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The article is devoted to the elaboration and possibilities of using the method of stage-by-stage satellite radar monitoring of aeolian
processes as sources of sandstorms in the process of their growth. The method is based on an experimental study of the effect of
anomalous narrow-directional backscattering of radio waves (ANDBR) from an electrically conductive layer formed under the action of
the wind, bordering the surface of the barchan. The causes of the formation of such a layer are described, taking into account the physics
of the interaction of negatively charged particles when they collide with the surface and with each other in the air. A modified model of
combined facet backscattering (MMCFB) by leeward slopes of barchans and ripples located on windward and leeward slopes of barchans
is proposed. It should be noted that the angles of these slopes, being the angles of repose of sand, remain constant under radar irradiation
at any wavelength. As a result, a comprehensive monitoring of sandstorm characteristics is proposed, during all stages of their passage,
using the processing of data from groups of radar satellites operating at the same or different wavelengths. For such type of monitoring,
the overall range of surface irradiation angles is also not significant and such fast-passing processes as erosion, evaporation, etc. are
excluded from consideration. The obtained data after statistical processing can be compared with field measurement data. The
manifestations of the first stages of sandstorm occurrence in fragments of radar images have been confirmed and explained. Prospects for
studying the development of storms at the next stages are proposed.
Keywords: radar remote sensing, desert sandstorm monitoring, stages of sandstorm research, complex radar monitoring.
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1. Introduction
require new theoretical and experimental research.

Sandstorms are one of the global processes that
actively influence the Earth's climate, its ecology, human
life and health. The dust-sand mixture (DSM) raised into
the atmosphere during storms, under the influence of the
wind, covers vast regions, crosses the ocean, thereby
heating the atmosphere and cooling the earth's surface.
When sedimented, DSM accelerates the melting of snow
masses and glaciers, changes the geomorphology of the
planet, leading to the erosion of rocks and soil, the
formation of heterogeneities on the surface of deserts in
the form of sand ripples, barchans, dunes, etc.

The scale of the processes, the dynamics of changes in
their parameters and their interaction make it difficult to
create a generalized theory of sandstorm formation and

By now, a number of models of the influence of wind on
the main parameters of DSM transportation into the
atmosphere have already been developed, tested and
adjusted based on data from in-situ measurements.
Instrumentation (in the form of wind tunnels) has also been
created to test them and monitor sandstorms. (Zhaohui et
al.,, 2012; Bagnold, 1941; Chepil, 1956; Belly, 1962;
Jianhua et al., 2006, Li et al., 2014; Besnard et al., 2022.
Cornelis and Gabriels, 2004, Kok and Renno, 2003;
Cornelis and Gabriels, 2009).

The experience of using multi-zone optical space-based
systems TOMS, METEOSAT, MODIS and their analogues
(Herrmann, 1999) for detecting and monitoring the spread
of storms in the atmosphere has shown the possibility of
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using them only as additional ones, due to the
unpredictability of weather changes. Radar monitoring
methods developed without using modern knowledge
about the mechanisms of radio wave scattering during
storms also proved to be ineffective. These scattering
mechanisms must take into account the electrical
interactions of quartz sand particles in surface—particle,
particle—particle systems (Stephen & Long, 2005). The
paper describes the physics of aeolian processes occurring
at all stages of sandstorm development and the possibilities
of operational analysis of these processes based on the
results of satellite radar monitoring.

2. Preliminary results

Previously, we presented the results of detecting the
effects of anomalously narrow-directional backscattering
of radio waves (ANDBR) on radar images (RI) of the
deserts of Mauritania (part of the Sahara Desert) at
practically the same angles of local irradiation of the
surface ®~30° These are the results of monitoring
obtained by both the SLRAR of satellites “Cosmos-15007,
“Sich-1” (working wavelength A =3.15 c¢m), and ASAR
Envisat-1 (L = 5.6 cm). Note that this effect was observed
(see Fig. 1a, ¢) with opposite wind directions and radar
irradiation at different radio wave lengths, by different
radars and with a high normalized radar cross-section of
barchans ¢® <6 dB (lvanov, et al., 2016, Matveev, et al.,
Ivanov (Eds.) (2018), Matveev, et al., 2023).

<—— Direction of radar sensing

30 31 32 330°

Fig. 1. a, b — manifestation of the effects of the ANDBR on
fragments of the Envisat-1 radar images (Ivanov, et al., 2016;
Matveev, et al., Ivanov (Eds.), 2018; Matveev, et al., 2023)
ASA GM1_1P20050112, ASA GM1_1P20041226 of low
resolution 1000x1000 m (©ESA) with opposite directions of
wind and radar imaging (left) and with coinciding directions
(right); ¢ — dependence c° on the azimuthal angle of incidence of
the radio wave 0°, based on the results of processing the sections
of the fragment in Fig. 1a; d — optical image of a barchan in the
deserts of Mauritania. White arrows indicate the wind direction.
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Moreover, when the mutual directions of wind and
radiation changed by +45°, ° for ANDBR decreased by no
more than 10-20%. Since, according to our estimates, the
intensity of radio wave scattering by sand in desert
conditions did not exceed ¢° ~ -14 dB + —17 dB (Ivanov
et al. 2016), it was shown that the most likely mechanism
of ANDBR is the scattering of radio waves by a layer of
saltons and reptons, which acquire their charge under the
action of the wind after breaking away from the surface
and colliding with charged particles and dust (Matveev et
al., 2023, Kok et al., 2012). The increase in the number of
charged particles in the layer creates a growing electric
field, which holds the charged particles near the surface
and forms a highly conductive layer from them, capable of
effectively reflecting radio waves. The ANDBR satellite
monitoring technique can already be used for operational
monitoring of the initial stages of storms using X-, C- and
L-band radars. Moreover, the above-mentioned non-
critical mutual deviations in wind directions and radar
irradiation make it possible to form groups of different
space-based radars and other devices for the duration of a
storm for comprehensive storm monitoring.

3. Physics of surface formation processes during
sandstorms

We will show that the reason for the large difference
(~20 dB) in the values of estimates of the normalized radar
cross-section of radio waves scattered by dry sand in the
desert ¢° and the data of satellite measurements of the
ANDBR on radar images of barchans, lies in the features
of the aeolian processes of transporting DSM into the
atmosphere.

Let us recall that barchans are usually asymmetrical
crescent-shaped (from above) sand formations, 2-15 m
high, located perpendicular to the prevailing wind
direction. In spatial cross-section, the barchans are
represented by a windward slope — long and gentle (10°-
15°) with sand ripples on its surface, repeating the shape of
the barchan; and a leeward slope — short and steep (32°-
35°), which, depending on its size, can also have (see
Fig. 1d) ripples on its surface (Velikanov, 1981,
Malinovskaya, 2019; Kenneth, Haim, 2009). The top of the
barchan is a sharp ridge, in plan with the shape of an arc,
and in the direction of the wind, the pointed ends ("horns")
protrude forward.

The soil in the Sahara Desert consists mainly of: ‘long-
lived’ dust (20 um in size), ‘short-lived’ dust (20 um —
70 pm) and quartz sand (70 pm — 500 pum) (Nickling and
McKenna Neuman, 2009).

In the ergs with barchans of the Mauritanian deserts of
El-Juf, Akshar and Tarza (part of the Sahara Desert) that
we studied using radar, seasonal north-east trade winds
blow almost continuously at a speed of 3-9 m/s. Therefore,
the transport of particles by such winds can occur as a
result of several processes, depending mainly on the size of
the particles in question.

Usually dust settles on larger particles and in weak
winds it is either blown into the air (“long-lived” dust) or
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in increasing winds it is knocked out of the soil (“short-
lived” dust) by sand particles of 70 um to 500 um in size.
These particles, overcoming the threshold wind shear
velocity u* = (t/p)Y? (t is the shear stress in an arbitrary
wind layer and p is the aerodynamic air density (Besnard,
et al., 2022)) break away from the surface, jumping along
it in a process called “saltation” (Bagnold, 1941; Shao,
2008), and the particles are saltons. The impact of these
saltons on the soil surface can raise a wide range of
particle sizes into the air. Indeed, dust particles of 20 um to
70 pm in size are usually not lifted into the air by the wind
because their interparticle cohesive forces are large
compared to aerodynamic forces. Instead, these fine
particles are ejected from the soil by saltating particle
impacts (Gillette, et al., 1974, Shao, et al., 1993). After
being ejected, these dust particles, through turbulent
oscillations, join the “short-term” or “long-term” dust.

Impacts of saltating particles can also activate larger
particles. However, particles with sizes >500 pm usually
do not saltate due to their high inertia (Shao, 2008). After a
short jump, usually less than a centimeter, they fall to the
ground (a process of transportation called “reptation”
(Ungar & Haff, 1987). Larger particles may roll or slide
across the surface, driven by the impact of saltating
particles and wind in a transport process known as ‘creep'
(Bagnold, 1937). Creep and reptation can account for a
significant proportion of the total flux of wind-blown sand
(Bagnold, 1937; Namikas, 2003).

Thus, the transfer of soil particles by wind can be
conditionally divided into several physical processes,
continuously changing into the next one with a change in
wind speed and particle size — this is the transfer of “long-
term” suspended dust (20 um in size). ‘short-term’ dust
(20 —70 um), saltation (70-500 pm), as well as reptation
and creep (500 um and more). Among the listed processes,
“saltation” is dominant.

It should not be forgotten that all aeolian processes
associated with the transport of particles into the
atmosphere are subject to the electrification of these
particles when they are torn from the soil and collide with
each other in the air. Proposed models of particle
electrification (Kok and Lacks, 2009; Lowell and Truscott,
1986), confirmed by many experimental studies (Schmidt,
et al.,, 1998; Zheng, et al., 2003; Inculet, et al., 2006;
Forward, et al., 2009), showed that during collisions,
smaller particles become negatively charged, while larger
ones become positively charged.

The saltation process initiates several processes at
once, which ultimately lead to either the formation of
“stationary” saltation (Besnard, et al., 2012) or to the
formation of sandstorms, the stages of which are described
below.

I. Radar observations: Initial stage of a sandstorm (surface
wind speed 1-3 m/s).

Already at a wind speed of about ~1 m/s, “long-lived”
dust appears above the surface in the form of stripes of
electrified dust particles up to 20 um in size (see Fig. 2a).
Such particles are sources of dust aerosols and can travel
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thousands of kilometers (Gillette & Walker, 1977),
actively influencing the environment. This phenomenon is
similar to the snow drift in the Northern Hemisphere.

Also, with a weak (~1 m/s) and unstable in direction
surface wind (in Fig. 2b, the left part of the combined radar
image Envisat-1 ASA_GM1_1P, 2004-06-11),
manifestations of the ANDBR effects are observed. And
already at a wind speed of ~2 m/s and a wind practically in
the opposite direction of the SAR radiation (right part of
the combined SAR image Envisat-1 ASA_GM1_1P, 2004-
11-12) the effect of anomalous scattering is already
noticeable. The lower value of the maximum RCS
(~ -1 dB at a radar incident angle of 6 = 31.50 in Fig. 2c, e
compared to +5 dB in Fig. 1a) evidences a lower surface
wind speed at the time of survey.

-2 i
31 0,deg 4 2 3

27 28 29 30 4W, m/s

Fig. 2. a— photograph of aeolian stripes of “long-lived” dust
moving towards the observer (Baas, 2008); b, ¢ — fragments of
radar images (with very light wind — Envisat-1 ASA_GM1_1P
2004-06-11, on the left, and with wind speed of about 2 m/s —
Envisat-1 ASA_GM1_1P, 2004-11-12, on the right, © ESA) of

the same area of the Akshar desert; d — fragment of a radar image

(at wind speeds from 1 m/s to 2 m/s — Envisat-1 ASA_ GM1_1P,

2010-14-12, © ESA) of the El Mreie desert area, south of the city
of Chinguetti; e — graphs of changes ¢° from the angle of local
irradiation 0 along the sections of the radar images (Fig. 2 b, ¢);

f — graphs of changes o° from the angle of local irradiation 6

along the sections of radar images (Fig. 2d); g — o wind
dependence (at the ANDBR measurement points) according to
the data of (lvanov, et al., 2016; Matveev, et al., Ivanov (Eds.),
2018); Matveev, et al., 2023), the red dashed line is an
approximation of the threshold wind shear speed u* based
on radar data

The incipient stage of the ANDBR effect is also shown
in Fig. 2d and 2f. In the radar image fragment (see Fig. 2d,
Envisat-1 ASA_GM1_1P, 2010-14-12) bright dots indicate
the surface areas where this effect begins to manifest itself.
The survey was carried out with a surface wind that was
variable in direction relative to the SAR radiation, at a
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speed of 1-2 m/s. It should be noted that under these
conditions, the narrow backscattering maxima (see Fig. 2f)
already reach significant values (-5 dB + -2 dB), but
appear in a wider range of angles 0 (28.5° + 31.5°) than in
the developed state (~31.5° + 0.25°).

Il. Radar observations: Active stage of storm formation
(surface wind speed 5+9 m/s).

The process that begins one of the first is the
transformation of sand ripples formed on the surface
earlier, and then barchans, by turbulent wind pulsations
(Malinovskaya, 2019; Velikanov, 1981; Kenneth, Haim,
2009). In this case, the work (Lammel, et al., 2012) shows
that when a particle hits a surface (“splashes™) after a
jump, one particle is knocked out of it — the rebound
salton, moving at a speed almost equal to the speed of the
striking salton. A rebounding salton flies out of the surface
at an angle of 34°-40° to the horizon and knocks out up to
20 particles — reptons, depending on the speed and mass of
the striking salton (Carneiro, et al., 2013). These reptons
move at about one-tenth the speed of a striking salton.
Reptons are ejected at an angle of ~70° to the horizon in
different directions and begin to accumulate in the near-
surface layer at a height of ~3 cm (Steven & Namikas,
2003; Ho, et al., 2014; Greeley, et al., 1996). Reptons are
joined by particles of “short-lived” dust knocked out of the
surface, 20-70 um in size (Shao, et al., 1993). As the
concentration increases, charged particles create an electric
field. The field, in turn, reduces the threshold velocity of
particle displacement and increases the number of charged
particles in the electrified layer. This process causes an
exponential increase in particle concentration (Dur'an, et
al., 2011), which leads to an increase in wind drag, thereby
slowing the wind speed in the saltation layer (Bagnold,
1936). Such wind slowdown acts as a negative feedback,
reducing particle speeds and, in effect, adding new
particles to the saltation. It limits the amount of saltating
particles (Owen, 1964) to a certain increase in wind speed.

Thus, a layer consisting of negatively charged particles
and dust is created above the surface of the barchan. This
layer has high conductivity and effectively reflects radio
waves. In support of this, analysis of satellite radar images
of the Mauritanian deserts (Ivanov, et al., 2016; Matveev,
et al., lvanov (Eds.), 2018; Matveev, et al., 2023) revealed
areas of anomalous narrow-directional backscattering of
radio waves (ANDBR). In these areas, with opposite wind
and radar irradiation directions, c° of the signal received
by the radar was 1-2 orders of magnitude greater than the
magnitude of the signal received under conditions of
corresponding coinciding directions. In the works (lvanov,
et al., 2016; Matveev, et al., 2023) it was concluded that
the reason for effective reflection may be an electrified
surface layer. This layer repeats the total shape of the
barchan and ripple formed by the wind and creates on their
windward and leeward slopes a system of reflective quasi-
flat areas — reflectors (facets) responsible for the formation
of the ANDBR

Taking into account the features of the ANDBR
observations and new research data (Malinovskaya, 2019)
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for the range of surface wind speeds of 5 + 9 m/s, we
proposed a modified model of combined facet
backscattering (MMCFB) by the leeward slopes of
barchans and ripples located on the windward and leeward
slopes of barchans (Fig. 1d). In this case, the total RCS

oy of the received radar signal can be written as:
b c d
0 _ 0 0 0
Ox _Zcb+zcws +ZG|S’ (1)
1 1 1

where o, 6% and c_, are the integral radar cross-sections
of signals backscattering from the windward slopes of
barchans and ripples on the corresponding windward and
leeward slopes of barchans.

This modification of the previously proposed model
(Matveev, et al., 2023) follows from our estimates of the
influence of processes occurring on the barchan crest on
the saltation of particles on the leeward slope of the
barchan. In our opinion, at wind speeds of 5 + 9 m/s, the
energy of the wind flow swirling toward the surface of the
leeward slope of the barchan, despite the visible saturation
of the o of wind dependence curve (Fig. 2g), is only
sufficient to sharpen its edge (see Fig. 3). This is
confirmed by the fact that the growing electric field in the
near-surface layer of the barchan increases the
concentration of saltating particles (Dur'an, et al., 2011),
which in turn increases wind resistance, actually slowing it
down (Bagnold, 1936). The photograph (Fig. 1d) also does
not show a noticeable influence on the change in the relief
structure of the leeward slope of the barchan.

Fig. 3. Change in wind speed profile at the surface of the barchan
(Malinovskaya, 2019)

Let us recall that the leeward slopes of the barchans
and ripples themselves form an angle with the underlying
surface, which is the angle of repose of sand y = 30°+34°
(Hamzah M., 2018). The latter depends only on the size of
the sand grains, its moisture content and the forces of
gravity. Moreover, the range of angles of incidence of the
SAR Envisat-1 radio wave is equal to o =15%45° and
corresponds to the effective perpendicular reflection of
radio waves from the system of reflectors on the slopes of
the barchans and makes it possible to promptly monitor the
wind dependence o° (see Fig. 2g) and other parameters of
aeolian processes.

The model also explains minor changes o° (10% —
20%) when the wind direction changes in the elevation
plane relative to the monitoring direction at angles +45°,

In Fig. 1d it is evident that the leeward slope of the
barchan has a crescent shape with a constant slope angle,
and the ripples on the windward and leeward slopes are
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located in a similar manner (Velikanov, 1981), which
explains the weak angular dependence o°.

Note that for a more accurate measurement of the
threshold wind shear speed u* using radar data (see
Fig. 2g), it is necessary to use more accurate contact data
on the direction and speed of weak surface winds.

I11. At surface wind speeds of 10+15 m/s

The length of the saltons' jumps begins to increase and
a ripple of 15-30 cm in height begins to form. With that,
the number of high-energy particles increases, which the
surface electric field is unable to hold. These particles are
accelerated by the wind, collide with their own Kkind,
accelerate them, begin the destruction of the surface field,
and activate the process of intensifying the storm. In
addition, with increasing wind speed, the height of the
barchan increases and the difference in pressure at its top
(Fig. 3, point b) and in the trough becomes significant.
This leads to the formation of an air-sand flow, swirling
towards the leeward slope, and the creation of a turbulent
vortex, which destroys the relief (ripples) of the leeward
slope. The vortex formed by electrified particles weakly
reflects radio waves towards the radar. Under the action of
the wind, the remaining ripples on the windward slope will
also undergo angular distortion, which will significantly
reduce its effective scattering surface o° Under such
conditions, satellite radar monitoring was not carried out
and this work requires additional research.

IV. Stage of maximum storm.

At wind speeds of more than 16 m/s, all sand barchans
and ripples are destroyed and a sandstorm develops
(Velikanov, 1981; Kenneth, Haim, 2009) with dust and
sand grains rising tens and hundreds of meters.

Experimental work at stage IV of the storm requires
special equipment. Therefore, work on computer modeling
is being carried out around the world (M.V. Carneiro,
et al.,, 2013). However, modeling large processes such as
erosion, barchan and dune formation, in which millions of
particles interact, taking into account variable winds and
other parameters, requires large computational resources.

4, Conclusions

An analysis of the features of the manifestation of the
ANDBR effect on the radar images of the ergs of the
Mauritanian deserts, together with the data on wind speed,
showed that the ANDBR effect is reliably observed with
high NRCS (c° <6 dB), when the directions of the wind
speed and radar irradiation vectors are opposite to each
other (Fig. 1a). But when the wind and radiation vectors
coincided, no effect was observed (Fig. 1b). When the
directions of the vectors were misaligned within +45°, o°
was reduced by 10% — 20%.

To explain this effect, in addition to the work of
(Matveev, et al., 2023), we proposed a modified model of
combined facet backscattering (MMCFB) by the leeward
slopes of barchans and ripples located on the windward
and leeward slopes of barchans. The latter takes into
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account the results of additional studies and assessments.
The model is based on the influence of the electric field
created by electrified particles of a sand-dust mixture
saltating under the action of the wind. The field, bordering
the surface of the barchan and ripples at a height of ~3 cm,
is a highly conductive set of quasi-mirror reflectors of
radio waves towards the radar. In this case, the angles of
the leeward edges of the barchans and ripples are the
angles of repose of sand (natural slope), which depend on
the moisture content of the particles, their size and
gravitational forces, and do not depend on the wavelength
of the radar radiation. The reliability of this scattering
model was confirmed by the results of observations of the
ANDBR effect by radars at wavelengths of 3 cm and
5.6 cm (lvanov, et al., 2016, Matveev, et al., lvanov (Eds.),
(2018), Matveev, et al., 2023).

Using the listed features of experimental observation of
the ANDBR effect, it is possible to create methods for
satellite studies of sandstorms at different stages of their
development. Such methods are especially effective when
using data from constellations of satellite radars operating
at the same or different wavelengths. Studies of this type
are not critical to the overall angles of surface irradiation.
They help to exclude from consideration such rapidly
changing processes as erosion, evaporation, etc.
Statistically processed research results can be compared
with field measurement data.

Thus, by measuring the effective scattering surface c°
at different speeds of the near-surface wind, it is possible
to determine the threshold wind shear speed u*, the speed
at which the saturation c° of the sand surface begins at the
second stage of storm development, and to study the
angular characteristics of the manifestation of the ANDBR.

In addition, the modification of the previously
proposed model (Matveev, et al., 2023) is associated with a
rethinking of the influence of processes occurring on the
leeward slope of the barchan during particle saltation at
wind speeds of 4 + 9 m/s (Malinovskaya, 2019). In our
opinion, the energy of the wind flow, swirling towards the
surface of the leeward slope of the barchan, is only
sufficient to sharpen its edge (see Fig.3). This is
confirmed by the fact that the growing electric field in the
near-surface layer of the barchan increases the
concentration of saltating particles (Dur'an, et al., 2011),
which in turn increases wind resistance, actually slowing it
down (Bagnold, 1936). The photograph (Fig. 1d) also does
not show a noticeable influence on the change in the relief
structure of the leeward slope of the barchan.

The actual onset of a sandstorm occurs at surface wind
speeds of 10 + 15 m/s. During this process, the number of
high-energy particles increases, which the surface electric
field is unable to hold. These particles are accelerated by
the wind, collide with other particles and speed them up,
starting the destruction of the surface field and activating
the process of intensifying the storm. Further, with the
increase in wind speed, the difference in pressure at the top
of the barchan (Fig. 3, point b) and in its trough increases.
This leads to the formation of an air-sand flow, swirling
towards the leeward slope and the creation of a turbulent
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vortex, which destroys the relief (ripples) of the leeward
slope. The vortex formed by the electrified particles
weakly reflects radio waves towards the radar, which will
significantly reduce the overall effective scattering surface
o of the barchan. Under such conditions and at the stage
of maximum storm (with wind speeds over 16 m/s),
satellite radar monitoring was not carried out and this work
requires additional research.

As for testing the modified combined model of radar
monitoring of desert areas of the Earth's surface at longer
radio waves, additional research is also needed.

The work was carried out using data from a joint
project with ESA (C1F. 30193).
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Bci aBropu mpoudTand Ta MOTOAWINACS 3 OIYOIiKOBaHOMO
BEPCIEI0 PYKOIIHCY.

®@inancyBannsi: lle mocmijpkeHHS HE OTPUMAIO 30BHIIIHBOTO
(iHaHCyBaHHSI.

HoctynHicTb nanux: He 3acTocoByeThes.

IMoasiku: ABTOpU BHCIIOBIIOIOTH upy noasky Earth Observing
System Data Analytics (eosda.com) 3a HamaHHsS GE3KOIITOBHHX
1 poBUX pajionoKaliiiHux 300paxkensr Envisat SAR B mexax
mpoekty ESA 3 imentudikaropom 13193. Mu Takox BAsuHI
pelieH3eHTaM Ta pemakTopaM 3a iX [iHHI ~ KOMEHTapi,
peKoMeHallii Ta yBary 0 poOoTH.
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KOH(QJIIKTY iHTEpeCiB.
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CrarTs TNpHCBSYEHa PO3POOJIEHHIO Ta IEPCHEKTHBAM BHUKOPHCTAHHS METOJMKH MOETAITHOrO CYIMYTHHKOBOIO pajioNoKalifHOro
MOHITOPHHTY €0JIOBUX IPOLECIB SK JUKEPeN MilllaHuX Oyp Mij 9ac iX po3BUTKY. MeToquKa 3aCHOBaHA HA eKCIIEPUMEHTATbHOMY BUBUCHHI
e(eKTy aHOMAaJbHOrO BY3bKOCIPSIMOBAHOI'O 3BOPOTHOI'O PO3CIIOBAHHS PaIiOXBHIb BiJ C(HOPMOBAHOIO i AIEI0 BITPY EIEKTPHUIHO
MPOBIHOrO IIapy, SIKHW 00israe moBepxHio Oapxany. OrmucaHi NPUYMHU MOSBH TAaKOTO INapy 3 ypaxyBaHHsIM (i3UKHA B3aeMOmii
HEeTaTUBHO 3aps/HKEHUX YACTHHOK IMPU 3iTKHEHHS 3 MOBEPXHEI0 Ta OIMH 3 OIHUM Y MOBITpi. 3ampornoHoBaHa MoaudikoBaHa MOIEITbH
koMbiHOBaHOro (harerHoro 3BoporHoro poscitoBaus (MMK®OP) nifBitpsHuMu cxuiamu 0apXaHiB Ta OpHKIB, 10 3HAXOMUTHCS Ha
HaBITPSIHUX 1 MiABITPSHUX cxuiaax OapxaHiB. OCKINBKH KyTH IMX CXHJIIB, IO € KyTaMH OPHUPOAHOTO CXHITY, HE 3alIe)KaTh BiJ] JOBKHHH
PamioNoKaIifHOTO ONMPOMIHEHHS, 3alpPONOHOBAHO KOMIUICKCHHH MOHITOPHHI XapaKTEPUCTHK MIAaHUX Oyp Ha dYac YCiX eTamiB iX
MPOXO/KEHHS 33 JOMOMOIOK THMYAcOBO CTBOPEHHX TPYI PaJiONOKAalifHUX CYMYTHHKIB, 110 MPALIOIOTh Ha OJAHAKOBUX YH Pi3HHX
JOBXKMHAX XBWIb. TaKdii MOHITOPHMHT TaKOX HE KPUTHYHHN 110 KYTiB ONPOMIHEHHS IIOBEPXHI Ta BHUKIIOYAE 3 PO3TILLY Taki
IIBUAKOIUIMHHI MPOLECH, SIK €pOo3is, BUMapoByBaHHs Ta iH. OTpuMaHi JaHi MiCIs CTATUCTHYHOTO 0OPOOJICHHS MOXKYTh ITOPIBHIOBATHUCS 3
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JaHUMU TONBOBMX BHMIipiB. IIposiBM mepmmx eTamiB BHHUKHEHHS IIINAHUX Oyp MIATBEp/UKEHI Ta MOSICHEHI (parMeHTaMu
panionokariifHux 300paxeHb. 3anpONOHOBAHO IEPCIEKTHBH JOCIHKEHHS PO3BUTKY Oyp Ha HACTYIMHUX eTamax.

KuouoBi ciioBa: pamionokamiiiHe IUCTaHIlIMHE 30HIyBaHHS, JOCHIDKEHHS MIMIAHUX Oyp Ha PI3HMX €Tamax PO3BHTKY, KOMIUICKCHHUH
PpanionoKariifHIi MOHITOPHUHT ITyCTelIl,
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