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Abstract—The effect of sea surface waves longer than Bragg components on the backscattering of centimeter
electromagnetic radiation is studied on the basis of data on direct field measurements of sea-surface slopes. A
situation in which waves with wavelengths greater than 10 cm are longer than the Bragg components is consid-
ered. The increase in the backscattering cross section that is due to the presence of long waves is numerically
estimated for sounding at horizontal and vertical polarization. Nonlinear effects in the field of surface waves
result in the departure of the distribution of sea-surface slopes from a Gaussian distribution and lead to a change
in the backscattering cross section. At a sounding angle of 35°, this change may reach 15% with respect to the

cross section calculated for a Gaussian surface.
DOI: 10.1134/S0001433809020108

INTRODUCTION

Studies of radio-wave scattering from the sea sur-
face were initiated in the early 1950s [1]. However,
despite its long history, the problem of wave scattering
from the sea surface remains to be solved completely;
this is mainly due to the fact that the field of sea sur-
face waves has not been studied sufficiently [2, 3].

The major scatterers of radio radiation during
remote sensing of the sea surface from space vehicles
are short surface waves. The dependence of the energy
of short surface waves on the wind velocity forms the
basis for its determination by means of remote sensing
[4]. The method proposed in 1966 for determining the
wind velocity with the aid of instruments recording
radio-wave scattering on the ocean—atmosphere
boundary is presently the only way to obtain global-
scale information on the near-water wind [5].

The presence of long waves, the energy of which is
less correlated with wind velocity than the energy of
short waves, is a source of errors during scatterometric
measurements of the near-water wind velocity [6].
Long waves alter the local slope of the sea surface (the
geometric effect) and modulate the energy of Bragg
components (the dynamic effect). In order to describe
the effect of long waves on radio-wave scattering from
the sea surface, using the linear modulation transfer
function was proposed in [7]. This study is restricted
to an analysis of the geometric effect.

Variations in local sea-surface slopes produce not
only major energy-carrying (dominant) waves but also
shorter waves that are, however, longer than Bragg

components. In order to take this factor into account,
the backscattering cross section is expanded in a
power series of local angle of sea-surface slopes and
the subsequent averaging over their distribution func-
tion is used [8, 9]. In the absence of data on the actual
variability of statistical characteristics of sea-surface
slopes, the drawback of this approach is the complex-
ity of assessing the convergence of the series.

In analyzing the geometric effects that are caused
by the presence of long waves, the central problem is
describing the distribution of sea-surface slopes. Dif-
ferent models are commonly used for this purpose in
the absence of detailed information on statistical char-
acteristics of the sea surface [9, 10]. These models are
constructed for the spectrum of surface waves on the
basis of solving the kinetic equation [2] or numerical
models of the sea-surface relief [10]. The relatively
small amount of experimental data on sea-surface
slopes has caused the Gaussian model to be used as an
approximation to the present day [11-13]. This model
is constructed under the assumption that, in a spatially
homogeneous wave field, all of its components are
independent and their phases are distributed randomly
and uniformly.

The aim of this study is to analyze the effect of
long (compared to Bragg components) surface waves
on the Bragg scattering of radio waves in the back-
ward direction on the basis of the data of in situ mea-
surements of sea-surface slopes.
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BRAGG SCATTERING OF RADIO WAVES
FROM THE SEA SURFACE

At angles of incidence greater than 20° to 25°,
radio-wave scattering from the sea surface has a reso-
nance character and is described using the method of
small perturbations [14]. In the zero-order approxima-
tion, where resonance (Bragg) components of the sur-
face-wave field propagate over a plane surface, the
backscattering cross section may be written as

o,(K,8,0) = 8K'|G,(0)]’E(ky), (1)

where 0 is the angle of incidence; o is the azimuthal
angle; G, is a function of sounding angle, which is
determined by the form of polarization p; and Z is the
spectrum of the sea surface height. The resonance con-
dition, which relates the wave numbers of surface
waves kz and backscattered electromagnetic waves K,

has the form
k; = K2sin6. )

Bragg scattering is produced by components propagat-
ing in the sounding direction, i.e., having the azimuthal
angle @z, which satisfies the relation

QPp=0, Oor @Qg=0+T. 3)

In the following, waves with wavelengths greater
than the wavelength of Bragg components will be con-
sidered long. The presence of the long waves results in
the Bragg components propagating over a curved sur-
face. This in turn leads to a change in the local angle
of incidence of radio waves. As a consequence, the
value of the function of sounding angle G,=G,(6 - 1)
changes, and the wave number of the Bragg component
becomes a function of three variables: k; = (K, 0, ).
Thus, in the presence of long waves, relation (1)
assumes the form

o\ (K, 8, o, B1)

= 8K'|G,(0— B "E(ky(K, 0~ B1)),

where B is the angle of sea-surface slope produced by
the long waves in the direction of incidence of radio
waves.

Let the sizes of a radar spot on the sea surface be
substantially greater than the wavelengths of long
waves. Then, the effect of long waves on the magni-
tude of a backscattered signal can be taken into
account by averaging (4) over the entire range of the
related sea-surface slopes 3. The averaging should be
made with the weight that determines the probability
of occurrence for different values of the angle 1. In
this case,

“)

o5 = [o5(8—Br)P(Bp)dp

5)
= [8K*|G,(0— Bp)|"E(kys(K, 6~ B1))P(B1)dB,
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where P(B1) is the probability density of slopes in the
direction of radio-wave incidence.

In order to implement the averaging procedure in
(5), itis necessary to transform the spectrum of the sea
surface height = by representing it as an explicit func-
tion of the angle of incidence. For this purpose, we
switch from the wave-vector spectrum Z to the spec-
trum of wave numbers and directions ¥ (k, Q):

_ Ak, k)
h‘(kxa ky) a(k’ (X) - X(k’ Oﬁ), (6)
here the Jacobi Ik k) = k. Furth t
where the Jacobian — ko) K urther, we represen
the spectrum % (k, ) in the form
Xk, o) = S(k)O(k, 00), (7

where S(k) is the one-dimensional wave-number spec-
trum and O(k, o) is the function of the angular distribu-
tion of wave energy, which satisfies the normalization

condition fn@(k, o)do = 1.

Let us change the variables in the spectrum S(k):
S(k);—l% = S(K2sin®), (8)

where 31—5 = K2cos6. Finally, we obtain the following

. 0
expression for G :

0 2
oy = 2K |G”(e)| sinOcos0

O(kp, 0tp). )

Because the explicit dependence of G% on the

angle of incidence is found, it is possible to estimate
the corrections that are due to long waves. In calcula-
tions of the corrections, surface waves with wave-
lengths greater than 10 cm will be considered long
compared to the Bragg components.

At frequencies higher than the frequencies of dom-
inant waves, the spectra of sea-surface slopes vary
only slightly with the frequency. Therefore, the nar-
rowing of the wavelength range of waves that form
sea-surface slopes leads to a decrease in the rms slope.
The physical mechanisms responsible for the devia-
tion of the higher statistical moments of slopes from
their values, which correspond to a Gaussian distribu-
tion, also change. Specifically, in our case the effect of
capillary ripples that are generated on the crests of
gravity waves, which leads to an increase in the asym-
metry of the slope distribution, is excluded.

Statistical moments of the slopes that are produced
by surface waves in the wavelength range with the
lower bound corresponding to a spatial scale of 10 cm
have not been estimated previously. Therefore, we
start our analysis by determining the statistical
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Fig. 1. Statistical characteristics of sea-surface slopes in the
(1) up/downwind and (2) crosswind (with respect to the

wind velocity) directions: (a) rms slope A/Ez ; (b) skewness
modulus |A(E)|, and (c) peakedness E().

moments of sea-surface slopes formed by the waves of
the indicated range.

STATISTICAL CHARACTERISTICS
OF SEA-SURFACE SLOPES

For further analysis, we will use the data of in situ
measurements of sea-surface slopes on the oceano-
graphic platform of the Marine Hydrophysical Insti-
tute of the National Academy of Sciences of Ukraine.
This platform is mounted in the Black Sea near the
South Coast of the Crimea. The sea depth where the
platform is located is 30 m, which corresponds to the
deep-water condition for the Black Sea; i.e., the wave-
field distortions that are due to the bottom can be dis-
regarded.

Sea-surface slopes were measured with a two-
dimensional slopemeter. The measurements were
taken with a time step of 0.02 s. Operation of the
instrument is based on measuring the angles of deflec-
tion of a laser beam during its passage through a rough
water—air interface from under the water. The
recorded angle of laser-beam deflection from the ver-
tical is determined by a local sea-surface slope at the
point (on an area of about 2 mm?) where this surface
is intersected by the beam. The instruments and con-
ditions of measurements are described in [15, 16].

The initial records of sea-surface slopes, which
were obtained with a laser slopemeter, contain infor-
mation about sea-surface slopes in the frequency
range to 25 Hz. In order to eliminate the effect of high-
frequency components, the initial records of slopes
were filtered. The cutoff frequency of the filter was
taken equal to 4 Hz. Waves below this frequency are
gravity waves, which satisfy the dispersion relation

Qnf)* = gk, (10)

where f is the frequency and g is the acceleration of
gravity. According to Eq. (10), the wavelength equal to
10 cm corresponds to the frequency of 4 Hz.

The slope records were presented in a Cartesian
coordinate system with one of its axes oriented in the
wind direction [17].

The sea surface height will be denoted as . The
variables d{/dx = &, and d{/dy = £ in the Cartesian
coordinate system are considered the up/downwind
and cross-wind components of slopes, i.e., the slopes
along and across to the wind direction. The statistical
moments of the slopes in the up/downwind (§,) and
cross-wind (&) directions are shown in Fig. 1.
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Changes in the wavelengths of the Bragg components of sur-
face waves due to a change in the local incidence angle

XB(B + nﬁi)
Local —_— 2 n=1,2,3

incidence IC)

angle
0 = 35° 0 = 45°

o+ B 0.85 12| 089 1.2

- u
62,5 0.75 6 | 082 14
0+3,/p> 0.69 25 0.77 1.8

Figure 1 presents estimates for the skewness and
peakedness of the distributions of sea-surface slopes
produced by waves with wavelengths of 10 cm or
longer. These estimates point to the quasi-Gaussian
characters of these distributions. It is seen that, on
average, the skewness of the distribution of the
up/downwind component of slopes increases with the
wind velocity. The average skewness for the cross-
wind component of slopes is close to zero; however, in
individual situations, significant deviations from zero
are observed. The asymmetry of the distribution of the
crosswind component of slopes may be due to the sur-
face current being directed at an angle to the wind
velocity vector, as well as to variations in the wind
direction, because the rearrangement times of the
components of a wave field with different wave-
lengths differ from one another.

QUANTITATIVE ESTIMATIONS
OF A VARIATION IN THE WAVELENGTH
OF THE BRAGG COMPONENT

The aforementioned data on sea-surface slopes
make it possible to estimate the limits of variations in
the wavelength of the Bragg component as a result of
variations caused in a local angle of incidence by long
waves. Calculations were performed for two angles of
incidence of 35° and 45°. If variations in a local angle
of incidence are taken into account, the wavelengths
of the radio (A) and surface (Az) waves are related by

A

" = B (i
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where B1 is the angle of the sea-surface slope in the
radio-sounding direction.

The rms angle of long-wave slopes in the up/down-
wind direction for the series of slopes under study is

JE% =7.3°. The results of calculating variations in the
wavelength of the Bragg components caused by vari-
ations in a local angle of incidence during sounding
along the wind direction are presented in the table.

The angular distribution of wave energy is aniso-
tropic in the wavelength range of interest. The vari-
ance of sea-surface slopes oriented along the wind
direction is greater than that for the crosswind direc-
tion. Therefore, the effect of long waves on the char-
acter of Bragg scattering during sounding in the cross-
wind (with respect to the wind velocity) direction is
smaller than that for the up/downwind direction. The
rms angle of slopes in the crosswind direction is

JE? =15.9° The variation in a local angle of incidence
at 6 =35° leads to relative variations in the wavelength

xg(e " 3JB:2)

————2 0f0.72 and 1.9.
Ap(0)

of the Bragg component

EFFECT OF LONG WAVES ON BRAGG
SCATTERING (GAUSSIAN DISTRIBUTION)

In order to calculate the backscattering cross sec-
tion, it is necessary to specify the spectrum of the sea
surface height S(k). In the range of wave numbers
greater than the wave number of dominant waves, this
spectrum is described by the approximation S(k) ~ k™.
Parameter n depends on the range of wave numbers.
The boundary that separates gravity and gravity—cap-
illary waves is a spatial scale of 7 cm [18]. In the
short-wave range, which corresponds to the gravity—
capillary range, n = 3 can be used [19].

The relations obtained in [20] for the geometric
coefficient |Gp(6)|2 will be used in calculations. The
function |Gp(6)|2 may be written as

4 .2 2
cos O(1 + sin"0)
(cos®+0.111)"

G,)" = (12)

|2 _ cos'0
(0.111cos® + 1)*

for the vertical (index v) and the horizontal (index )
polarization, respectively.

The distribution of sea-surface slopes is close to a
Gaussian distribution. First, we will analyze the effect
of long waves on the backscattering cross section
under the assumption that sea-surface slopes obey a
Gaussian distribution. Next, we will assess the effects

(13)

|G
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Fig. 2. Dependence of the parameter X;G) on the wind velocity W for (/) the horizontal and (2) the vertical polarization: sounding

in the (a, ¢) up/downwind and (b, d) crosswind directions at (a,
normal long-wave slopes.

that are due to deviations of the third and fourth statis-
tical moments from their values corresponding to the
Gaussian distribution.

Since averaging in expression (5) is performed
over the angles of sea-surface slopes, it is necessary to
switch from the probability density of the slopes P ©€)
to the probability density of the angles of slopes P(j).
The slopes & and the angles of slopes P are related by
€ = tanf. In an analysis of electromagnetic scattering
from the sea surface, it is usually assumed that its
slopes are small and numerically equal to their angles.
This assumption introduces an additional error in cal-
culations of the scattered field.

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

b) 6 =35°and (c, d) 0 = 45°. The calculation was performed for

The procedure of switching from the probability

density of slopes P (€) to the probability density of the
angles of slopes P(B) is described by the expression

dg
dp

For the criterion that determines the effect of long
waves on Bragg scattering, we will use the parameter

©) joﬁ(e—m)mwm
i = G0(6) '

P(B) = S2P(tanp). (14)

15)

The results of estimating the parameter foG) for
different wind velocities are given in Fig. 2. The upper
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Fig. 3. Models for the probability density: (/) a Gaussian
distribution and (2, 3) two distributions constructed from a
Gram—Charlier series withA =0.3, E=0.5andA=0.3, E=
—0.3, respectively.

index G implies that calculations were performed for
a Gaussian distribution of sea-surface slopes.

Variations in local sea-surface slopes caused by
long waves lead to an increase in the backscattering
cross section. This increase occurs for sounding at
both horizontal and vertical polarization. This effect
manifests itself to a greater extent for radars operating
at the horizontal polarization. The degree of influence
of long waves on the backscattering cross section also
depends the angle of incidence of radio waves 0
defined with respect to the plane surface. As the angle
0 increases, the influence of long waves reduces.

EFFECTS CAUSED BY A QUASI-GAUSSIAN
DISTRIBUTION OF SEA-SURFACE SLOPES

Experimental studies have shown that the distribu-
tions of sea-surface slopes are not Gaussian in the
strict sense [15, 21]. Departures from a Gaussian dis-
tribution are due to a number of factors. The main fac-
tor is the interactions of waves with different scales
[22, 23].

Approximations constructed on the basis of a
Gram—Charlier series are used to model probability
densities for quasi-Gaussian distributions [24]. The
coefficients of a Gram—Charlier series are calculated
from empirical estimations of the statistical moments
of slopes. Since statistical moments through the fourth
order are usually determined in experiments, only the
first five terms of the Gram—Charlier series are taken
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into account in modeling. With the use of the normal-

ization E =&/ ng , the approximation of the probabil-
ity density of slopes may be written as
o2

pd - on( D)

x(14 A(Q)Ha(énE@m@))

The peakedness values for the components of sea-
surface slopes produced by waves longer than 10 cm
mostly vary from —0.3 to 5. Figure 3 shows the func-

(16)

tions P,(&) constructed for the above peakedness val-
ues and for a skewness of 0.3.

Variations in the skewness and peakedness of

slopes lead to variations in the parameter x;K). Here,

the upper index Q indicates that calculations by for-
mula (15) are carried out for a quasi-Gaussian distri-

. K .
bution. The dependence of x; ' on skewness varia-

tions is not unique; it depends on whether sounding is
performed along the wind or in the opposite direction.
An increase in the skewness of the distribution of

slopes leads to an increase in x;,K) in the first case and

to a decrease in ¥Q in the second case.

In order to assess the extent to which the nonlinear-
ity of long surface waves, which is responsible for the
departure of the distribution of sea-surface slopes
from a Gaussian distribution, affects the backscatter-
ing cross section, we will consider the parameter

»=Xn Xy - (17)

The dependence of the parameter €, on the skew-
ness of the distribution of slopes is shown in Fig. 4.
Negative skewness values correspond to sounding in

the wind direction. Calculations were performed for

the sounding angle © = 35° and for A/Bi% =7.3° The

backscattering cross section in the radio sounding of
the sea surface at different forms of polarization is
affected to a variable extent by the skewness of the
distribution of slopes. Its effect turns out to be stron-
ger if the polarization is horizontal. The value of the
parameter €, is only slightly affected by variations in
the peakedness of the distribution of slopes within the
limits of an experimental spread of their individual
values.

Studies of sea-surface slopes point to strong varia-
tions in their statistical moments [16, 21]. The statis-
tical moments are weakly correlated with one another.
Therefore, it is useful to analyze how the values of the
parameter €, vary in individual situations. Its values
estimated for different wind velocities are presented
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Fig. 4. Dependence of the parameter €, on the skewness A and
(2) E=0.5,and (3) E=-0.3.

in Fig. 5. The calculations were carried out in two
variants which corresponded to radio sounding along
the wind and in the opposite direction. For the hori-
zontal polarization, the skewness of the distribution of
slopes may cause the backscattering cross section to
deviate from the model estimate obtained for a Gaus-
sian distribution by 15% (at 6 = 35°). For vertical
polarization, deviations from the estimates obtained
for the backscattering cross section from a Gaussian
distribution are about two times smaller.

INFLUENCE OF LONG-WAVE SLOPES
ON ESTIMATES FOR NEAR-WATER WIND
VELOCITY

Wind-measuring instruments mounted on space
vehicles are calibrated against data obtained from
meteorological buoys. The present-day accuracy of
measuring the near-water wind velocity from space
vehicles is about 1.7 m/s [25]. This accuracy was
achieved even in the first algorithms, where the back-
scattering cross section was used as the only predictor,
and has not been improved for one-parameter models
up to now.

The accuracy of measuring the near-water wind is
determined by engineering and physical factors. An
engineering factor involves a misalignment of the
buoy’s location and the satellite’s path, the absence of
synchronism in measurements, and instrumental
errors. A physical factor lies in the validity of the algo-
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1.05

1.00

0.95

0.90 1 1 1 1 1 ]
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peakedness E of the distribution of sea-surface slopes: (/) E = 0,

rithm used to calculate the wind velocity from the
backscattering cross section, i.e., to what extent the
parameters of the scattering model are related to the
wind speed under real conditions. These factors are to
be assessed to choose a way to improve the accuracy
of measuring the near-water wind.

The right-hand side of (5) contains two character-
istics of the sea surface which are statistically related
to the wind velocity W, and this relation controls the
accuracy of its determination. These characteristics
are the spectrum of surface waves Z(kj) and the prob-
ability density of sea-surface slopes P(B1). The error
due to a stochastic relationship between Z(kz) and W
was analyzed in [26], where it was noted that this rela-
tionship represents a fundamental limitation on the
possible accuracy of determining W. Here, we will
analyze how the ambiguity of the dependence of sta-
tistical characteristics of long waves on the wind
velocity affects the accuracy of its scatterometric
determination.

From the results of an analysis of the Black Sea
radar images obtained by the Sich-1 satellite during
sounding at a wavelength of 3.2 cm and at the vertical
polarization, the recorded backscattering cross section
may be written as [27]

4.98 - 0.621n(W)

~W (18)

The ambiguity of the wind-velocity dependence of the
angles P causes the relation ¢ = 6(W) (which forms the

No. 2 2009
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Fig. 5. Dependence of the parameter &, on the wind velocity
W as inferred from empirical estimates for the skewness and
peakedness of the distribution of the up/downwind-slope
component: (a) sounding in the direction opposite to the wind
and (b) sounding along the wind. (/) and (2) correspond to
the horizontal and the vertical polarization, respectively.

basis for the radar determination of the near-water wind
velocity) to assume the form 6 = (W) + F, where F'is a
stochastic function. The values of function F are con-
trolled by a wide number of physical factors, including
the stage of wave development, the fetch length and
surface flow.

The spread of rms slopes about their mean is 0.09
for the velocity range 4.5 < W < 5.5 m/s and 0.06 for
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the velocity range 9.5 < W< 10.5 m/s. For this spread,
the error caused in the scatterometric determination of
the wind velocity by long waves is 15 cm/s if W =
5 m/s and 50 cm/s if W= 10 m/s. These estimates are
obtained for sounding at the vertical polarization along
the wind direction at the incidence angle 0 = 40°.

CONCLUSIONS

The effect of sea wind waves that are longer than
the Bragg components on radio-wave backscattering
was analyzed for centimeter waves. A situation was
studied in which waves with wavelengths greater than
10 cm are longer than the Bragg components.

It should be noted that one fundamental difference
in the results of this study from those of recently pub-
lished works on radio-wave scattering from the sea
surface [11-13, 28] is the fact that they were obtained
from the data of direct field measurements. As a result,
it was possible to assess the influence of real depar-
tures of the distribution of sea-surface slopes from a
Gaussian distribution and, in particular, to show the
significance of nonzero skewness values of the distri-
bution of slopes for Bragg scattering.

When sounding is performed along the wind or in
the opposite direction, nonzero skewness values of the
distribution of slopes may lead to a 15% deviation of
the backscattering cross section from its value calcu-
lated for a Gaussian surface at 8 = 35°. At the same
incidence angle and at the vertical polarization, the
deviations from the estimates obtained for the back-
scattering cross section with a Gaussian distribution
are about two times smaller. Nonzero values of the
peakedness of the distribution of slopes, which are
observed in wave experiments, can be neglected in
calculations of the backscattering cross section.

The geometric effects that are due to variations in
local sea-surface slopes lead to an increase in the
backscattering cross section. These effects are more
clearly defined when the radar operates at the horizon-
tal polarization. When sounding is performed at the
angle 6 =35°, a change in the backscattering cross sec-
tion during strong winds attains 50% at the horizontal
polarization and 35% at the vertical polarization.

We also note that the widely used calculation of
scattered fields on the basis of analytic spectral mod-
els of the sea surface [2, 29] or models constructed on
the basis of laboratory measurements [28] basically
does not allow estimating the error due to a stochastic
relationship between the characteristics of the sea sur-
face and the wind velocity. Such an analysis is possi-
ble only on the basis of the data from measuring the
characteristics of the sea surface. At a given wind
velocity, the spread of the statistical characteristics of
the sea-surface slopes that are produced by surface
waves longer than the Bragg components is a factor
that limits the possible accuracy of the scatterometric
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determination of the wind velocity. If sounding is per-
formed along the wind velocity at the vertical polar-
ization at the incidence angle 0 = 40°, the error that is
due to this factor is 15 cm/s and 50 cm/s at a wind
velocity of 10 m/s.
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