12], [13].

Since a description of sea wave breaking and
foam formation processes are rather complicated, we
will rely on a linear, one-dimensional sea surface
model due to its simplicity in realisation and correct-
ness for low wind speeds. Mathematical expressions
sufficient for the generation of sea surface realisa-
tions can be found in [9]-[11].

Solving the scattering problem. In order to
form the mathematical DSS model from a rough sea
surface at low grazing angles, it is necessary to ob-
tain information concerning the field scattered to-
ward a radar by solving the problem of the diffrac-
tion of radio waves on the sea surface.

Previously, the so-called two-scale model, within
the frames of which the scattered field consists of two
components, was used to obtain the signal characteris-
tics [14]-[16]. The first component, which corre-
sponds to scattering from a significant roughness of a
sea surface (gravity waves), is defined by the Kirch-
hoff method. The second component, which can be
defined by the perturbation method, corresponds to
scattering from small-scale roughness (ripples). How-
ever, the results obtained using two-scale model at low
grazing angles differ from those obtained experimen-
tally. Moreover, the obtained results were not evaluat-
ed in terms of their accuracy.
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The integral equation method (IEM), which is an
effective tool for the theoretical investigation of dif-
fraction problems, as well as having validity for ob-
taining numerical algorithms for solving a broad class
of similar problems, is widely used for overcoming of
mentioned difficulties due to intense development of a
computer hardware [13]-[15]. In addition, the above-
mentioned method comprises a rigorous numerical
method for solving the diffraction problem obtaining
solutions that fulfil the Maxwell equations. IEM is
also suitable for use at low grazing angles. Within the
framework of this method, the following integral
equations are distinguished [17]-[19]:
oE(r")

on

’

Einc ()= G(r, r')ds’; (1)
S

H) = 2Hipe (0 + 2] N B D s )
S

on

where E.

inc (), Hinc (r) are the intensities of inci-

dent electric and magnetic fields, respectively; E(r),
H(r) are the intensities of total electric and magnetic
fields on surface S, respectively; G(r, r') is the

Green function; n’ is the external normal of surface S;
r is the point of view; r’ is the integration point.

Let’s consider the two-dimensional problem of
electromagnetic field scattering from a deterministic
rough cylinder surface S. It is typical of marine radar
at grazing angles that the longitudinal dimension of
the illuminated area of a sea surface, which is suffi-
cient for radio waves scattering, far exceeds the
transverse dimension. Therefore, a two-dimensional
approximation of the solution is adequate.

Surface roughness types and geometrical proper-
ties characterising the problem are shown in Figure 1.
The source and receiver of electromagnetic waves are
positioned at point A. The incident electromagnetic
wave is characterised by electric field intensity E.

Inc?
magnetic field H;,., and wave vector Kjq; the scat-
tered wave is characterised by the intensity of electric
field Eg., magnetic field Hg, and wave vector Kgc.
The OZ-axis of the coordinate system is perpendicular
to the incidence plane of the electromagnetic wave.

Sea surface is illuminated at angle 6jnc, while the
scattering angle of electromagnetic energy is 6 "

A vertical incident field polarisation was chosen
since the performance of radar having this type of po-

" It is customary to measure the illumination angle from the un-roughed
sea surface and the scattering angle from the normal surface.
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Fig. 1. Geometrical characteristics of a rough surface

larisation provides a higher radar sea surface cross-
section value at low grazing angles compared with
horizontal polarisation. Moreover, this type of polari-
sation is used more frequently in marine radars used to
carry out oceanic investigations [16].

The integral equation should be transformed into
system of linear equations (SLQ) having unknown vari-
ables, which comprise the expansion coefficients of the
solution having the selected basis function [17]-[18].

The generated sea surface realisation is divided
into N plots. A step function is used to represent the
desired solution (surface current density) inside each
plot. The utilisation of this function allows the sim-
plest numerical algorithm to be obtained [17]-[18].

In the present paper, the integral equation (2) is
used for solving the scattering problem; an analogous
solution could be obtained using equation (1).

Let us assume that the result of SLQ solutions is rep-
resented by N unknown coefficients of desired solution
expansion. We can rewrite SLQ in matrix form [17]-{19]:

A = HlinC! (3)

where A is the N-by-N impedance matrix; J is the
column-vector of the surface current density consist-

ing of N elements; Hyjnc is the column-vector of

incident field magnitude consisting of N elements.

The elements of the impedance matrix for verti-
cal polarisation were calculated according to the
formulae [17], [20]:

A(m, n)=
ikAX |, (1)
—THl (kRmn)X

{y(xm)— Y (%) =¥ (%) (%m _Xn)}’

Rmn

m=n; (4)
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where m is the point of view index, n is the integra-
tion point index (m, n=1 N)* i is the imaginary
unit; k is the wave number; Ax is the single-plot sea
surface length; Hl(l) is the first-kind, first-order

Hankel function;

Rmn :\/[Y(Xm)_ Y(Xn )}2 Jr(Xm —Xp )2; (%)

y', y" are the first and the second derivatives of the x-
coordinate with respect to the y-coordinate, respectively;

ly () =1+ [V () T2 (6)

Virtual resistive insets representing plane surface
sections of given length L, with variable resistance

Ry (x) are placed at the boundaries of the considered
surface plots [19].

0, Ixl<Lt/2;
R (x) = [O.SL—lxl
Zy U

r

4
j ,q/szSLM2+Lp(n

where Zy=120n is the wave impedance; L; is the
length of the generated sea surface plot; L=1L; + L,
is the combined length of the sea surface plot; L, is
the length of the resistive inset.

Diagonal elements of impedance matrix A corre-
sponding to the vertically-polarised intrinsic field are
calculated using formulae, which takes into account
the resistive inset [19]-{20]:

A(m, m) = Ry () + £ = 2 Cm) |

2 4nly
kAxly (xm){lJrz_i
4

] o

The straightforward calculation of the far zone
components of the surface-scattered electromagnetic
field was carried out using the well-known formulae
[18], [21].

The joint tolerance of all calculations during ob-
taining of the sea surface field was estimated using
the energy conservation law. According to this law,

the power of incident field R,. must be equal to the

+

" Point of view is a point on the sea surface where the surface current
density is calculated. Point of integration is a point on the sea sur-
face whose electromagnetic field contributes to surface current den-
sity at the point of view.

power of scattered field P, with respect to the part

of power absorbed by the resistive inset B :
Finc = Fsc + Ains- )

The power of incident field was calculated using
the formula [18], [21]:

Finc :ZOHSSineinCv (10)
where Hg is the amplitude of incident field intensity.

The power of the field scattered by the sea sur-
face was calculated by the formula [21]:

K ZO +7/2 )
PSCZS__ _[ |W(esc)| dbgc, (11)
T 2
-m/2
where
+L/2
W (0sc)= [ I00ik[—y (x)sinOg; +cosby ] x
L2
x~exp{ik[—xsin Ogc + y(x)cosesc]}dx, (12)

and J(x) is the surface current density calculated
according to (3).

The power absorbed by resistive insets was cal-
culated by formula:

+L/2
Pins = H3 sin Ojnc j Ro (x)dx.
)

(13)

Finally, joint tolerance of all calculations during
scattering was estimated by [21]:

8:1_(P%+P|nsj_ (14)

F:inc

Mathematical modelling of DSS. Modelling of
the DSS was carried out in three steps using the
MATLAB software.

First, time realisations of the sea surface plots of
given length (520 realisations in total separated by
the time interval At) for the constant value of root-
mean-square (RMS) deviation of the sea surface y-
coordinate ¢ were generated.
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Table 1. Parameters for generating of the sea surface model

Parameter Value
Wavelength of incident field, m 0.03
Length of sea surface plot, m 10
Sea surface illumination angle, 6, ..° 2
Length of single section of sea surface Ax, m 0.01
Root-mean-square (RMS) deviation of sea 0.025;
surface y-coordinate, Gy, M 0.1
Time interval betweensea surface realisations,
0.0135
At, s
Duration of analysis interval, Ty, s 7
y,m
oy = 0.1m
\ 0.125— /\/\
WALV EN
-5 -25 0 2.5 X, m
—0.125\—
-0.25

Fig. 2. An example of the implementation of the sea surface plot

The DSS modelling was carried out for two values
of the root-mean-square deviation of the sea surface y-
coordinate for comparison and further analysis. Table 1
lists the parameters used for the generation. Fig. 2" de-
picts an example of the realisation procedure.

-40 -30 -20 -10 0 10 20 30 fp, Hz

I I [ -15 11 I

4 8 12 16 20 fp, Hz

Second, the time dependencies of electromagnet-
ic field scattered toward the radar for all sea surface
realisations was calculated in accordance to the for-
mulae (2)-(14) using IEM. Herein, the wind direc-
tion determining sea wave propagation was assumed
to be perpendicular to the sea surface illumination
direction. The error of the scattering problem solu-
tion did not exceed 25% on average.

During the third step of modelling, the depend-
ence of the DSS on power at the sea surface was car-
ried out in according to the formula [11]:

S(fD’ Binc esc):

T 2

1|2 .
=— ju(t, Binc: Osc )exp(—j2nfpt)dt| |
0

a

where T, is the analysis interval duration, u is the field
scattered by the sea surface in the radar receiving point;
fp is the Doppler frequency shift; tis time.

The 7 s duration of the signal analysis interval
for the DSS calculation was sufficient to achieve the
necessary resolution of the Doppler frequency. The
operations were repeated 100 times according to the
described steps in order to obtain the necessary quan-
tity of DSS realisations. Then the obtained data was
processed to form the DSS numerical model and to
make further analysis.

40 -30 -20 -10 0 10 20 30 fp, Hz
[ I [ [ [
Gy = 0.1m
S, dB
4 8 12 16 20 fo, Hz

Fig. 3. Deterministic component of the Doppler signal spectrum (a); the fragment (b)

" The origin of coordinate system was placed in the middle of illumi-
nated section of unroughed sea surface.
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Table 2. Parameters of the characteristic elements for the
region of the positive frequencies of the Doppler spectr

Gy, M
DSS parameter y

0.025 0.1
Main maximum frequency f.., Hz| 15.6 15.6
Width of the main maximum, Hz 0.40 0.45
Relative amplitude of the main
maximum, dB -19.2 -4.27
Frequency of the left additional
maximum, Hz 14.6 15.0
Frequency of the right additional
maximum, Hz 16.6 16.2
Relative amplitude of the left
additional maximum, dB —28.6 -10.4
Relative amplitude of the right
additional maximum, dB —27.6 -10.5

Calculations were carried out using a personal
computer running Windows 7 OS having an Intel Core
i5 2430M (2x2.4 GHz) processor and 4 GB of onboard
RAM. On average, the DSS calculation of the single
sea surface realisation took 12 s. The entire modelling
and DSS calculation process took eight days.

During further analysis DSS was considered as

an additive mixture of deterministic S( fp) and ran-
dom AS components:

S(fp)=5(fp)+AS.

Fig. 3, a demonstrates deterministic component
of DSS for different RMS deviations of the sea sur-
face y-coordinates. Fig. 3, b shows scaled-up frag-
ments of these DSS.

In analysing Fig. 3, a, attention should be paid to
two main maxima or so called “Bragg lines” caused
by resonant scattering of radio waves incident onto
the sea surface and corresponding to incoming and
outgoing sea waves. Two additional peaks should
also be noted in the area of the main peak; these are
caused by the resonant and nonresonant scattering
mechanism.

Next, in order to simplify subsequent analysis, we
will consider only the part of DSS that corresponds to

positive frequencies (Fig. 3, b); the negative frequency
analysis method is the same. The Bragg line frequency
positions, as well as width and other parameters are
displayed in the Table 2.

The frequency position of the main maximum of the
deterministic DSS component is calculated by formula [2]:

fb max :\/gKW +(GW/pW)K§V/2nv (15)

where ¢g=9.81 m/s2 is the gravity constant;

Kw =21/A,, is the wave number of the sea wave;
Ow =743.1073 N/m is the surface-tension on the

air-sea interface; py, =10° kg/ m® s the density of
the sea water, and

Ay =27/(2c0s64nc ) (16)

is the length of sea wave that produces the main
maximum of the deterministic DSS component; A is
the length of the incident radio wave.

Calculations carried out using the formulae (15) and
(16) are used to fix the frequency values of the main peak
of the deterministic DSS component (see Table 2).

Considering the character of the deterministic DSS
components as a frequency function (one main maxi-
mum, two additional maxima and two sections along
the edges), it is proposed to split them into five
nonoverlapping frequency intervals and carry out inde-
pendent approximations of each of them:

5
S(fp)= 2. Fm(fD).
m=1
where

Fm(f)zaP,mfP"'anl,mfPil"‘K +ag, m»
fol,m’foZ,m;
Fn(f)=0,f<f nf>"f .

Table 3. Simulation options for oy, =0.025m

, =0.025m
Parameter m
1 2 3 4 5
P 4 3 3 3 4
fi ms Hz 0 13.9 15.3 16 173
fy m» HZ 13.9 153 16 173 37
ay m 2.7-107° 0 0 0 -42-107°
ag m _55.2.1073 2.753 226.75 1.045 24.1073
a2, m 0.336 -129.22 -1.08-10% —62.6 0.041
a m -0.921 2.01-10° 1.7-10° 1.22-10° -5.504
a9, m -39.386 ~1.04-10* -8.95-10° -7.73-10° 41.16
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Table 4. Simulation options for oy=01m

oy = 0.1m
Parameter m
1 2 3 4 5
P 4 3 3 3 4
fy, ms HZ 0 14.3 15.3 16 17.3
fy ms HZ 14.3 15.3 16 17.3 37
ay, m 8.79-107* 0 0 0 -39.107*
am 171073 -1.04 236.84 5.467 36.7-1073
Qm 0.19 1.37.10° 1.11-10% —276.45 -1.16
a m -0.634 —2.02-10* 1.76-10° 4.65-10° 12.1
ap, m -31.22 9.92-10* -9.23-10° -2.61-10* -33.85

The values of ap m, fi 1,

in Tables 3 and 4.

The average error of deterministic DSS compo-
nent approximation was 0.13% for RMS deviation of
the sea surface, the y-coordinate is equal to 0.025 m
and 0.17% for RMS deviation equals 0.1 m.

The random DSS component was determined using
the statistic model, taking the form of a random station-
ary process with zero mathematical expectation and
given correlation function (CF) and RMS deviation. By
analysing the modelling data using the Pearson criteri-
on, it was shown that random component of DSS is

equal to 5.6 dB for oy =0.025m and 6.05 dB for

fa m, P are shown

Oy = 0.1m.
The normalised CF of the random DSS compo-
nentRy, (Afp) is shown in Fig. 4. The correlation

interval of the random DSS component for
cy =0.025m was equal to 0.59 Hz, while for

oy =0.1m it was equal to 3.85 Hz. Correlation in-

terval values are expressed in frequency units be-
cause calculated value, the random DSS component
depends on it.

Conclusion. The mathematical model of DSS of
microwave range radio waves with vertical polarisation

Rn
0.8 5, =0.025m
0.6~
0.4f—

0.2—
| | (T, . L. I
-40 30 -20 -10 0 10 20 30
0.2

fp, Hz

including deterministic and random DSS components
for the illumination direction perpendicular to wind
action was elaborated. Mathematical expressions for
these components for two different RMS deviations of
sea surface y-coordinates which corresponding to low
sea force is obtained.

The following conclusions could be made during
analysis of obtained results for fixed grazing angle and
increasing RMS deviation of the sea surface y-
coordinate:

1. The frequency position of the main maximum
stays constant. This conclusion is approved by the theo-
retical calculations.

2. Width of the main maximum of deterministic
DSS component (on -3 dB level), which includes in-
formation about the wind influence on the sea surface
increases. Increase of the wind speed above the sea sur-
face leads to increase of the RMS deviation of the sea
surface y-components.

3. Relative amplitude of main and additional max-
imums of the deterministic DSS components increas-
es. The sea surface becomes rougher and the coeffi-
cients of radar directed backscattering increases.

4. Difference of relative amplitudes of main and
additional DSS maximums decreases. This effect is
caused by an increase in the quantity of the sea sur-
face plots that perform nonresonant scattering due to

Rn
0.8

0.6f—

0.4f—

0.2 /_Aj
—40 -30 -10 0 10 30 fp, Hz

- 20
20 -0.2

Fig. 4. The normalized correlation function of the random component of the Doppler signal spectrum
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an increase in sea roughness.

Therefore, the developed mathematical model ac-
counts for the physical effects of interaction between
radio waves and a rough sea surface typical of low

grazing angles. This model could be used for generat-
ing the input data for the design of radar echo-signal
processing algorithms used for solving oceanological
problems and ecological monitoring.
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