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In order to identify the origin of the effect of anomalously narrowly-directional backscattering of radio waves (ANDBR) of the
X-band in desert areas, the work describes a complex analysis of many years of research in the Sahara desert regions. According to
the results of the analysis, which was carried out using the SAR radar data of the Envisat-1 satellite, results of contact measurements,
weather conditions and taking into account modern theories, the characteristics of the scattering of radio waves by the aeolian
landforms of the desert were modeled. A new model of anomalous backscatter is proposed, according to which the main scatterer
towards the radar is a grid formed by the wind from electrified saltons and reptons at a height of 2—3 cm from the surface and
repeating the landform of ripples and barchans. The new model made it possible to explain the main features of experimental studies
of the ANDBR effect. Namely: the dependence of the normalized radar cross-section (NRCS) of the researched terrain on the near-
surface wind speed up to 10 m/s with opposite directions of the wind and radar survey vectors, as well as with their mutual azimuthal
deviation of +45 degrees. By using the new model, satellite monitoring of the near-surfacelayer moisture of the Earth desert regions

at 3 cmand 5.6 cm radio wave length swith radar viewing angles 30...35° is proposed.
Keywords: radar remote sensing, desert monitoring, anomalously narrowly-directional backscattering, sand electrified layer.
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1. Introduction

Deserts occupy one fifth of the Earth's land and have
a significant impact on the planet's climate. Aeolian
processes in deserts lift millions of tons of sand, dust and
various bacteria into the atmosphere and transport them
over long distances, which complicates air and land
transportation, and also affects human health (Lancaster,
2009; Schmidt et al., 1998; Ozer, 2006). These processes
lead to desertification of nearby territories (Zolotokrylin,
2003) and constantly change the landscape of the deserts
themselves. The latter means the creation of various
structures on their surface in the form of, for example,
sand ripples, dunes and barchans. The study of the
processes of formation and extension of these structures
makes it possible to assess the scale of the damage done
and minimize its consequences.

To date, a wide range of experimental and theoretical
works has been carried out to study the nature of the
formation of such structures and the transport of dust-
sand mixture into the atmosphere under the influence of
wind (Kok et al., 2012; Kok et al., 2008; Stow, 1969;
Namikas, 2003; Greeley et al., 1996; Schmidt et al.,
1998; Malinovskaya, 2019). Methods for remote satellite
monitoring of these phenomena have also been
developed (Herrmann et al., 1999; Middleton et al.,
2001; Ivanov et al., 2015a; Ivanov et al., 2015b; Ivanov
et al., 2016; Ivanov, 2018; Bychkov et al., 2020a;
Bychkov et al., 2020b; McHone et al., 1996; Stephen et
al., 2005).
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Multizone optical systems commonly used for
monitoring make it possible to detect areas of dust
formation only in the daytime and under conditions of
weak cloudiness (Herrmann et al., 1999; Middleton et
al., 2001). The manifestation of the effects of
anomalously narrowly-directional backscattering of
radio waves (ANDBR) was first detected in 1983 on
radar images (RI) of the desert regions of the Sahara.
These RI were obtained by using the Cosmos-1500 side-
looking real-aperture (SLRAR) X-band satellite radar.
The studies were continued using the Sich-1 X-band
SLRAR and the Envisat-1 S-band synthetic aperture
radar images (lvanov et al., 2015a; lvanov et al., 2015b;
Ivanov et al., 2016; Ivanov, 2018; Bychkov et al., 2020a;
Bychkov et al., 2020b). In 1994, multi-frequency and
multi-polarization studies of the Sahara regions were
carried out using the C/X-SIR-C/X-SAR space radar
laboratory on board the Shuttle Endeavor (McHone et
al., 1996). They also showed a significant increase in the
intensity of radar signals reflected from the lee slopes of
barchans at an incidence angle of about 32°, which
coincides with the average angle of repose of desert
sands (Al-Hashemiet al., 2018).

At the same time, simulation of scattering from
aeolian structures in the Sahara Desert, using Ku- and
S-band scatterometer data (ESCAT, NSCAT, QSCAT,
TRMM-PR) (Stephen et al, 2005) and direct
measurements of the normalized radar cross-section
(NRCS) o° (Williams et al., 2004), showed values o°
lower by 6-10 dB compared to the data of RCS surveys
in the same regions, performed using the Envisat-1 SAR,
SLRAR Cosmos-1500 and Sich-1 (lvanov et al., 2015a;
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Ivanov et al., 2015b; Ivanov et al., 2016; lvanov, 2018;
Bychkov et al., 2020a; Bychkov et al., 2020b). Such a
discrepancy indicates insufficient knowledge of the
nature of the radio waves scattering by the structures
created by the wind on the desert surface.

Therefore, in this work, in order to clarify the nature
of the observed ANDBR, modeling was performed based
on the analysis of data from long-term (2004-2011)
surveys of the desert regions of the Sahara (El-Jjuf,
Akshar and Trarza) by the Envisat-1 space SAR (project
with the European Space Agency ESA Id: 30193). Image
processing was carried out using standard ESA
programs. The work uses correlating data from
experimental and theoretical studies of the formation of
aeolian landforms on the desert surface, which made it
possible to propose a new model of ANDBR.

2. Primary data for modeling

As primary data in this paper, we used the
generalized results of processing and analysis of satellite
radar images of the Amatlich erg near the village of
Akzhuzht in Mauritania (lvanov et al., 2015a; Ivanov et
al., 2015b; Ivanov et al., 2016; Ivanov, 2018; Bychkov et
al., 2020a; Bychkov et al., 2020b). As a result, the
following regularities were determined in the
observation and in the parameters of ANDBR:

a) ANDBR is confidently observed on the erg surface
in the autumn-winter period, when the northeast wind
blows regularly at a speed of 2-8 m/s (Fig. 1a). At a
wind speed of 1.5-2 m/s, an increase in the number of
bright reflecting points is observed on the radar image in
the area of the supposed ANDBR,;

<«—— Direction of radar survey

Fig. 1. The processing results of radar imaging Envisat-1
(Ilvanov et al., 2015a; Ivanov et al., 2015b; Ivanov et al., 2016;
Ivanov, 2018; Bychkov et al., 2020a; Bychkov et al., 2020b):
ASA_GM1_1P20050112, ASA_GM1_1P20041226
of low-resolution (1000x1000 m, Fig. 1 a, b);
ASA_IMP_1P20040421, ASA_IMP_1P200402126 of high
resolution (25x25 m, Fig. 1 c, d); their fragments marked with
white squares — Fig. 1 e, f (© ESA); Fig.1 g — optical image
of barchans; the white arrows on the radar images indicate
the direction of the wind
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b) The cause of the ANDBR is the ridges of
barchans, which intensely reflect radio waves when the
radar survey is directed against the wind. The latter
implies that the near-surface wind vectorand the
prOJectlon of the radar survey vector in the horizontal

plane Ry are antiparallel (U NR ). An example is

presented in Fig. 1a (bright stripes with o) =+7 dB)

and Fig. 2 a. At the same time, with an increase in wind
speed, an expansion of the signal backscatter pattern and
signal amplitude saturation are observed.

In another typical case, the wind and survey dilrection

smatch, which means that the vectors U,, and R,, are
parallel (L'J MNR ) - There at the barchans reflect radio
signals significantly less (Fig. 1 b, dark stripes with °
less than —20.4 dB);
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Fig. 2. Angular dependences o° (Fig. 2 a) in sections 1, 2, 3
of the radar image in Fig. 1 a (black curve — averaging
over curves 1, 2, 3); Fig. 2 b and Fig. 2 ¢ — ¢° in sections
in Fig. L e, 11, respectively (black curve is the angular
dependence after median filtering)

¢) ANDBR is observed during radar survey in the
X-band (SLRARCosmos-1500, Sich-1) at angles of
incidence of radio waves 6=31.5..33° and in the
C-band at 6=32..34° (SAR Envisat-1, Fig. 2a) and
varies within Ac®=2..3 dB when the wind direction
changes in the azimuthal plane relative to the survey
direction at angles +45°.

d) During radar survey at angles 6 <25° (Fig. 1 b...f),
only single point scatterers on the crests of barchans
reflect; as a result, with median filtering, the average
Opes along the line is = —13 dB (Fig. 2 b) and = -17 dB
(Fig. 2 ¢)

It is important to note that the lee slopes of barchans
and sand ripples form a certain angle with the underlying
surface, which is the angle of repose of sand. For sand, it
is equal to y = 30...34° (Al-Hashemi et al., 2018) and
depends only on its moisture content, sizes of its
constituent particles, and gravitational force.
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3. Modeling

Before modeling, let us briefly outline the current
state of the physics of the aeolian forms formation in
deserts (Lancaster, 2009; Schmidt et al., 1998; Ozer,
2006; Zolotokrylin, 2003; Kok et al., 2012; Kok et al.,
2008; Stow, 1969; Namikas, 2003; Greeley et al., 1996;
Schmidt et al., 1998; Malinovskaya, 2019). Under the
action of the near-surface wind, dust and sand particles,
depending on their size, can move and roll over the
surface, and when a certain speed is reached, break away
from it, making bounces (saltating). In the air, particles
experience turbulent wind pulsations that change the
length of their bounces. Hitting the surface after the
bounces, the primary particles (saltons) knock out
secondary, tertiary, etc. particles from it (reptons).
Different lengths of bounces create in homogeneities on
the surface, forming a landform first of ripples, and then
of barchans. Previously, it was considered (Lancaster,
2009; Ivanov et al., 2015b) that due to the difference in
wind pressures at the top of the barchan and at its base, a
vortex of electrically charged particles is created on the
leeward slope of the barchan. But, when radio waves are
scattered on a narrow part of the surface of the
“cylinder” created by the vortex, the effective scattering
value towards the radar is comparable to the SAR noise
equivalent (~ —20 dB). Recent estimates (Malinovskaya,
2019) have shown that the energy of such a vortex is
only enough for the collapse of particles from the top of
the barchan. Therefore, saltons and reptons can
bounceover the ridge, knocking out only reptons from
the leeward slope. In addition, the bounce length of
saltons and reptons also depends on their mass and the
electrification of particles, which acquire a negative
charge upon separation from the surface and due to
collisions with charged particles and dust. With an
increase in the number of charged particles raised into
the air, the electric field intensifies in the near-surface
layer. This leads to a limitation of the particle bounce
amplitude and actually creates a layer of negatively
charged particles and dust at a height of 2-3 cm (Kok et
al., 2008; Namikas, 2003; Greeley et al., 1996; lvanov et
al., 2015b), which repeats the shape of the in
homogeneity growing on the surface. The normalized
radar cross-section of this layer, according to Envisat-1
SAR data, is very close to the values obtained by
measuring the angular scattering pattern of radio waves
of the same range by an ionized particle flux in
fluorescent lamps (Bychkov et al., 2020a; Bychkov et
al., 2020b; Tajudin, 2014). Since ionization processes
are observed only in liquids and gases, for an electrified
sand-dust layer with similar scattering characteristics, we
will further use the term "electrified" layer.

As far as, in the absence of wind, sand reflects radio
waves much less (lvanov et al., 2016; Stephen et al.,
2005), while the wind contributes to the appearance of
electrically charged saltons and reptons, we will find out
by means of simulation which processes are responsible
for the experimentally observed intense ANDBR.

Obviously, the observed backscattering of radio
waves can occur:
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where m and D, are the mass and diameter, q is the
charge of a particle moving with accelerations ax and a,
in the horizontal and vertical directions, vy and v, are the
corresponding particle velocities. In this case, Vr is the
vector of the difference between the velocities of the
particle and the wind; U is the horizontal wind speed at
the location of the particle, Uwp and Uy are the wind
speeds above and below the particle, E is the electric
field at the location of the particle, pa is the air density;
g is the gravitational constant. Cq is the particle shape
drag coefficient in laminar flow, C; is the particle lift
coefficient due to the Magnus effect.

Let us first transform the system of equations (1),
considering the particles to be spherical and excluding

the mass of particles through the relation m = rcD,SJ /ps ,

where ps is the density of quartz. Next, we replace the
acceleration values with the time derivatives of the
velocity components. As a result, we get:

a) or on negatively charged saltons and reptons on
the descending segments of their motion trajectories
above the barchans surface;

b) or on an electrified layer of saltating particles
repeating the shape of barchans sand ripples.

To clarify this, it is necessary to perform numerical
simulation of the trajectories of the movement of
electrified sand particles near the surface under the
influence of wind, i.e. during saltation.

The simulation was carried out using the equations of
motion given in (Schmidt et al., 1998; Kok et al., 2008).
The initial form of the system of equations for the two-
dimensional case:

ov 3 p,

Dx = = Pac \o|(U-v

ot 4D, p, o Vel(U =) @
ov

3 p 2 2 q
ﬁ:r%p_z[—cd [\/R|vz+C1(Ut0p—Ub0t)J—g+aE.
Note that only the particle diameter D, and the
charge-to-mass ratio, which we denote below as
q/m=Q, , remain as parameters of the particle.

The dependences of the horizontal wind speed and
electric field strength on the height above the surface are
essentially non-linear. So, for the dependence E(z) based
on the experimental data (Schmidt et al., 1998), we use
the relation:

E(z)=Epmz ", ()
where Emax IS the maximum electric field strength
measured at a height of z=1 cm.

The logarithmic profile of the wind speed over a
rough surface in the case of a laminar flow is described
as (Prandtl, 1935):

u z
U (z) :?m(z_(,]' @)
where k = 0.4 is the Karman's constant, u” is the friction
velocity, determined at the level zo-characteristic surface
roughness.
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One of the features of the current modeling is taking
into account the surface profile, namely the presence of
sand ripples and barchans. To take into account the
latter, the function of a triangular-asymmetric wave of
the general form is used.

h(x) =H (Lgr, 04, 0t;), (5)
where Lgr is the period or horizontal scale of the
considered horizontal in homogeneities, and os, ay are
the angles of the windward and leeward slopes of the
barchan or ripple, respectively. In this case, to determine
the profiles of the horizontal wind speed and electric
field strength, the following relations are used:

I
Zyy =(2-h(9))(e,n,(9)); ze =(z—=h(x)), (6)
where 1, (X) is the normal to the surface at the point

with coordinate x.
Taking into account the above relations, we represent
the system of equations (2) in the form

ov OX
6tx =F (t,X,z,v,,V,); Ezvx )
v, =F,(tx,z,v,,v,); gzvz,

ot

where Fy, F, are functionals built on the basis of the
system of equations (2) and dependencies (3)—(6). For
the numerical solution of the equations of motion, the
symplectic Euler method is used as applied to the motion
of a particle in two-dimensional space

V)<(n+l) = Vx(n) + I:x (tn’ X Zn)At

X(n+1) =X, + Vx(n+1)At (8)

Vit = Vo + Fo(th X0, 2,) At

n-+1)

Z(n+1) =1, +Vz(n+1)At

with the parameters considered below.

3.1. Parameters used in simulation

The particle sizes were chosen taking into account
the experimental data on the distribution of diameters D,
both for the initial soil (sand) and for salting particles
(Namikas, 2003).The results of these measurements and
the electric field strength above the surface, created by
the corresponding salting particles, are shown in Fig. 3.

[

5 b
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Fig. 3. Relative size distribution of sand particles (a) (Namikas,
2003) andelectric field strength over the surface, created by
salting particles (b) (Schmidt et al., 1998)

It can be seen from Fig. 3 a that the distribution of
particle diameters is quasi-normal with a peak value of
250 pum and an approximate size range from 100 pum to
500 um. Therefore, modeling the motion of particles
with diameters in this range should satisfactorily take
into consideration the entire range of their sizes. The
electric charge of the particles was taken into account
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through the charge-to-mass ratio Qm. According to
(Schmidt et al., 1998), this value is in the range from
—60 to 60 puC/kg. The profile of the electric field strength
given by dependence (3) is characterized, first of all, by
the maximum value Ema, Which can be estimated from
(Namikas, 2003) (Fig.3 b). At a height of 1cm, this
value ranges from 20 to 200 kV/m. The exponent in the
vertical profile of the electric field, according to the
approximation (Schmidt et al., 1998) pB=-0.6, the
friction velocity u* changed in the simulation from 0.1 to
1.0 m/s. To determine the wind speed profile in height,
according to (4), the characteristic surface roughness was
assumed to be zp=0.002m, based on profile U(z)
calculations at various friction velocities u* and ratios
U@@/u”. The particle shape drag coefficient was
considered equal to Cyq= 0.47, as for a smooth sphere in
a laminar flow (at Reynolds number Re<10°). Particle
lifting coefficient C,=0.85C4 (Kok et al., 2008).
Rebound speed, i.e. the initial vertical velocity of the
particle at the moment t =0 in the iterative scheme (8)
varied within Vv;t=0)=0.4—-0.8m/s (Schmidt et al.,
1998). When modeling the profile of the underlying
surface, the periods of in homogeneities were chosen as
Lr = 0.15 m and Lg = 15 m for sand ripples and barchans,
respectively. The slope angles of the barchans sand
ripples were set as follows: the angle of the windward
slope ag =10...15° (Malinovskaya, 2019; Pye et al.,
2009) and the angle of the leeward slope o, = 30...34°
(Al-Hashemi et al., 2018; Pye et al., 2009).

3.2 Simulation results

Paragraphs 3a, 3b list two possible cases of ANDBR
occurrence.

In the 1st case, it is assumed that the observation of
ANDBR takes place on the descending segments of the
trajectory of electrically charged saltons and reptons. In
this instance, the descending segments of the trajectories
of these particles should form a grating capable of
effectively scattering of 3 cm and 5.6 cm radio waves
towards the radar.

To verify this, we simulate the trajectories and their
angles of inclination by solving the system of equations
(7). Calculations were performed for various values of
the parameters specified in paragraph 3.1.Figure 4, as an
example, presents the simulation results for the
following parameters: particle rebound velocity
Vie=0)= 0.8 m/s, particle size D, = 100-500 pm,
friction velocity u"=0.4 m/s, charge to mass ratio
Qm =-60 uC/kg, maximum electric field strength
Emax(z) = 100 kV/m. Figures 4a and 4 b show that the
trajectories of saltons and reptons over the windward and
leeward slopes cannot create the necessary quasi-
periodic structure over their surface. This is due to the
fact that the length of bounces of saltating particles
depends on their size (Fig. 4 a), electric field strength,
near-surface wind speed, etc. (Fig. 4 b). In support of
this, Fig. 4 c presents the calculated angular dependences
of the trajectories of motion of the specified set of
particles over the barchan. These dependences
demonstrate the absence of any angular selectivity of
specular backscattering of radio waves in all parts of the
trajectories.



A. Ya. Matveey et al. Yrpaincoxuii scypran oucmanyiunozo sondyeanns 3emni, 2023, 10 (1), 4-10

b

284f @

Wind

»—-> 100mkm

50mkm

(¢5]
[
[

oy

Y

272

12 X h
1020 1030 1040 1050 1060 1040 1050 1060 1070
X, em

100

03

Fig. 4. Examples of calculated motion trajectories (a, b) and
their inclination angles (c)
@=arctan(v, /v, ) of saltating particles with a size of
100-500 um along the windward (a) and leeward (b) slopes of
the barchan. H — normal vector from flight path to nadir track

In the 2nd case (see paragraph 3b), we assume that
the occurrence of the ANDBR is possible on an
electrified layer of salting particles repeating the shape
of the barchan and ripples.

Recall that in (Ivanov et al., 2015b) it was concluded
that the electric fields arising during the aeolian transport
of sand are sufficient to create electrization of saltating
sand and air particles in a narrow near-surface layer
(paragraph 3b). This layer repeats the shape of the sand
ripple and creates on its leeward slope a system of
reflective electrified quasi-flat areas — reflectors (facets)
responsible for the formation of ANDBR under the
condition of the opposite direction of the wind vector
and radar observation. Taking into account the present
data (Malinovskaya, 2019) on the processes on the
leeward slope of the barchan, it is appropriate to assume
that sand particles, salting over the surfaces of the
windward and leeward slopes of the barchan, also form a
total electrified layer above it (Fig. 5). The saltating
particles, bending around the surface of the windward
slope of the barchans (Fig. 4 b), bounceover the surface
of the leeward layer and create an electrified layer on its
leeward slope for additional reflection of radio waves
(Fig. 5). The total contribution of a barchans with ripples
to the ANDBR depends on their geometry and size. The
shape of a single barchans has a crescent shape, the
horns of which are directed along the wind propagation.
The horns size depends on the complex conditions for
the formation of the entire barchans ridge (Fig. 1 c...f).
The height of the barchanin various deserts can range
from 2-3 m to 2-30 m or more; the ripple wavelength is
from 0.5 to 25 c¢m, the typical ripple height is 0.5-5 cm
(Malinovskaya, 2019; Stephen et al., 2005; Bagnold,
1941). The contribution of barchan backscattering to
ANDBR, according to our estimates, is ~ 55...65%,
depending on the ratio of the heights of the barchans and
the ripples that repeat the shape of the barchan surface
(Fig. 5). At the same time, we recall that the lee slopes of
barchans and ripples make an angle with the underlying
surface, which is the angle of repose of sand y = 30...34°
(Al-Hashemi et al. 2018). And when radio waves are
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scattered from leeward slopes at an angle 90° towards the
radar, the sand repose and radio wave incidence angles
are equal az = ar (Fig. 5 b).

Electrified layer A A
of sand particles B &
284 2 gy
< Q
R
Wind 2 -:2 90
280 EE:
5 N o
N
276
Qa,
272 [ [ ,
1020 1030 1040 1050 1060
Z,cm
a b

Fig. 5. Formation of the cumulative enear-surface layer
of electrically charged saltating sand particles over the upper
part of the barchans (a); the geometry of the relationship
between the repose angle o2 and the angle of radio wave
incidence ar (b). H — normal vector from flight path
to nadir track

As a result of the simulation, we have proposed the
model of combined facet backscattering (MCFB), which
is the sum oy of the received radar signals:

m n
Oy = ZGELB + ZGELR ' ©)
1 1

where oeg and ogir are the radar cross-sections of the
sum of electrified layers repeating the lee slopes of
barchans and ripples, respectively: m and n are the
numbers of scattering slopes of barchans sand ripples
within the resolution element on the surface.

To confirm the simulation results within the
framework of the proposed model, we compare them
with the experimental data obtained (see paragraphs
2a...2d).

3.3. Mutual analysis of experimental data and
simulation results

1. The observed effect of a significant increase in the
total brightness of the radar image of the surface of
barchans and ripples with an increase in wind speed
(paragraphs 2a, b) is confirmed by modeling the
backscattering of radio waves by an electrified layer of
sand-dust mixture above the surface, formed by facets of
ripples and barchans. As the wind speed increases, the
density of the near-surface layer of charged particles
grows, which leads to an increase in the backscattering
of radio waves towards the radar. In addition, with an
increase in the near-surface wind speed to 8-10 m/s,
saturation of the scattered signal received by the radar is
experimentally observed (Fig. 6 b). Hence, it can be
assumed that a further increase in wind speed will lead to
the appearance of high-energy saltons and reptons,
which destroy the electrified layer above the surface of
barchans covered with ripples. This is a prerequisite for
the beginning of a sandstorm. The values of
backscattering coefficients of barchan and ripple leeward
facets, obtained earlier (lvanov et al., 2016) without
taking into account the electrization of sand, are less than
those observed by 1-2 orders of magnitude.
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2. The effect of radio wave scattering by an
electrified layer over the aeolian form surfaces was used
by us in the proposed model to explain the ANDBR
observed on radar images of different radio wavelength
bands (paragraph 2c). With opposite directions of the
wind and radar survey, the total electrified layer keeps
the slope angles of the lee facets practically unchanged
during the SAR survey. This confirms the faceted
mechanism of backscattering of radio waves proposed in
the model, because the angle of the lee slopes of ripples
and barchans with the underlying surface is optimal for
experimental observation of the ANDBR and coincides
with the angle of repose of sand, which is independent of
the radio wavelength band.

3. The model also explains minor variations ® when
the wind direction changes at angles *45° in the
azimuthal plane relative to the radar survey vector
(paragraph 2c). On Fig. 1f, 1 g, it can be seen that the
lee slope of the barchans has a crescent shape with a
constant slope angle. At the same time, the wind forms
the direction of the ripples facets on the surface of the
windward slope, also repeating the crescent shape. This
results in a weak azimuthal dependence of ¢°.

4. With coinciding directions of wind and radio
survey (paragraph 2d) or opposite directions, but at
angles of incidence less than the repose angle, the
windward and leeward slopes create a reflection like
ordinary sand with ¢° <-10 dB (Fig. 2aand 2 b, ¢).

025] b ~50mkm G9dB

-I(‘/

0.4 0.6 08 1 2 3 .
Friction velocity, m/s Wind speed, m/s

a b

Fig. 6. Calculated lengths of trajectories of saltating particles
on the windward slope depending on the fricrion velocity (a),
experimental dependences of the NRCS at ANDBR on the
wind speed (b) (Bychkov et al., 2020b)

It is also necessary to note the characteristic features
found when calculating the dependences of the lengths
of the particle transfer trajectories on the wind speed
(Fig. 6 a) based on the simulation results. The lengths of
the transfer trajectories increase as the friction velocity
changes from 0 m/s to 0.45-0.6 m/s, then decrease. This
may be due to the fact that as the wind speed increases,
the particle trajectories become more flat, i.e., the
particles pass at a height where the electric field strength
is much higher (Fig. 3 b). This also agrees qualitatively
with the results of (Namikas, 2003; Ho et al., 2014),
which correlates with the explanations for the saturation
of the ANDBR level when the wind speed increases
above certain values (Fig. 6 b).

4. Conclusions
In this paper, in order to explain the nature of the

experimentally observed effect of anomalously
narrowly-directional backscattering of radio waves
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(ANDBR), studies were carried out on a complex
analysis of long-term Envisat-1 SAR radar surveys of the
Sahara desert regions using contact and meteorological
data. The characteristic features of the manifestation of
ANDBR on radar images of the SAR Envisat-1 are
modeled and explained.

According to the simulation results:

1) as a result of research, a model of combined facet
backscattering (MCFB) on a near-surface electrified
layer was proposed and analyzed. The layer is created by
electrically charged sand particles, arises under the
action of the wind and repeats the shape of the ripples
and the barchan itself. The main scatterers of radio
waves (facets) towards the radar are the in
homogeneities of the electrified layer formed over the
lee slopes of ripples and barchans;

2) the proposed model made it possible to explain
the increase in RCS with a growth in the near-surface
wind speed up to 10 m/s and opposite vectors directions
of the wind speed and radar sensing of the surface. Also,
this explains the RCS wvariations with the mutual
azimuthal deviation of these vectors by +45 deg. The
results obtained can be used to warn about the onset of
dust storms.

3) since the angles of the lee slopes of ripples and
barchans (repose angles) are practically unchanged with
a fixed distribution of natural sizes of sand particles
(50-500 um) and sand moisture, this feature can be used
to control the moisture content of the near-surface layer
in desert areas. This is possible from measurements of
the ANDBR angle using satellite surveys at radio
wavelengths of 3cm and 5.6 cm, including viewing
angles 30...35°.

4) to test the combined model for radar monitoring
of desert areas of the Earth's surface at longer radio
waves, additional studies are needed.
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MOJEJIOBAHHS PAJIIOJIOKALIIMHOI'O PO3CIFOBAHHS EOJIOBUMU ®OPMAMMU PEJILEDY ITYCTEJIb
O. 5. Marsees, C. A. Benuuko, JI. M. buukos, B. K. Isanos, B. M. Ilumban
Inemumym paoioghizuxu ma enexmponixu im. O. A. Yeuxoea HAH Vkpainu, eyn. Axao. Ilpockypu, 12, Xapkie, 61085, Vipaina

3 METOI BUSBICHHS IMOXOKEHHS e(eKTy aHOMAaJIbHO BY3bKOCIPSIMOBAaHOTO 3BOPOTHOrO pPO3CioBaHHs panioxBuib (AB3PP)
CM-giana3oHy y MyCTeNbHHUX pailioHaX y CTAaTTi ONMCAaHUN KOMIUIGKCHHI aHaji3 0araTOpiYHUX IOCIi/KEeHb AIJSIHOK ITyCTewi
Caxapu. 3a pe3y/ibTaTtaMH aHali3y, SIKHi BUKOHYBABCs i3 3aCTOCYBaHHsM pamionokaniinux manux PCA cymyrauka “Envisat-17,
pe3ynbTaTiB KOHTAaKTHUX BHMIpIB, IMOFOJHMX YMOB Ta 3 YpaxyBaHHSM Cy4aCHHX TEOpiii, BAKOHAHO MOJCIIOBAHHS OCOOIMBOCTEH
PO3CiIOBaHHS PaJiOXBUIIb €OJIOBUM pPelbedoM IMycTeni. 3alporoHOBaHO HOBY MOJENb aHOMAJIBHOIO 3BOPOTHOTO PO3CIIOBaHHSI, 3a
SIKOIO TOJIOBHHM PO3CitoBaueM y OiK pazioyiokaTopa € pelriTka, mo copMoBaHa BiTPOM 3 HACNIEKTPU30BaHHUX CAJIbTOHIB Ta PENITOHIB
Ha BHCOTi 2-3 cM Bij MOBEpXHi i HOBTOPIOE penbed) OprokiB Ta OapxaniB. HoBa Moziesb jana 3MOry MOSICHUTH TOJIOBHI OCOOJNHBOCTI
eKCIIepUMEeHTANbHUX jgochimkenb edexkry AB3PP. A came: 3anexHicTh e(eKTUBHOI IIOBEPXHI PO3CIIOBAaHHS PaliOXBHIIb
JOCII/DKYBAaHUM penibe)OM BiJl MIBUIKOCTI MPUIIOBEPXHEBOro BiTpy A0 10 M/C mpu 3ycTpiyHHMX HampsMax BEKTOpIB BITPY i
panio30HayBaHHS MOBEPXHi, a TAKOXK MPH iX B3aEMHOMY a3UMYTaIbHOMY BiIXuiieHH] Ha £45 rpaj. 3a BUKOPUCTaHHSIM HOBOI MOJEINi
3aIPONIOHOBAHO CYIYTHUKOBHH KOHTPOJIb BOJIOTOCTI MPUIOBEPXHEBOIO 1IApy IYCTEIbHUX PAHOHIB 3eMIli Ha JOBXXHMHAX Pa/liOXBHJIb
3 cMmi 5.6 em 3 kyramu ormsiay 30...35°.

KuiouoBi cioBa: panionokaliiiHe AWCTaHIifiHE 30HAyBaHHS, MOHITOPHUHI MYCTelli, aHOMAJIbHO BY3bKOCIPSIMOBaHE 3BOPOTHE
PO3CitoBaHHS, MIAHKUI HACIEKTPU30BAHHUH 1Iap.

Pyxonuc cmammi ompumano 09.01.2023
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