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Abstract

The new model CORSIMA (COsmic Ray Spectrum and Intensity in Middle Atmosphere) is
presented. The spectra and intensities of solar cosmic rays (SCR) from GLE (Ground Level
Enhancement) 05 on 23 February 1956 and GLE 69 on 20 January 2005 at different altitudes are
calculated. For this purpose, the operational CORSIMA model is applied. In the final version of the
CORSIMA program, an approximation in 6 characteristic energy intervals of the Bohr-Bethe-Bloch
function is used, including the charge decrease interval. Analytical expressions for the contributions of
the energy intervals are provided. For the first time we present a quantitative and qualitative
appreciation of the impact of Solar Cosmic Rays (SCRs) from the Solar Particle Events (SPEs) on the
ionosphere and middle atmosphere (30 - 80 km). These altitudes are above the Regener-Pfotzer
maximum. Unlike Galactic Cosmic Rays (GCR), the differential spectra of SCR essentially vary in time.
The SCR fluxes also differ from each other during the different events. The spectrum and intensity
behavior is explained considering the structure of the CORSIMA program. The calculation results are
in agreement with the experimental data and show characteristic features of the propagation process
for different altitudes and geomagnetic latitudes. The calculations are performed for geomagnetic
latitudes 90° (cusp region). The development of this research is important for the processes and
mechanisms of space weather.

Introduction

The relativistic particles of cosmic rays (protons and heavier nuclei of
galactic and/or solar origin) [1, 2] induce complicated nuclear-electromagnetic-
lepton cascades in the atmospheres of the Earth, planets and their moons [3-11],
which eventually lead to ionization and excitation of the planetary environment. The
ionization of the atmosphere caused by cosmic rays determines the effects of the
precipitating particles on the physics and chemistry of the atmosphere [12-14].

Solar cosmic rays are an important factor in the ionization and energetic state
of the ionosphere and atmosphere [1-4, 6, 14]. The new model CORSIMA (COsmic
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Ray Spectrum and Intensity in Middle Atmosphere) is presented in this paper.
CORSIMA is a submodel of CORIMIA (COsmic Ray lonization Model for
lonosphere and Atmosphere) [15-19].

This paper presents the results of the CORSIMA program with application
to GLE (Ground Level Enhancement) 05 on February 23, 1956 and GLE69 on
January 20, 2005. Similar analyzes for GLEs 59, 69 and 70 are given in [20-23].

Spectra and electromagnetic interactions of SCRs

The corresponding differential spectra for GLE 69 were taken from the
available GOES satellite data [22]. We investigate the SCR effects in the polar cusp
region at geomagnetic latitudes of 90° during two of the strongest Solar Proton
Events (SPEs) observed since the beginning of neutron monitor measurements of
cosmic rays. In this way the extreme influence of solar activity on the ionization state
of the ionosphere and middle atmosphere is calculated.

In contrast to the GCR cases, the SCR differential spectra essentially vary in
time over the course of the event studied [24, 25]. It is difficult to generalize about
the global impact of SCR on atmospheric chemistry and electrical conductivities for
the entire time period. Therefore, it is useful to consider more than one-time point of
the effects of SCR. In the case of GLE 69, we consider two characteristic time points
— at 8:00UT and 23:00UT during SCR penetration. The corresponding differential
spectrum in cm2.st.MeV! outside the atmosphere (according to GOES data) for the
time at 8:00UT is:

(1)  D(E)=155x10°E>%,
and for the time point at 23:00UT is:

(20 D(E)=10"E**®.
The differential spectrum for GLE 05 [3] is:

3) D(E)=24x10"E",

These spectra are determined in the following way. For each spectrum (1)
and (2), two data points are taken from the GOES data. They belong to different
energy intervals of the measurement as indicated in these data lists. Then a system
of equations is solved for the two unknown parameters of the spectrum: the
magnitude K and the exponent y [5].

The CORSIMA program is applied for the first time to the SEP and the
results show that it is suitable for calculating the propagation of solar particles. The
model embedded in this program includes the full approximation of the Bohr-Bethe-



Bloch ionization losses function [15-19] using 6 characteristic energy intervals for
cosmic ray (CR) nuclei groups:

257x10°E%® if kT <E <0.15MeV/n ,intervall

1540E°% if 0.15<E <E, =0.15Z% MeV/n , interval 2

4 _1dE _ |231x Z’E*" if E, <E <200MeV/n ,interval 3
pdh  [68xZ2%E*® if 200< E <850 MeV/n ,interval 4

1.91x 2% if 850 < E <5x10° MeV/n ,interval5

0.66x Z°E**® if 5x10° <E <5x10° MeV/n ,interval6

We investigate the case of solar protons penetration (charge Z = 1) into the Earth’s
atmosphere. That is, the interval 2 is not considered. On the other hand, we show
that the last three high energy intervals (above 200 MeV) do not contribute to the
ionization rate (GLE 69 at 23:00UT and GLE 05). The last two intervals (the energies
above 2 GeV) for GLE 69 at 8:00UT are also without contribution (Fig. 1).
Consequently, the dependence of the particle number on the characteristic energy
intervals can be seen in Fig.1 (4). For comparison, we also show GCR spectra at
solar minimum and maximum and anomalous CR (ACR) spectra for O*and He* with
charge Z =1, i.e. singly ionized. The ACR spectra are effective below 100 MeV
and the GCR spectra - above 1 GeV (relativistic energies).

Model description

The operational model embedded in the CORIMIA program is developed in
[15-19]. The mathematical expression for calculating the ionization rate in the
atmosphere, including the full composition of CR, is as follows.

o 21 7[/2+A0

e aqh)=gMh)== Z jj ,(E)( )sinededAdE,
| |

A=0 80

where A is the azimuth angle, @ is the angle towards the vertical, A6 takes into
account that at a given height the particles can penetrate from the space angle
(0°, Gmax=90°+A0 ), which is greater than the upper hemisphere angle (0°, 90°) for
flat model. E; are the energy cut-offs. The summation in the ionization integral (1)
is made on the groups of nuclei: protons p, Helium (alpha particles),
Light L3<Z<5), MediumM (6<7Z<9), Heavy H (Z>10) and Very Heavy
VH (Z > 20) nuclei in the composition of cosmic rays [1-4]. Z is the charge of the



nuclei, Q=35eV is the energy which is necessary for formation of one electron-ion
pair [6].

Di(E) is the corresponding SCR differential spectrum for protons which is
givenin (1) — (3).

Energy cut-offs E; which are lower boundary of integration in (5), are
calculated on the base of geomagnetic Er and atmospheric cut-offs Ea for given

geomagnetic latitude /n and atmospheric altitude (traveling substance path h ) with
the following expression:

6)  Enn = Max{Eq(4,),En(n)}

The geomagnetic cut-off [4] is evaluated in the equation (7):

12

N2
} J +0.88| -0.938.

A,

(7 Ex(4,) = 14.9(Cos{180

The atmospheric cut-offs take into account the traveling substance path and
for the case of SCR protons (because of the characteristic energy interval ranges [18]
take the forms Eaiand Eaz:

8  En(h)=(krT)°+1285h Y,

1.77

231><1.77(

@  E,(h)= [0.151-77 - 0.15%° — (kT )0'5)+ 231x1.77h |’

From (5) we obtain the concrete expressions for the electron production rate
caused by SCR protons penetration in the atmosphere. From Figure 1, it can be seen
that the first three intervals are effective for the contributions to the ionization rate
values. They are intervals 1, 3 and 4 in (4) for Z = 1. The energy decrease laws [8]
without boundary crossing for these intervals are:

10) E(h)=|E05-1285R ],
11.77

1) E,(h)=|Er" - 281x1.77]

(12)  Ey(h)=|EL*® - 68x1.530 |

The energy decrease laws with boundary crossing have the form:



1285
sy B0

Expression (13) is valid if particles with initial energy in interval 2 cross the
boundary due to ionization losses and cause ionization with energy in interval 1 at
altitude h. Similar expression is derived when particles transfer the boundary
between interval 3 and 2:

231x1.77 /177
14 E,,(h)=]200""" + ——"——(E* - 200"*)- 231x1.77h
( ) 32( ) |: 68X1.53 ( ) x :r

We also include two coupling intervals for upper boundaries of interval 1
and 3 (Eo.15(h), E200(h)) which have the form:

(13) E,(h)= {0.150'5 ~1285h +

(15) Eyu(h)=[0.157 + 231x1.770 "7

(16) E () = [200*5 +1.53x68R |~

The sub model for SCR protons penetration in the atmosphere is derived in equation
@an:

q(h)= %{2.57 xlOSZI:D(E)[El(h)]O'SdE +
2.57x10° EOT(B(E)[En(h)]“ZdE +

0.15

200 Ezo0(h)
(17) +231 [D(E)E,(n)] " dE+ 231 [D(E)[Ey, ()] " dE +
Eoas(h) 200

850
+68 [ D(E)E;(h)]"*dE
Ezo0 (D)

This expression is characteristic of SCR differential spectra, because it is
restricted to the lower energy intervals of the ionization losses function.

Results and conclusions

The CORSIMA submodel for calculating of SCR penetration in the
atmosphere considering the first three characteristic energy intervals (17) is applied
to the GLEOQ5 and GLE 69 events. These are the most powerful and well-known

9
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ACR, 0* % SEP, GLEG9 at 23:00UT, D(E) = §, 1x 10° g~
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GCR during
solar minimum

D(E) [em2s 1. MeV]
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0.1t

0.001 0.01 0.1 1 10

E [GeV]

Fig. 1. Differential spectra of solar cosmic rays (SCRs) during GLE 05 and GLE 69
(8:00UT and 23:00UT). Here for comparison are presented also galactic cosmic ray
(GCR) spectra during solar maximum (light blue) and solar minimum (dark blue)
and anomalous cosmic ray (ACR) spectra for O*, He* and H™.

S 40 e ]
g v ., |5noitif| !
5 10 ——50km
s ——45km 3
e 10'F ——40km d
kS 3 ——35km 3
3 10°F —— 30 km
O
g 10'F
2 10°F
2
£ 10°F
K] L
£ 10°F  GLEOS
[
g 10°F
(=]
10.6" (

10°
Solar energetic particles (SEP) energy E (MeV)

Fig. 2. Solar energetic particles (SCRs) spectrum from SPE event on 23 February 1956

at altitudes 30, 35, 40, 45, 50 km with initial spectrum outside of the atmosphere (dotted
curve), this is the most powerful solar proton event in the history of space era

10



GLE 69 at 08:00UT

Differential intensity (particles/cmzls/srlMeV)

Initial

—— 50 km
e 45 km
—— 40 km
——35km

30 km,

10“ i i " Y Ve R 1 b
10’ 10°

Solar energetic particles (SEP) energy E (MeV)

Fig. 3. Solar energetic particles (SCRs) spectrum from SPE event on 20 January 2005

at 8:00 UT for altitudes 30, 35, 40, 45, 50 km with initial spectrum outside
of the atmosphere (dotted curve). This is the second powerful solar proton event

in the space era.

GLE 69 at 23:00UT

Differential intensity (particleslcmzlslsrlMeV)
=
E

10’ 10°

Solar energetic particles (SEP) energy E (MeV)

Fig. 4. Solar energetic particles (SCRs) spectrum from SPE event on 20 January 2005
at 23:00 UT for altitudes 30, 35, 40, 45, 50 km with initial spectrum outside of the

atmosphere (dotted curve). This is the second powerful solar proton event

in the space era.
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events in the history of space exploration. Figures 2, 3 and 4 show the main results
of the spectra calculated with the CORSIMA program.

The intensity of the spectrum of SCR depends on the trajectory of the
substance (dependence on altitude, atmospheric cut-offs and ionization losses),
geomagnetic cut-offs, neutral density (dependence on altitude), strength of the
spectrum and exponent (number of charged particles).

Fig. 1 shows the GCR spectra for solar minimum and solar maximum with
their characteristic maxima at 600 MeV. The SCR spectra for GLEO5 and GLEG69 at
8:00UT and 23:00UT are also shown. The ACR (Anomalous Cosmic Ray) spectra
for O+ and He+ have lower energy values as shown in Fig. 1. On Fig. 1 are presented
the main ionization sources in the upper atmosphere.

Fig. 2 shows the results of the spectra calculation of GLE 05, the strongest
event observed in the history of solar cosmic ray research. This is the strongest solar
proton event observed in the history of solar cosmic ray investigations. The
characteristic behavior of the spectra for all altitudes is due to the wandering
substance path and the corresponding atmospheric cut-offs for each altitude value.
This is correct because we calculate the intensities for the polar cusp where the
geomagnetic cut — off rigidity is nearly zero.

Figures 3 and 4 present the spectra of SCR during GLE 69 with spectra
measured on 20.01.2005 at 8:00UT and 23:00UT. These curves reflect spectra in the
polar cusp region for An = 90° where the corresponding geomagnetic cut-offs are ~ 0
GV. The altitude region covers the heights interval (30—80) km. As can be seen in
Figures 2 and 3, the spectra increase with altitude.

The SCR spectra at latitude 90° cross due to the different energy power and
magnitudes of the differential spectra for 8:00 and 23:00 UT (see Fig. 1). For lower
altitudes (larger cut-off values) the spectrum with lower power dominates. For higher
altitudes, the decreasing neutral density already dominates.

The differential spectrum with the smaller exponent (8:00 UT) causes larger
values for lower altitudes. The reason is the strong atmospheric cut-off at these
altitudes. At higher altitudes, the influence of the larger spectrum (23:00UT)
dominates.

The CORSIMA and CORIMIA programs (which are based on the
Mathematica program system) are able to calculate the SCR spectra and intensity
stably and accurately for the effects of any solar CR impact on the lower ionosphere
and middle atmosphere. The structure of the program is user—friendly, with detailed
descriptions of input and output data in corresponding windows. In the future, we
will further develop and improve the CORSIMA program as a directly applicable
routine for the study of space weather and climate [26-29].

12
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CIHHEKTBHP U HTHTEH3UTET HA KOCMHUYECKUTE JbYHN
1O MOJEJIA CORSIMA B CPEJJHATA ATMOC®EPA. U3I1OJI3BAHE
U NPUJIOXKEHHUE 3A COIBHYEBUTE KOCMHUYECKHA JIBYAN

II. Beaunos, C. Acenoecku, JI. Mamees

Pesrome

IIpencraBen e moBusaT moxen CORSIMA (COsmic Ray Spectrum and
Intensity in Middle Atmosphere). M3uncnenu ca cekTpuTe U WHTCH3UTETUTE Ha
crpHueBuTe Kocmudecku 1p4n (SCR) ot GLE (Ground Level Enhancement) 05 na
23 ¢epyapu 1956 . u GLE 69 na 20 auyapu 2005 r. Ha pa3iuyHd BUCOYMHHU. 3a
uenTta ce npuiara onepauroHHUAT Moaen CORSIMA. B okoHuatenHaTa BepcHs Ha
nporpamata CORSIMA e uznosn3Bana anpokcuMaIys B 6 XapakTepHU eHeprUiHU
uHTepBasia Ha (QyHkuusata Ha Bop-bere-bnox, BiIoYMTENHO WHTEpBaja 3a Ha-
MaJisiBaHe Ha 3apsaa. [JaneHu ca aHaIuTHYHY U3pa3y 3a IPUHOCHUTE Ha CHEPTUiHNUTE
WHTEpBaIU. 32 IbPBU BT NPEACTABSIME KOJIMYECTBEHA M KadeCTBEHA OLCHKA Ha
BB3JICHCTBUETO Ha CibHYEBUTE KocMudeckd ybuu (SCR) oT chOUTHATA ChC
cipHueBy yactuiu (SPE) Bepxy ioHochepara u cpennara armocdepa (30-80 km).
Tesn BucoumHm ca Haj Makcumyma Ha Perenep-llpormep. 3a pasmmka ot
ranaktnyeckure kocmuuecku by (GCR), audepenumannure cnektpu Ha SCR
3HAUUTETHO BapupaT BBB BpeMeTo. SCR moTonuTe ChINO ce pazaudyaBaT €AUH OT
JpYT 110 BpeMe Ha pa3in4yHuTe cbOuTHA. [loBeneHneTo Ha CIeKThpa U MHTEH3UTETA
e 00sACHEeHO Karo ce WMma IpedBul cTpykTypara Ha mporpamara CORSIMA.
Pesynrarute oT M34HCIEHUATA Ca B CHOTBETCTBHE C €KCIIEPUMEHTAIHUTE JTAHHU U
MOKa3BaT XapaKTepHU OCOOCHOCTH Ha Ipolieca Ha Pas3lpOCTPaHEHHUE 33 Pa3IUYHH
BUCOYHMHHU M T€OMAarHUTHHU IUPUHHU. M3uncnennsaTa ca u3BbPIICHH 32 TeOMarHUTHH
mmpuan 90° (kacm-o6nact). Pa3BuTreTo Ha TOBa U3CIIE/IBaHE € BaXKHO 32 MPOLIECHUTE
Y MEXaHU3MHUTE Ha KOCMHYECKOTO BpEME.
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Abstract

Remote sensing methods provide information on both the natural objects on the earth's
surface, water bodies, water-land boundaries, and relief and relief forms. Satellite images were used
to determine the characteristics of the coastline and Black Sea area (about 50 km distance) of the
Republic of Bulgaria. Its fractal dimension and curvature are determined. A number of thematic maps
have been generated through the digital elevation model to assist in the interpretation and
geomorphologic characteristics of the study area. A database was created as part of the project
MARINEGEOHAZARD — “Set-up and implementation of key core components of a regional early-
warning system for marine geohazards of risk to the Romanian-Bulgarian Black Sea coastal area”
from CBC Romania-Bulgaria Programme.

Introduction

Since 2005, the international scientific community has started implementing
the 10-year Global Earth Observing Systems (GEOSS) program. It is part of the
Earth Observatory Group (GEO). In December 2017, the European Commission
completed a large-scale study analyzing the economic, social and environmental
benefits of the Copernicus program, focusing only on Europe for the period 2017—
2035. The timely and cost-effective provision of information depends to a large
extent on the successful implementation of the INSPIRE Directive, which provides
for the creation and exchange of data and metadata, on the implementation of EU
policies, and in particular in the field of environmental protection [8].

Remote sensing methods provide information on both the natural objects on
the earth's surface, water bodies, water-land boundaries, and relief and relief forms.
Increasingly large archives of freely available space images and products (of
different spatial resolution and of different satellites) make it possible to observe and
study different processes and phenomena occurring on the Earth's surface, oceans
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and atmosphere. Filling in the archives with new data on the current state of the Earth
allows tracking of processes and phenomena over time.

Study area

The study area in this article is the
coastline and Black Sea area (about 50 km
distance) of the Republic of Bulgaria (Fig. 1).

The purpose is to collect a coastal strip
survey data, using remote sensing methods, in a
GIS environment as part of the project:

"  MARINEGEOHAZARD - “Set-up and
PPN implementation of key core components of a
regional early-warning system for marine
geohazards of risk to the Romanian-Bulgarian
Black Sea coastal area”.

Materials and Methods
Satellite data and DEM

The data used is collected entirely from
free-access sources. From Land Processes
Distributed Active Archive Center, the data for
a digital elevetion model (ASTER GDEM, v.3)
cell size ~ 30x30 m were downloaded. Eight granules representing 3601x3601 pix
size raster images in *.tiff format and 16 Bit pixel depths were downloaded.

Freely available vector databases and satellite images were used to
determine the characteristics of the coastline from which the water-land boundary
given in Table 1 was derived. Vector data is in *.shp format and images are
downloaded from Earth Observation Data Huband Copernicus Open Access Hub as
scenes in *.tiff format.

The capabilities of remote sensing methods, image processing methods,
geographical information systems, statistical and cartographic methods for analyzing
the collected data were used. All data are in the WGS 1984 coordinate system, UTM
projection, zone 35N.

Fig. 1. Study area

Results and Discussions
Satellite data processing

The satellite images most clearly show the terrestrial surface and the relief
with its shapes and structures. The relief along with the geological structure (Fig. 2
and Fig. 3) define the complete geological-geomorphological space. The lithologic
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diversity of the rock base along the Black Sea coast implies a different degree of
resistance to endogenous processes occurring at the land-water boundary.

Satellite images are one of the current sources for accurately determining the
ground-water boundary through the ability to use different combinations of spectral
channels. The geo-bases make it possible to obtain data on the Black Sea border of
Bulgaria on different scales. The measured coastline length depends on the spatial
resolution (PDS) in satellite images and on the scale of the information sources
(Table 1).
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Fig. 2. Map of DEM Fig. 3. Geological map!

Due to its character, the coastal strip is a natural fractal, characterized by sel-
similarity on different scales — fractal dimension [7]. Regardless of the difference in
length, the fractal dimension and the curvature of the coastline are the same (Table
1) and are calculated by the formulas:

1) D= log(n) —.
log(n)+log(})

2) S=1L/d,
where: D is the fractal dimension, n is the number of segments, d is the distance

between the start and end points along the arc of the terrestrial spheroid and L is the
length of the coastline (the sum of the length of the segments), S is the curvature.

The legnd is from Geological maps for Bulgaria (M 1:500 000)
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The close to one (1.10) fractal dimension indicates the more complex nature
of the shoreline relative to a simple linear structure and at the same time a relatively
slightly indented line (Table 1).

Table 1. Sources, fractal dimension and curvature of the Bulgarian coastline

Source n d(m) L (m) D S
Landsat-5 MSS/TM 59102 200203 536216,90 1,10 2,68
Landsat-7 ETM 5145 200203 409174,00 1,09 2,04
Sentinel2 8651 200203 481602,15 1,11 2,41
Jika GIS database 12248 200203 415464,13 1,08 2,07
NaturalEarth,

M 1:10,000,000 174 200203 337003 1,11 1,68
NaturalEarth,
M 1:110,000,000 5 200203 224646 1,08 1,12

DEM processing

From the digital elevation model (Fig. 2.) were made thematic maps of some
basic morphometric characteristics. The morphometric parameters were calculated
using mathematical formulas from the altitude output variables and the planned
coordinates [5]. Using the Spatial Analyst Tools tool and the Surface function in
ArcGIS environment, a number of thematic layers were formed in thematic maps.

Map of relief types (Fig. 4); Based on the digital elevation model (Fig. 2),
a thematic map of relief types is drawn up. The map shows that the altitude of the
Bulgarian Black Sea coast is low — from 0 to about 700 m (maximum 714 m). Nearly
55 % of the territory, the relief is lowland with an altitude of up to 200 m, including
the eastern parts of Dobrudzha, the estuaries of the Provadiyska (Varna-Beloslavski)
rivers, Batova, Kamchia, Burgas lowlands, parts of the Strandzha part of the coast.
Between 200 m and 500 m altitude is 45 % of the territory (hilly terrain), and these
are the Dobrudzha, Frangensko, Momino (Avrensko) plateaus, the hills surrounding
the Burgas lowland, the Kamchiiska, Eminska and Aytoska mountains, the Bosnia
ridge. Only 0.4% is low mountainous terrain (over 500 m) and includes the highest
ridges of the Balkan Range and Strandzha [9].

Map of relief forms (Fig. 5); The “incline slope” morphometric indicator
(Table 2, Fig. 6) shows the actual inclines of the slope and serves as a basis for the
classification of the relief forms. Nearly 19 % of the area is dominated by
accumulation processes. These are the plain parts, river terraces, ridge and
technogenic levels. The area with active gravitational and gravitational-aqual
processes is 3.5 % and is attached to the river breaches in the Strandzha and the Stara
Planina Strip, as well as at a number of places along the coastline. Among the relief
forms in the strip on the Bulgarian Black Sea coast are the remains of past relief
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forming activity. Residual relief forms have two stages of leveling (two denudation
surfaces). The Pontic (Old Pliocene) denudation surface occupies the upper flattened
parts of the Dobrudzha, Frangen and Momino Plateau, the ridge of the Emina
Mountain and the highest parts of the Strandzha Coast at about 450 m above sea
level. The younger Levantian (Young Pliocene) denudation surface is represented as
a slope of the plateau in the North Coast and the Eminska Mountains, as well as
along the ridge levels of the Kamchiyska and Aytoska Mountains [4].

28°00°E

Fig. 4. Map of Types of Terrain Fig. 5. Map of Relief Forms
described in Table 2

Map of actual inclines of the slopes (Fig. 6); For each cell, the incline is
calculated as the maximum rate of change in the altitude value of the cell of its
neighbors. In principle, the maximum change in the level and distance between the
cell with the adjacent eight identifies the steepest descents from the cell and
represents the actual incline of the slope. They in turn serve as a basis for the
classification of relief forms (Table 2, Fig. 5);

Map of the slope exposition (Fig. 7); The exposure reflects the maximum
value of the orientation change in the maximum slope of each cell relative to its
neighbors. It is measured clockwise in degrees from 0° (north) to 360° (again north),
in a complete circle. Flat areas (—1) are areas where the slope is close to 0°. Both
physical and biological factors in the study area are related to the nature of the
exhibition.
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Table 2. Area distribution of the types of processes and forms of relief in relation to the

incline of the slope

Incline of . Area
No slope (o) Forms of relief Types of processes k) %
Plain, river .
No erosion processes,
terraces, accumulation processes;
1 0-3 grasslands and - ! 2987.87 | 18.87
- (plain, river terraces, grassland
technogenic .
and technogenic)
levels
The beginning of | Lower boundary of the foot,
2 3 the foot furrow (stream) erosion 6170.84 | 38.97
3 | 715 |Thefoot Upper limit of the foot, 5222.98 | 32.98
(trenches)
4 15-20 Slanting Gravity-aqual processes 897.27 | 5.67
® (fluvial (constantly flowing
5 20-30 | &|Steep water) and slope processes) 485.35 | 3.06
wn
Gravity processes (collapses,
6 > 30 Very steep rock falls) 72.06 0.46
> Area: |15836.37 |100.00

Fig. 6. Map of Slope

Fig. 7. Map of Aspect

Map of the vertical partition of the relief (Fig. 8); The vertical partition
of the relief enables the determination of the type and nature of the relief, outlines
territories with different vertical elevation rates, global or regional block structures.
Spatially outlines the various relief forms (valleys, depressions, plateaus, ridges,
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etc.).The field of vertical division represents the plasticity of the relief as a function
of the differences in the type and sign of the vertical deformations of the individual
earthquake blocks that make up the study area, as well as of the lithology of the rocks
that make up the catchments.

Map of the horizontal partition of the relief (Fig. 9); The study of the
intensity of the erosion breakdown of the relief based on morphometric methods is
important for predictive assessments of the possible manifestation of modern
morphogenetic processes and is an objective morphometric factor allowing the
separation of areas subject to different types of geo-hazards. The map is a graphic
expression of the relief plastic as a function of sculptural (exogenous) processes. It
also reflects the density of the river and / or hostile network.

Fig. 8. Map of Vertical Fig. 9. Map of Horizontal
Segmentation of Relief Segmentation of Relief

Map of slope curvature (Fig. 10); The slope curvature is calculated as a
derivative of the value from the surface, or the incline of the slope for each cell
relative to its adjacent. Three types of curvature are calculated — general, profile
curvature (vertical) (Fig. 11), which is in the direction of maximum slope and
curvature in plan (horizontal) (Fig. 12) — perpendicular to the direction of maximum
slope. From an application point of view, slope curvature can be used to describe the
physical characteristics of the catchment area in an effort to understand erosion and
bogging processes. The slope reflects the degree of movement on the slope. An
aspect determines the direction of movement of a stream. The profile curvature
reflects the acceleration and deceleration of flow, therefore affecting erosion and
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accumulation (deposition). Plan curvature affects the convergence and divergence of
the flow.

200E 800E

Fig. 10. Map of Curvature Fig. 11. Map of Profile Curvature

200E 2°00E

A positive overall curvature indicates that the surface is convex in this cell.
A negative curvature indicates that the surface is concave in this cell. A value of
0 indicates that the surface is flat.

For the profile curvature, a positive value indicates that the surface is
vertically convex in this cell (convex slopes), a negative value indicates that the
surface is concave in this cell (concave slopes). A value of 0 indicates the surface is
flat.

For the curvature in plan, a positive value indicates that the surface is convex
horizontally in this cell (divergent slopes). A negative value indicates that the surface
is concave horizontally in this cell (convergent slopes). A value of
0 indicates the surface is flat.

Negative values of curvatures and profile and plan outline areas of
accumulation of eroded material, surface species, pollutants and more. Areas with
positive values of the two types of curvature are export areas (denudation) of eroded
material, surface species, pollutants, etc. In the other seven combinations between
the values of the curvatures by profile and by plan, zones of transit of eroded
material, surface species, pollutants, etc. are outlined [5].
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Fig. 12. Map of Plan Curvature Fig. 13. Map of Solar Radiation

Map of global solar radiation (solar radiation) (Fig. 13); Solar radiation
is the solar radiation of a given region and is calculated on the basis of the
hemispherical visibility method and algorithm (hemispherical view shedalgorithm)
developed by P. Rich, 1989 [3] and further developed in 1999-2000.

The map of global solar radiation spatially outlines and makes it possible to
analyze the impact of sunlight on a given geographical area for specific periods of
time.

The total amount of radiation calculated for a given place or area is given as
global radiation. The calculation of direct, diffuse and global solar radiation is made
for each characteristic location or for any location on the topographic surface and is
a map of global solar radiation for the entire geographical area.

Global solar radiation is calculated as the sum of direct and diffuse solar
radiation over the entire surface by celestial sectors. The total amount of incoming
solar radiation (sunshine) is the driving force for the planet's physical and biological
systems. Knowledge of the magnitude of radiation at a particular geographical
location is useful in various fields such as agriculture, resource management,
meteorology, civil engineering and environmental studies.

Conclusion

Based on the collected and generated layers and thematic maps, it can be
seen that in the strip of the Bulgarian Black Sea coast there are characteristic coastal
(abrasion) processes and landforms formed under the influence of sea water such as
cliffs, surfboards, abrasion terraces. In general, the coastline, as already indicated, is
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slightly cut (its fractal dimension is 1.10). Mostly the mechanical type of abrasion is
developed as a result of the wave-surf activity. Abrasion is weak - about half of
Cliff's coast is poorly susceptible to destruction. The highest rate of abrasion
processes occurs in landslide sites. Landslides are characteristic of the northern part
of the Black Sea coast (Balchik, Varna) and less widespread in the south. The
strongest abrasion processes are in the presence of storm northeast winds and the
formation of large sea waves. The coastline north of Cape Shabla is the most severely
destroyed due to the presence of loess (Fig. 3). The abrasion terraces are not very
well preserved due to the susceptibility of the rocks to collapse. The Lower and
Middle Pleistocene terraces constitute a single complex, with their formation
occurring under the conditions of the predominance of abrasion processes.

The Upper Pleistocene terraces form a separate complex, widespread
throughout the coast. They occupy the capes along the Burgas-Strandzha and Stara
Planina coasts. Along the Dobrudzha and Varna coasts, the terraces are cut in old
landslides.

The Holocene terraces form a narrow strip along the beaches, with the base
of the slopes adjacent to them, as well as the firth and lagoon lowlands. The beaches
occupy 1/3 of the length of the Bulgarian coast. The largest beaches are located north
of Varna and between Bourgas and Cape Emine. As a result of the accumulative
wind activity southwest of Nessebar, dunes reaching 8-10 m were formed. height.
As a result of the sinking of the coast, the estuaries of the Batova and Kamchia rivers
formed at the end of the Quaternary. Estuaries represent wide alluvial lowlands. The
sandy forms accumulated from the coastal streams have blocked the river mouths
and turned them into estuary lakes. Such are the Durankulak, Burgas lakes and
others. During the upper Miocene and during the Pliocene, two planning stages and
two ascents occur, leading to the formation of denudation levels of Sarmatian-Pontic
and Levantine ages. The first level is observed in the highest parts of the Dobrudzha,
Frangen, Avren plateau, Emina mountain and Strandzha ridges. The Levantian
denudation level has the character of a slope step located at a height of 120-140 m

9.

The main conclusions can be drawn

Modern remote sensing methods provide information and monitoring of
active processes occurring along our Black Sea coast (abrasion, landslides, collapses,
storage, etc.).

To perform this research, it is necessary that a number of data be processed
in vector and / or raster format as layers in a single geographical information system.
Creating and organizing the available data as thematic layers in the GIS database
enables the sharing of heterogeneous and large-scale information about the studied
objects and processes by applying spatial analyzes.
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All geomorphological forms have a clear expression in the relief and are
emphasized by the calculated various morphometric indicators. All these
geomorphological forms are observed on cosmic images and their evolution over
time can be traced. They have a clear expression in the relief and are emphasized by
the calculated different morphometric parameters.
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HN3IIO0JI3BBAHE HA JTUCTAHIMOHHHU JAHHH U TUC
NP U3CJIEABAHE HA MOP®OMETPUYHU XAPAKTEPUCTUKHU
HA KPAUBPEJKHATA 30HA HA P. BBJITAPUSA

I. Kenees

Pe3rome

Upe3 IUCTaHIIMOHHHUTE METOAM C€ IMoiy4aBa HWH(opMalms KakTo 3a
NPUPOAHUTE OOEKTH HA 3€MHATa MOBBPXHOCT, BOAHU OOEKTH, IPAaHULNUTE BOAA—
cyma, Taka u 3a peieda u peneduure Gopmu. M3non3BaHu ca CI'bTHUKOBUTE
n300pakeHUsl 3a OIpeJeliiHE Ha XapaKTepUCTHKHUTE Ha OperoBata WBHUIA U
YepHomopcka 30Ha (okono 50 km orcrosuue) Ha P. Bwirapus. Ompenenena e
HelHaTa (pakTanHa pa3MEPHOCT M KpUBHHA. Upe3 AuruTanHus MoJen Ha peneda ca
TCHEPUPAaHU pelulla TeMAaTHYHH KapTH, KOMTO TloMaraT NpU MHTEpHpeTalusiTa 1
reoMop(oiokkaTa XapakTepUCTHKa Ha HW3cieABaHus paiioH. Cb3naaeHa e Oasza
JaHHH, KaTo 4acT oT paborara mo npoekr MARINEGEOHAZARD - “Set-up and
implementation of key core components of a regional early-warning system for
marine geohazards of risk to the Romanian-Bulgarian Black Sea coastal area” from
CBC Romania-Bulgaria Programme.
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Abstract

In this work, we aim to track the behaviour of nitrogen dioxide over Bulgaria for the period
30th April 2018 to the end of July 2022 based on data from the Sentinel 5P data. We conclude that
the biggest pollutant still remains the industrial regione near Stara Zagora. The second and third
sources are respectively big cities and highways.

Introduction

Atmospheric pollution is one of the most important environmental issues of
the industrialized developed and developing countries around the world. Both the
energy production based on fossil fuels [1] and road traffic [2] are key factors
creating serious public health problems, from local to regional and national levels
[3, 4]. Nitrogen dioxide (NO>) is one of the main air quality pollutants of concern
in many urban and industrial areas worldwide, and particularly in the European
region, where in 2017 almost 20 countries exceeded the NO2 annual limit values
imposed by the European Commission Directive 2008/50/EC [5, 6]. NO: pollution
monitoring and regulation is a necessary task to help decision makers to search for
a sustainable solution for environmental quality and population health status
improvement.

The recording of atmospheric pollutants is carried out in two main ways,
by direct and by remote measurements.

Direct measurements are carried out at a single point (local), while remote
methods provide data on volumetric content. Measurements from satellites contain
the content for a given pollutant in the whole column of the atmosphere over a
given area corresponding to the spatial resolution of the instrument. To obtain a
complete picture of the phenomenon, it is best to use both sources of information in
conjunction.
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In this work, we aim to track the behaviour of nitrogen dioxide over
Bulgaria for the period 30" April 2018 to the end of July 2022 based on the data
from the Sentinel 5P data [7, 8]

Satellite data

TROPOMI [9, 10], launched in October 2017 aboard of the European
Space Agency's (ESA's) S5P spacecraft, provides measurements in four channels
(UV, visible, NIR and SWIR) of various trace gas columns, as well as cloud and
aerosol properties, from an ascending Sun-synchronous polar orbit, with an
Equator crossing at about 13:30 local time (LT). NO. retrieval is performed from
the visible band (400-496 nm), which has spectral resolution and sampling of 0.54
and 0.20 nm, with a signal-to-noise ratio of around 1500.

Individual ground pixels are 7.2 km (5.6 km as of 6 August 2019) in the
along-track and 3.6 km in the across-track directions in the middle of the swath.
The full swath width is about 2600 km, with which TROPOMI achieves global
coverage each day, except for narrow strips between orbits of about 0.50 wide at
the Equator. The swath is across-track divided into 450 ground pixels (rows) and
their size remains more or less constant towards the edges of the swath (the largest
pixels are ~14 km wide).

In this work we use dayli NO; data from Sentinel-5P Pre-Operations Data
Hub [8] as well as visualization from EO browser [7]. For each one of the days for
the period of April 30, 2018, till July 31, 2022, we download and process data for
NO; and point the places with NO; increase over Bulgarian regione. For the NO;
increase we’ve considered to use all values above 7.5 E-5 mol/m?,

We must mention that in many cases we see values above 1 E-4 mol/m?.

Results and Discussions

As a result of this research, we observe several regions over Bulgaria with
repetitive NO; increases. Most often, more than once at every 3 days, we have
observed increase over the regione of open mining near Stara Zagora. Below we
named this region only “Stara Zagora”, but it is not the region over the city.

The second place is Sofia as the biggest Bulgarian city, then Plovdiv.
Unexpectabily after Plovdiv comes Kyustendil region. Then comes Varna, Ruse,
Burgas, Pazardjic, Pernic and others.

On the Fig. 1 we show comparison between days with NO; increase over
the first 5 of the above-mentioned places.

On the Fig. 2 we show one typical case of NO; pollution distribution over
Bulgaria with increases over several places.
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Fig. 1. Days with NO- increase over different places over Bulgaria
The increase of NO, over the regione of open mining near Stara Zagora

covers a very big area (as we see on Fig. 2), while big cities pollute mainly the
nearest of their area region.
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Fig. 2. An example of NO2 pollution distribution over Bulgaria

On Figures 3 and 4 we show respectively seasonal and temporal distribution of
days with NO; increase over the above-mentioned places.
As we see on Fig. 3, NO; increases are more often during the autumn months.
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Fig. 3. Seasonal distribution of days with NO; increase over different Bulgarian regions

days with NO2 increase over the years
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Fig. 4. Distribution of days with NO2 increase over different Bulgarian regions
over the years
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On the Fig. 4 we see that there was some decrease in NO pollution during
2020 over open mining region and Kyustendil. Decrease in 2020 is caused by a
smaller period (only 7 months).

Other repetitive picture is the increase of NO> over big regions above the
two highways — Struma and Trakia. An example for this we show on Fig. 5.
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Fig. 5. An example of NO; pollution above highways in Bulgaria

Conclusion

With the help of the Sentinel 5P data, we can register and investigate the
space distribution of air pollution over Bulgaria. We can also study NO, ground
sources.

The biggest air pollution source is still the industrial region, east-south of
Stara Zagora. For the NO- pollution in Bulgaria big cities are the usual sources, as
well the highways.
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INPOCTPAHCTBEHO PA3SIIPEJIEJIEHUE HA 3AMBPCABAHETO
C NO2 HAJI BBJI'APUSA

M. Jumumpoesa, Iln. Tpenues

Pe3iome
B Tasu pabora ce crpeMuM J[a MpOCIENWM IOBEACHUETO Ha A30THHSA

nuokcun Han bearapus 3a mepuoaa 30 anpmn 2018 1. 1o kpas Ha ronu 2022 1. BB3
OCHOBa Ha JlaHHH OT Sentinel 5P. 3akirouaBame, e Ha-rOJIEMUST 3aMbPCUTEN BCE
OlllE OCTaBa MHAYCTpHAJHUAT parioH kpal Crapa 3aropa. Bropusr m Tperust
M3TOYHUK Ca CbOTBETHO TOJIEMUTE I'PaJIOBE U MarucTpaInTe.
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Abstract

The paper presents an assessment of the change in carbon dioxide and methane
concentrations in the atmosphere over Bulgaria over the last 13 years. GOSAT data for the period
April 2009 to the end of 2021 are used for this purpose. The data are presented as monthly averages
with a spatial resolution of 2.5x2.5 degrees. The seasonal and spatial behaviour of carbon dioxide
and methane emissions in the respective regions of interest has also been investigated.

Introduction

Air pollution is a local, pan-European and intercontinental problem and is
now one of the major environmental concerns worldwide. Air pollutants emitted in
one country can be transported into the atmosphere and degrade air quality
elsewhere [1]. More than 80 % of Europe's urban population is exposed to
pollutants at concentrations significantly above the limit values for the pollutant
type concerned.

Atmospheric pollution is a volumetric phenomenon. They are most often
triggered by a specific source and then spread relatively rapidly (within hours) both
in altitude and in different directions in the atmosphere. Each individual type of
pollutant has a different lifetime (residence time in the atmosphere). In some cases,
pollution is local and mainly affects the region around its source (mainly industrial
sites and transport). In others, however, there is long-range atmospheric transport
and areas thousands of kilometres away can be affected. Depending on the
specificity of the phenomenon under investigation, the choice of methods and data
for its recording also becomes important.

The recording of atmospheric pollutants is carried out in two main ways,
by direct and by remote measurements.

Direct measurements are carried out at a single point (local), while remote
methods provide data on volumetric content. Measurements from satellites obtain
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the content for a given pollutant in the whole column of the atmosphere over a
given area corresponding to the spatial resolution of the instrument. To obtain a
complete picture of the phenomenon, it is best to use both sources of information in
conjunction.

Particularly important from an ecological and climatic point of view are so-
called greenhouse gases. The generic term 'greenhouse gases' refers to all gases that
warm the Earth's surface and the lower atmosphere. Carbon dioxide allows the
sun's rays to reach the Earth's surface but prevents the heat from radiating back.
Other gases that act in the same way are methane, nitrogen oxides and
chlorofluorocarbons (Freons), which are used in aerosol preparations, in old
refrigerators and in many air conditioners.

The relative share of major greenhouse gases is:

- About 80 % CO>

- About 10 % methane

- About 5 % NO;

- About 2 % hydrofluorocarbons

- About 3 % other.

COs- is the most widespread greenhouse gas, which is why it is the biggest
problem. But CO, emissions have been stable in recent years and concentrations
are rising at a predictable rate, as shown by many large-scale studies, including
satellite observations. Methane emissions are lower as a percentage of CO», but it
has a much higher global warming potential and is better at trapping heat than
carbon dioxide.

Unfortunately, satellite measurements of these pollutants, especially
methane, are still very poor.

In this work, we aim to track the behaviour of carbon dioxide and methane
over Bulgaria for the period April 2009 to the end of 2021 based on data from the
GOSAT satellites [2-6].

Satellite data and data processing

In this work, we have used averaged monthly CO, and CH4 data from
GOSAT [5, 6]. The spatial resolution is equal to 2.5x2.5 degrees. Fig. 1 shows
some of the study areas over Bulgaria with their corresponding numbers.

For each of the study areas, we processed and obtained monthly averages
for CO; and CH4 for each month from April 2009 to the end of 2021 inclusive.
Based on these values, we have plotted the seasonal distribution of the averaged
value, the temporal distribution with the calculated percent change for the entire
study period, and the variance of the values for each area. This process was
conducted in parallel for both CH4 and CO..
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Fig. 1. Areas and an example of monthly average CH4 value

Results and Discussions

Figures 2—4 show the averaged seasonal distribution of CH. over Bulgaria
(for the 6 regions in Fig. 1), the temporal variation of CH,4 for each of the 6 regions
and the averaged temporal variation of CH4 over Bulgaria.
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Fig. 2. Seasonal behavior of CH4 over Bulgaria
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Fig. 4. CH4 increase over Bulgaria

As can be seen in Fig. 4, CHs emissions over Bulgaria have been
increasing by nearly 6% for about 12 years. This result is in line with the observed
trend for Europe and globally.

Figures 5-7 show the CO, values for the respective studies.
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Fig. 5. Seasonal behavior of CO2 over Bulgaria
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Fig. 7. CO2 increase over Bulgaria

As can be seen from Fig. 7, CO2 emissions in Bulgaria have been
increasing by more than 7 % for about 12 years.

Another result of our study is that both pollutants show an increase in
winter values. But while CH4 has a maximum in October, for CO, the maximum is
in February.

Moreover, the increase of CO; is almost the same in all 6 regions, while
CH4 shows higher values in the 6th region. The interesting thing about the 6th
region is that it covers the southeastern part of Bulgaria (around Burgas) up to the
Black Sea where there are no major industrial sources of methane, except the
Neftohim-Burgas oil refinery. Therefore, we can conclude that this is also one of
the main sources of CH, in Bulgaria. More research in this regard is needed to
determine the magnitude, intensity of these emissions as well as the level of
transport from adjacent areas that affect the pollutant totals for the regions studied.

It should be borne in mind that the results shown here are very global. For
a more detailed picture of the spatial distribution of the pollutants considered,
satellite data with higher spatial resolution are needed. Such data can be obtained
from the Tropomi instrument on the Sentinel-5P satellite, which have a pixel
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resolution of 3.5%7 km and a daily acquisition. Several comparisons have been
made between the results from GOSAT data and the results obtained from Tropomi
data processing [7-9]. These comparisons show good agreement of the results from
these two independent sources about CH4 emissions. Tropomi instrument does not
measure CO..

Conclusion

Based on the GOSAT data we can say that there has been a significant
increase in CH4 and CO; over the last 12 years or so. This increase is about 6.5 %
for CH4 and about 7.3 % for CO,. CO- pollution over Bulgaria is almost evenly
distributed. CH4 shows slightly higher values in the south-eastern region.
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YBEJIMYEHUE HA EMUCHUHUTE OT BBIVIEPOJAEH INOKCHU/
N METAH HAZl BBJITAPUS 110 CHBTHUKOBU JAHHHU OT GOSAT

IIn. Tpenuee, M. /lumumpoasa,

Pesrome

B crarusita e mpeacTaBeHa OlleHKAa HAa M3MEHEHHETO Ha KOHIEHTpAIMHUTE
Ha BBIJIEPOJICH IMOKCH U MeTaH B atMocdepara Haa bearapus mpes mocieanuTe
13 roaunu. 3a Ta3u uen ca usnonsBaHu gaHHU ot GOSAT 3a mepuona oT anpui
2009 r. no kpas Ha 2021 1. JlaHHUTE ca NMpencTaBeHU KaTo CPETHOMECEYHH CTOM-
HOCTH C TPOCTPAHCTBEHA pa3ieiUTEeNHa CrocoOHOCT 2,5%2.5 rpamyca. M3cnen-
BaHO € ChIIO TaKa CE30HHOTO U NMPOCTPAHCTBEHOTO IOBEACHHE Ha €MHCHUHUTE Ha
BBITIEPOJCH AUOKCH] U METaH B ChOTBETHUTE 00JIaCTH HA MHTEPEC.
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Abstract
The present work traces the development of an illegal landfill near the town of Svoge in
Bulgaria. After 2016, a waste management plan is prepared on the territory of the municipality and a
decision is made to dispose of it by depositing it in a regional landfill for municipal waste in the town
of Kostinbrod. The aim of the study is to trace the development of biochemical processes that took place
on the territory of the former landfill and whether their impact continues to this day. Data from the
Open Data Portal (https://data.egov.bg/), the National Spatial Data Portal INSPIRE
(https://inspire.egov.bg/bg), satellite data and GIS, several spectral profiles and indices such as
Normalized difference vegetation index (NDVI), Tasseled Cap Transformation (TCT) were used.
Composite images from the multispectral instrument (MSI) of the Sentinel 2 platform and
radar (SAR) from the Sentinel 1 platform of the Copernicus program of the European Space Agency
were used. The surface temperature of the landfill was calculated using the heat channels from the
Landsat 5-7 (ETM) and Landsat 8 and Landsat 9 (OLI / TIRS) sensors. A combination of radar and
optical data was made. Data from different seasons and years were used to monitor the dynamics of
thermal pollution in the study area. Quantitative and qualitative assessment of the territory on which
the landfill is located has been made. Last but not least, the role of high-value open data in
environmental monitoring has been demonstrated, which will reduce the administrative burden of
making responsible decisions for each smaller municipality and will be successfully implemented in
future methodologies for improving Digital twins through technical work in Destination Earth
(DestinE) and information about any point, area or globally significant territories.

Introduction

More and more open and spatial data have been used in making adequate
and fast decisions not only in business and decentralized administrations, but also in
large numbers in municipalities and settlements, as there is a huge shortage of highly
qualified experts, especially in the Northwest region of Bulgaria.

Low budgets in small settlements and capacity shortages are the reason for
the introduction of this type of research, which can be carried out by much less but
qualified staff.
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When there is such an abundance of high-value data in the administration,
Open and Spatial data, the Copernicus and Landsat program, data from daily and
year-round measurements of the Ministry of Environment and Water, it must be used
and achieve great economic benefits and added value.

Many administrations, NGOs, citizens, and business organizations in
Bulgaria are involved in environmental monitoring and climate change, but they
often miss the opportunity to minimize the administrative burden and the re-use of
data and the use of data from research projects.

There are many unregulated landfills in the country, but control measures
and sanctions are often neglected. Many of these landfills are visible to citizens on a
daily basis. The situation is similar at this landfill, which is near the Iskar River.
There are many settlements along the river and unfortunately in most of them the
biological and physico-chemical indicators are not good, moderate or are unknown,
the presence of Cu, Mn, Al, Fe is observed.

Nowadays, with the ability to generate as much information as possible from
a point, profile or area, a different method or approach makes it possible to
successfully generate Digital Twins on Earth and obtain information not only about
landfills or pollution, but about all spheres of life in real or near real time.

In times of economic crisis, war, shortage of drinking water in many parts
of the world cannot be allowed to pollute such a strategic river that flows into the
Danube and not to use the great amount of different types of Open Data.

Study area

The researched site is located in close proximity to one of the natural
landmarks of the Republic of Bulgaria — the Iskar Gorge. From there passes the
longest river, which flows entirely within the state — the Iskar River, which is a right
tributary of the Danube. The landfill is located on the western slope, which has a
steep slope between the town of Svoge and the village of Tserovo. The site has
existed for at least 20 years and can be on the list of illegal dumps to this day. In
January 2021, the landfill posed a great danger of environmental catastrophe, as
much of the garbage fell into the Iskar River, leading to congestion and difficult
cleaning of the riverbed.
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Fig. 1. Map of areas of interest

Materials and Methods

This survey methodology is based on the use of satellite data that examines
bands on the thematic infrared sensors (TIRS). From this data, information is
extracted about the actual heat emission of waste disposal sites, which is related to
the land surface temperature of the surveyed sites. The landfill temperature is
calculated using the Digital Number (DN) contained in the TIRS. In this case, data
from the Landsat 5 TM sensors is most appropriate, using a band 6 with a wavelength
of 10.40-12.50 um for Landsat 8 OLI / TIR band 10 wavelength
10.6-11.19 um [1, 2] for calculation of the endemic heat radiation from the landfill.
The selected images are from different years and different seasons. The multispectral
instrument (MSI) Sentinel-2 sensor data is used for the spectral characteristics. The
same data was also used for Tasseled Cap Transformation (TCT), and this is the most
used landfills recognition method. This approach was chosen because it is possible
to interpret, classify and analyze phenomena and processes related to the dynamics
and change of the basic components of the earth's surface — moisture, soil, and
vegetation [3, 4]. For better visualization of the landfills, a combination of radar and
optical images from Sentinel 1 SAR and Sentinel 2 MSI were used (Table 1) [5].

Data from the Open Data Portal, Copernicus and Landsat data and test spatial
and spectral profiles were used [6, 7].
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Table 1. Satellite data

DATE SATELLITE
18.07.2010 Landsat 5 ETM
08.05.2022 Landsat 9 OLI
28.08.2015 Sentinel 2 MSI
13.04.2022 Sentinel 2 MSI
15.08.2015 Sentinel 1 SAR

We can write a general formula for Landsat 4-8: [3, 5-8]

+1)

Where a, b, ¢, d are the constants for the different types of Landsat images,
T is the pixel temperature (K), Q is the spectral brightness coefficient of the surface
in the thermal channel Landsat (4-8) satellite images are downloaded from web page
https://earthexplorer.usgs.gov/. After the georeferencing procedure of the thermal
images the cutting out of the rectangular sections in each image covering the vicinity
of the geographic coordinates is carried out. The time series {Q1, Q2,
..., Qn} of the images in the thermal channel of each WDS are extracted. The data
from the image is converted into the surface temperature {T1, T2, ..., Tn} using
transformation:

1) Ty =axIn™"(

cxQ+d

b

2)
—+
cxQ+d

T[CO] = a*Ln( 1) —273.15,
Where:

a is the K, =Thermal conversion constant for the band
(K2_CONSTANT_BAND_n from the metadata);

bisK; = Thermal conversion constant for the band
(K1_CONSTANT_BAND_n from the metadata);
cisM; = Radiance multiplicative scaling factor for the band

(RADIANCE_MULT_BAND_n from the metadata);

dis Ly = Spectral radiance (W /(m2 * sr * um));

Q = L1 pixel value in DN;

T = TOA ( Top of Atmosphere) Brightness Temperature

The time series for WDS are formed together with the mask for clouds and

“blankness” and are entered into the database. The time series of images for
temperature for each landfill or WDS is systematized [9].
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Results and Discussions

This article traces the development of the illegal landfill over a period of
12 years. Different methods were used for identification and visualization of the
studied object. An established methodology for recognizing and calculating the
temperature of the earth's surface was used to study the development and what
happens after most of the waste has been moved to a recultivated landfill in the town
of Kostinbrod.

Fig. 2. Composite image from Sentinel 2 from 28.08.2015 Bands: 4-3-2;
Fig. 3. Composite image from Sentinel 2 from 13.04.2022 Bands: 4-3-2; Average of all
images used in the analysis for Landsat 7 (left) and Landsat 8 (right)

Fig. 4. TCT from 28.08.2015 Fig. 5. TCT from 13.04.2022
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The composite optical images (Fig. 2 and Fig. 3) are from the multispectral
instrument Sentinel 2 MSI in the visible range and bands 4, 3, 2. The image from
28.08.2015 clearly shows the boundaries of the landfill, as it was made on a clear
day and without atmospheric disturbances. TCT transformation (Fig. 4 and Fig. 5)
remains the safest way to identify landfills. The outlines are clearly visible, but in
2022 (Fig. 3 and Fig. 5) there is a relocation of the landfill south of the borders and
its volume is significantly reduced, but it is still there and obviously not everything
is transported to Kostinbrod, as is mentioned in a 2017 report of the municipality of
Svoge and again remains a serious problem.

The second-class road I1-16 passes through it, and just below it is an
important railway artery that connects Northern and Southern Bulgaria.

Fig. 6. NDVI from 18.07.2010; Fig. 7 NDVI from 08.05.2022
LST averaged over threetime intervals: 2000-2005, 2006—2010,
and 2011-2015 (left to right)

The NDVI (Fig. 6 and Fig. 7) again showed the same trend as in the figures
above. In the image from 18.07.2010 (Fig. 6) the landfill is completely within its
boundaries, but in Fig. 7 from 08.05.2022 it has been slightly shifted to the south,
and a new landfill has been formed. No change and damage to the vegetation is
observed, except in the places where the landfill is.
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Fig. 8. Land Surface Temperature (LST) from 08.07.2010; Fig.9 Land Surface
Temperature (LST) from 13.04.2022

Landsat 5 ETM was used to represent the surface temperature from
08.07.2010 (Fig. 8). There is a clear increase in temperature at the landfill, reaching
+29.6 °C in the center of the site, which is typical for all studied landfills. The trend
continues with the next image (Fig. 9) from 13.04.2022. Here the trend is similar to
that of the TCT, NDVI of 2022 based on data from Copernicus. The landfill has been
moved directly to the south of its borders, with the highest temperature in the newly
formed landfill +26.5 °C and continues to radiate heat in its old border.

Fig. 10 and Fig. 11. Field images, author: Adlin Dancheva, Temenuzhka Spasova
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The images from the field research (Figures 10 and 11) were taken in May
2022. The rubbish and part of the rock structures and vegetation on which spectral
profiles are made are clearly visible (Fig. 12). From the spectral profiles one can
clearly see the spectral curve at five different points and the fifth point is from the
waters of the Iskar River. The high values of reflectance are noticed, which is also
observed from the SAR image from 15.08.2015. Spectral reflectance levels are high
in the area of the landfill, which contrasts sharply with data from the vegetation in
the area. Both types of polarization vv vertical and vh vertical-horizontal were used
for verification, as there is a strongly truncated relief.

Spectral Profile Sentinel 2 MSI
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Fig. 12. Spectral profile Sentinel 2 MSI (28.08.2015)

Conclusion

Urgent measures must be taken to remove the waste and clean up the region
once the administration has been notified, as this is a precondition for a serious
environmental disaster. Climate change signals are not a myth in the area, but a clear
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sign that has been proven even by local temperature changes based on Remote
sensing.

The data from the Open Data Portal have been used successfully as a source
for verification of information and show that the physicochemical parameters are
moderate or unknown, the specific pollutants along the Iskar River are copper,
manganese, aluminum and iron, biological indicators range from moderate to poor,
and unknown data are available for some of the sites.

The analysis of data from Copernicus and Landsat shows an increase in
temperature around the landfill, as well as an expansion of its borders to the south.

Of the spectral profiles made, the TCT and NDVI optical indices used,
composite optical images in good and clear weather are a reliable source of
information, and radar images further verify the information as they are not affected
by weather and weather conditions.

From the developed methodology and the use of so many different sources
of Open and Spatial Data, correct and informed decisions can be made in
environmental monitoring, as well as management decisions at the local or regional
level.

Last but not least, this type of information could be used to supplement the
information about the specific territory in the construction of the Digital Twins of
the Earth, which are in connection with the initiative of The European Commission's
Destination Earthl initiative (DestinE). Information from all sources in a single point
or territory that is interoperable will result in high-value environmental data and
information and reduce the administrative burden in the country.
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HN3I1OJI3BBAHE HA OTBOPEHU INTPOCTPAHCTBEHU U CATEJIMTHHU
JAHHU 3A HEJIUTE HA ITPOYYBAHE HA JEIIA 3A BUTOBHA
OTHAABIN

A. lanuesa, T. Cnacosa

Pe3rome

HacrosmaTa paborta npocneasiBa pa3BUTHETO Ha HE3aKOHHO CMETHUIIIE Kpan
rpag Ceore B bwarapusa. Cnen 2016 r. ce usrorBs Ilman 3a ympasieHue Ha
OTIHAIBIMTE HA TEPUTOPHUSAITA HA OOLIMHATA M CE B3UMa pEIICHHE 32 JICIOHUPaHe B
Pernonanno nmermo 3a 6utoBm oTmanbiu B rp. KoctuuOpoa. Llenta Ha n3cienBane-
TO € Ja ce MpOocjeln Pa3BUTUETO HA OMOXMMHUYHUTE MPOLECH, MPOTEKIIN HA TEPHU-
TOpHUSTa HA CMETHUILETO M JalIM TAXHOTO BB3JACHCTBHE MPOIbKaBa M JIO JTHEC.
Wsnon3eanu ca mannu ot [loprana 3a otBopenu mannu (https://data.egov.bg/),
Haumonanuust mopran 3a npocrtpanctBenu manHu INSPIRE  (https://inspire.
egov.bg/bg), carenutan gamam u ['MC, HIKOIKO cHekTpanHu npodmia,
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BereranoneH uuaekc (NDVI). HampaBena e oproronanHa TpaHcdopMmanus Ha
nzoopaxenusra (TCT).

W3non3BaHu ca KOMIIO3UTHH M300paXEHUsI OT MYJITHCIEKTPATIHUA
nactpyment (MSI) na mnardopmara Sentinel 2 u pamap (SAR) ot mmardopmara
Sentinel 1 na mporpamata Copernicus Ha EBpomelickaTa KOcCMHUYECKa areHIHAL.
[ToBppxHOCTHATa TeMIEpaTypa Ha JEIOTO € U3YUCIICHA C TIOMOIITA Ha TOIUNIMHHUTE
kaHamm ot ceHzopute Landsat 5—7 (ETM) u Landsat 8 u Landsat 9 (OLI / TIRS).
Hanpasena e komMOuHanus OT paJjapHy U ONTUYHHU JaHHU. VI3Mona3BaHu ca JaHHU OT
pa3NUYHU CE30HH W TOJOWHHU, 3a Ja Ce€ MPOCIeAd AWHAMUKATa Ha TOIUIMHHOTO
3aMBPCSIBAHE B U3CIICABAHATA TEPUTOPUSL.

HanpaBena e xonmuecTBeHa W KayecTBEHa OLEHKA Ha TEPUTOPHUSATA, Ha
KOSITO € PA3IOJIOKEHO JIENOTO.

He na nocneano msicto, IEMOHCTpUpPAHa € POJisiTa HA OTBOPEHUTE JaHHU C
BHUCOKAa CTOWHOCT B MOHHMTOpPMHIa Ha OKOJHATa cpena, KOeTO IIe HaMajd
aJIMUHHUCTPAaTUBHATA TEKECT 32 B3eMaHe Ha OTTOBOPHHU PEILICHHS 32 BCSKA IT0-MaKa
oO0II¥MHA U 111e Ob/Ie YCICIIHO BHEAPSHO B OBJICIINA METOI0JIOTHH 32 IO00psIBaHE Ha
murutanan onmsHany (Digital twins) upe3 Texaudecka pabora B JectuHamms 3ems
(DestinE) u wunHdopmanus 3a Bcska TOYka, O0JACT WIM TJI00AJHO 3HAYUMH
TEPUTOPUHU.
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Abstract

The paper deals with the application of the remote sensing for drought monitoring. A way of
their application in practice are shown through example for monitoring of drought that is done for
three different area in Bulgaria with different pattern, for the same time (July) and for eleven randomly
selected years from 1994 to 2009. For the purpose, NDVI, LAl and FPAR vegetation indexes are used.
According to Intergovernmental Panel on Climate Change (IPCC) drought and floods are the most
severity events threatening the country, so attention is paid on drought monitoring.

Introduction
Theoretical Description of Vegetation Indices

The theoretical basis for ‘empirical-based’ vegetation indices is derived
from examination of typical spectral reflectance signatures of leaves. The reflected
energy in the visible is very low because of high absorption by photosynthetically
active pigments with maximum sensitivity in the blue (470 nm) and red (670 nm)
wavelengths. Nearly all the near-infrared radiation is scattered (reflected and
transmitted) with very little absorption, in a manner dependent upon the structural
properties of a canopy (LA, leaf angle distribution, leaf morphology). As a result,
the contrast between red and near-infrared responses is a sensitive measure of
vegetation amount, with maximum red-NIR differences occurring over a full canopy
and minimal contrast over targets with little or no vegetation. For low and medium
amounts of vegetation, the contrast is a result of both red and NIR changes, while at
higher amounts of vegetation, only the NIR contributes to increasing contrasts as the
red band becomes saturated due to chlorophyll absorption.

The spectral reflectance of vegetation is detectable in three major
Electromagnetic spectrum regions [1, 2]:

1. Visible region (400-700 nm) — Low reflectance, high absorption, and
minimum transmittance. The fundamental control of energy-matter interactions with
vegetation in this part of the spectrum is plant pigmentation.
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2. NIR (700-1350 nm) — High reflectance and transmittance, very low
absorption. The physical control is internal leaf structures.

3. MIR (1350-2500 nm) — As wavelength increases, both reflectance and
transmittance generally decrease from medium to low, while absorption increases
from low to high.

Method
Drought monitoring using NDVI NOAA AVHRR data

NOAA AVHRR and MODIS (Terra/Aqua satellites) data are used for
drought monitoring. They can be summarized in: MOD13 Al (250 m 16 days NDVI,
250 m 16 days EVI); MOD13 A2 (1 km 16 days NDVI, 1 km 16 days EVI)
MOD15A1 (Fpar 1 km, Lai 1 km); MOD17 (Npp 1km); MOD44A (Land Cover
Change Metrics Past 3 Months)

Land cover monitoring using NOAA NDV 1 is done by calculations of NDVI
for three different regions with various land patterns for following years: 1994, 1997,
2000, 2002, 2005, 2007, 2009, 2010 2005, 2007 and 2009: region 1 — Central North
Bulgaria (Fig. 5); region 2 — Central Bulgaria, around Chirpan city (Fig. 6); and
region 3 — part of Rhodope mountain, Eastern Rhodope (Fig. 2). Selected regions are
shown on the image below.

Normalized Difference Vegetation Index (NDVI) provides information of
vegetation health and a means of monitoring changes in vegetation over time. NDVI
is calculated from the visible and near-infrared light reflected by vegetation. Healthy
vegetation absorbs most of the visible light that hits it and reflects a large portion of
the near-infrared light. Unhealthy or sparse vegetation reflects more visible light and
less near-infrared light. Calculations of NDVI for a given pixel always result in a
number that ranges from minus one (-1) to plus one (+1); however, no green leaves
give a value close to zero. A zero means no vegetation and close to +1 (0.8-0.9)
indicates the highest possible density of green leaves.

Vs o S
- 44

Fig. 1. Vegetation anomaly in 2007 (earthobservatory.nasa.gov) and selected areas

NOAA AVHRR NDVI database used for land cover monitoring contains
monthly and weekly reference images for the period from April to October (weekly
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image is composed by 21 images — 3 images per one day). Database is made with
the data published in DLR EOWEB and the data received in former Space
Monitoring Center at the Ministry of Interior (Bulgaria). Because of the large volume
of data for the selected regions, in the report are presented only the result for
Rhodope mountain region (Region 3). The pixel values are presented in DN from 0
to 255. Each DN value corresponds to NDVI value. Calculations of NOAA NDVI
for a given pixel always result in a number that ranges from minus one
to 0,7.

Fig. 2. DMC satellite images. Region 3, July 2008 and 2011. Each selected area is divided
on the grid with dimension of 10x10 km.; each one pixel has resolution of 1000 m.
41°37'26.28", 25°46'13.81"; 41°37'30.57", 25°53'14.81"
41°32'10.23", 25°46'19.80"; 41°32'14.50", 25°53'20.23"

Table 1. DN and NDVI value

NDVI 0-255 NDVI 0-255 NDVI 0-255
01-02 94 03-04 127-158 | 0.5-0.6 | 191-218
02-03 | 95-126 04-05 159-190 | 0.6-0.7 | 219-254
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Fig. 3. Years with minimal values of NOAA NDVI
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Fig. 4. Years with maximal values of NOAA NDVI

The average annual temperatures are progressively increased in the recent

decades. They are highest in 1994, by 1-2 °C higher than average. The maximum
temperature in July 2000 was a record - 4045 ° C, with 2—4 ° C above the climatic
norms. Minimum temperatures are consistently abnormal, with excesses to 22 °C.
2002 remains the third warmest year in recent years, following by 2000.

According to the results, we can conclude that the data from 1994, 2000 and

2007 can be used as lower threshold for monitoring and risk assessment of drought.
For the Eastern Rhodope (Region 3) years with minimal values for July are 1994,
2000, 2002 and 2010 (Fig. 3), and the years for maximal values are 1997, 2002,
2005, 2007 and 2009 (Fig. 4).

Table 2. Amounts of rainfall for summertime from 2000 to 2010 (http://eea.government.bg)

Precipitation- Precipitation- Precipitation- | Precipitation- Precipitation-
mm mm mm mm mm
Month/Year 2000 2001 2002 2003 2004
June 82.35 93.2 98.6 118 204
July 11.82 118.41 348 78 106
August 8.47 58.712 129 66 128
September 35.07 46.887 165 73 72
Precipi- Precipi- Precipi- Precipi- Precipi- Precipi-
tation tation tation tation tation tation
Month/Year 2005 2006 2007 2008 2009 2010
June 56 219 15 154 85 210
July 178 86 2.8 12.6 55.0 117
August 1 9 96.1 19.5 18.5 7
September 39 57 125.3 29.4 119.6 54
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MODIS NDVI, LAI and FPAR comparative analysis and correlation

The aim of the study is to show the relationship between vegetation indices
derived from satellite data, and the way in which they are change for different types
of surfaces. There is a strong relationship between NDVI-LAI, FPAR-NDVI and
LAI-FPAR as is shown on the figures below.

The MOD 15 Leaf Area Index (LAI) and Fraction of Photosynthetically
Active Radiation absorbed by vegetation (FPAR) are 1 km at-launch products
provided on a daily and 8-day basis. LAI defines an important structural property of
a plant canopy, namely the one-sided leaf area per unit ground area. FPAR measures
the proportion of available radiation in the photosynthetically active wavelengths
(400 to 700 nm) that a canopy absorbs. The LAI product will be a LAI value between
0 and 8 of the global gridded database. The FPAR product will be an FPAR value
between 0.0 and 1.0 assigned to each 1 km cell of the global gridded database. Leaf
Area Index (LAI) is defined as the one-sided green leaf area per unit ground area in
broadleaf canopies, or as the projected needleleaf area per unit ground area in needle
canopies. The Fraction of Absorbed Photosynthetically Active Radiation (FAPAR,
sometimes also noted fAPAR or fPAR) is the fraction of the incoming solar radiation
in the Photosynthetically Active Radiation spectral region that is absorbed by a
photosynthetic organism, typically describing the light absorption across an
integrated plant canopy. This biophysical variable is directly related to the primary
productivity of photosynthesis and some models use it to estimate the assimilation
of carbon dioxide in vegetation [5].

The LAI and FPAR data are generated by MOD15A2 algorithm, which is a
Level 4 product and is generated automatically every 8 days with a spatial resolution
of 1 km in Sinusoidal projection.

Once generated, the values obtained are stored digitally with a scale-factor
and offset applied to transform the values to their biophysical correspondence. The
equation used to decode the digital values to their analysis form is the following
[6, 7]:

Analyticalpixel = scale factor - (digitalpixel value — offset)

Research and Applications: LAI and FPAR are biophysical variables that
describe canopy structure and are related to functional process rates of energy and
mass exchange. Both LAl and FPAR have been used extensively as satellite derived
parameters for calculation of surface photosynthesis, evapotranspiration, and NPP.
These products are essential in calculating terrestrial energy, carbon, water-cycle
processes, and biogeochemistry of vegetation. The LAI product is an input to Biome
BGC (Biogeochemical) models to produce conversion-efficiency coefficients, which
are combined with the FPAR product to produce daily terrestrial PSN
(photosynthesis) and annual NPP [3, 4].
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MOD15A2 provides global LAl and FPAR data derived from the
atmospherically corrected BRDF (MOD 09) using up to 7 spectral ranges

(0.47 pum, 0.555 um, 0.688 pm, 0.588 pm, 1.24 pm, 2,130 pm).

Fig. 5. Region 2 — Chirpan city area, Central Bulgaria
42°12'49,86"N, 25°21'9,08"E; 42°12'55,74"N, 25°28'13,90"E
42°7'33,89"N, 25°21'17,27"E; 42°7'39,76"N, 25°28'21,51"E

i' 5
ST S

Fig. 6. Regionl — Central North Bulgaria, DMC image, 32 m, 2008
43°20'49,67"N, 24°52'4,91"E; 43°20'57,51"N, 24°59'17,44"E
43°15'33,86"N, 24°52'15,94"E; 43°15'41,67"N,24°59'27,85"E
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The following charts (Figures 7, 8 and 9) show the relationship between
the NDVI, LAI and FPAR. Theoretically, the relationship between NDVI/FPAR is
linear, as FPAR is inherently derived from NDVI — electromagnetic radiation used
to determine of NDVI, is used to determine of FPAR (photoactive radiation).

90
8900 | 1 2
6900 | 1 e
4900 | 1 30
2900 - 110
900 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T -10
1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 91 96
7/12/2010/MODIS-LAI-Region 3 —  7/12/2010/MODIS-NDVI-Region 3

Fig. 7. Relationship between pixel values for NDVI and LAI for Region 3, July 2010.
(Actual pixel values for NDVI: The values depicted on y-axis must be divided
by 10,000)
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7/12/2010/MODIS-FPAR-Region 3 7/12/2010/MODIS-NDVI-Region 3

Fig. 8. Relationship between pixels values for NDVI and FPAR. Region 3, July 2010
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Fig. 9. Relationship between pixels values for LAl and FPAR. Region 3, July 2010
and 2011

It should be noted, in the areas lacking vegetation cover, NDVI and FPAR
have very similar values. In areas with dense vegetation cover with maximum LAI
values, FPAR also reach maximum values. It is obvious that the denser and "green"
vegetation, result in the higher values of the vegetation indices. In our case, logically,
the highest values for all indices are observed for the Rhodope mountain region.
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Fig. 10. Relationship between pixels values for FPAR indexes, July 2010
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Applicability of remote sensing data in the risk management process of
drought

i Before
I i During
L1 After

Fig. 10. Applicability of remote sensing data in the risk management process of drought;
1 - low; 2 — medium; 3 — high

Table 3. Applicability of remote sensing data in the risk management process of drought —
land cover: “before” means — early warning, preparedness, risk and vulnerability
assessment, (including modeling); “during” — monitoring and fast response; “after” —
damage assessment, (including modeling); 1 — low; 2 — medium; 3 — high

Satellite Instrument Before  During After  Resolution
High resolution ~ Camera system 1 1 1 2-10m
Middle Camera system
resolution Radiometer 3 3 3 10-60 m
AQUA, TERRA MODIS 3 3 3 250-1100 m
NOAA/POES AVHRR/3 1 1 1 1100 m

Table 4. Applicability of remote sensing data in the risk management process of drought —
water resources

Satellite Instrument Before  During  After Resolution
High resolution ~ Camera system 1 2 2 2-10m
Mldd!e Camera system 3 3 10-60 m
resolution Radiometer
AQUA, TERRA MODIS 1 2 2 250-1000 m
NOAA/POES AVHRR/3 1 1 1 1100 m

Criteria selection for classification are divided in two broad groups. The first
group covers the physical parameters related to particular natural hazards and risk
process in the context of their study and investigation. On the other hand - the second
group is connected with technical characteristics and operating parameter of the
space platforms and technical equipment one the board.
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Conclusion

The impact and negative effects of a drought depend on its duration, the
severity and territorial distribution of the deficit, but also to a large extent on the
environment and the socio-economic vulnerability of the affected areas.
Desertification is largely caused by inadequate and unsustainable use of land in
adverse climatic conditions, usually resulting from poverty and lack of livelihoods
and livelihoods.

Land degradation and desertification resulting from prolonged droughts
combined with the socio-economic impact and vulnerability of society are
particularly evident in arid (dry) areas/areas. The global significance of the problem
is underlined by the fact that dry regions cover about 41 % of the Earth's surface and
that they are home to about 1/3 of the world's population.

Future climate change scenarios indicate that today's light/medium-sized
drought and drought-related processes are likely to shift to future severe and
prolonged droughts in less than 30 years.

The methodology for land cover monitoring and drought related processes
related to the drought are discussed. It is based on the vegetation indices derived
from satellite data and mathematical algorithms/"products” from satellite data. The
main vegetation indices are considered, and the results of the calculations and
comparative analyzes for several different cases are presented, including different
vegetation indices showing the condition of the vegetation roof and having a direct
relation to its condition and the processes of drought and drought.
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MN3ITIOJI3BBAHE HA JTMCTAHLIUUHHU JAHHHU 3A MOHUTOPUHI'
HA IMPOLECHUTE HA CYIIA 1 3ACYILIABAHE

A. @panyosa

Pesrome

B nacrosimara cratus ce pasriexzaa MpHIOKEHHETO Ha AUCTAHIIMOHHUTE
W3CIEBaHMS 3a HAOJIOACHUE Ha MPOLECUTE, CBbP3aHU ChC CyIIa U 3acyllaBaHe.
HauunbT Ha TAXHOTO MPUJIOKEHUE B IPAKTUKATA € IIOKa3aH Ype3 MpUMep 32 MOHH-
TOPHUHT, U3BBPIICH 33 TPH pazinyHu paiioHa B bearapus, ¢ paznuunu reorpadcku
XapaKTePUCTUKH M 32 CIUH M CHIIU BPEMEBH MEPUOA — M. IOJK (32 MEpUOa OT
eIUHANCeT MPOM3BOIHO M30paHu roauHu oT 1994 o 2009 r.). M3momssar ce
BererannoHHn uHAekcu NDVI, LAI u FPAR. Cnopen MexaynpaBuTencTBEHHS
naHesn o nu3Menenue Ha knumara (IPCC) cymara u HaBoAHEHUATA ca Hal-TeKKUTE
CbOUTHS, 3acTpalllaBally TEPUTOPHUATA HA CTpaHATa, MOPAAM KOETO HACTOSILETO
u3cieaBaHe oOpbIlla BHUMAaHUE HA MOHUTOPHHIA HA CyIIaTa.
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Abstract

The geological conditions along the Northeast Black Sea coast of Bulgaria are favourable for
landslides emergence and development. Those processes have been rigorously documented in the last
fifty years by Earth science researchers. Their efforts contributed in a broader context to the landscape
conservation and to mitigate the risks for the population caused by the mentioned surface disruptions.
In this paper the obtained results record the temporal behaviour of several landslides located in stated
region during the last five years. The main data source to monitor the mentioned landslides is data
from synthetic aperture radar (SAR) instrument processed by the differential interferometric SAR
(DInSAR) method. The produced results were validated by means of global navigation satellite system
(GNSS) measurements carried out at purposely created geodetic networks, satellite images with high
spatial resolution and digital images obtained by unmanned aerial systems (UASs). The results
presented in this paper unambiguously confirm the usability of the produced information for the local
authorities and other stakeholders thus contributing to the improvement of landslide risk management
practices and to the better planning of the territory where the researched landslides are located.

1. Introduction

The geophysical hazards, such as earthquakes, floods, landslides, severe
storms, droughts to name a few, indisputably have negative impact on the landscape
and on the ecosystems. To this end the protection from them is crucial in saving
human lives, keeping the animals’ habitats, and decreasing the economic losses not
only at national, but at continental level, since it is often the case that single event is
affecting more than one country [1]. At present the data delivered by large number
of sources e.g. remote sensing Earth observation from satellites or UAS, in-situ
observations and measurements largely increases the accuracy of the data that
support the development of new geophysical models for alleviation of the effects
from the said negative events. On the other hand, the modern geographic information
systems (GIS) taking advantage of the increased processing and communicational
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capabilities of supercomputers, workstations, and mobile devices allow handling of
large data volumes needed by the models. All said eventually results in better
understanding of the georisk processes and their management by the authorities at
local and national level. In order to facilitate the understanding of the mentioned
landslide processes we decided to investigate several areas located along the coastal
zone of Northeast Bulgaria known to have suffered by such events [2]. To this end
we proposed and implemented an approach that took advantage of large number of
data sources (available or emerging) that will lead to more complete identification
and registration of the future landslides activation in the researched region.

In this context it was necessary to find more sources of regularly updated and
reliable information with regard to the ground surface motions in the investigated
area, which was one of the tasks we had to cope with initially and is still ongoing. In
this paper we realized an integrative approach based on variety of sources the SAR
and GNSS being the main ones, but supported by other such as modern geological
maps, maps of land cover/land use, high accuracy digital elevation models (DEMs),
data from local UAS campaigns and excerpts from national orthophoto coverage,
reports from regional authorities [3]. Such an approach, according to the best of our
knowledge, has not been implemented before in investigation of landslide processes
registered at the coastal zone of Northeast Bulgaria or in other area of the country.

For the whole Black Sea coastal zone of Bulgaria, it was estimated that the
landslide areas occupy about 13% of its length. In addition, it should be highlight
that the said unfavorable processes also decrease the biodiversity as well as the
guantity and quality of the ecosystem services provided by the techonogenically
overwhelmed areas of the landscape consisting of industrial, residential and touristic
buildings [4].

In this paper the authors have narrowed their research only on the area along
the seashore zone between the town of Varna and the Kaliakra cape. According to
[3] in the said strip found are 124 stabilized, semi-stabilized and active landslides.
The overall conclusion is that for the development of landslide processes in the
studied region those processes haven’t activated abruptly, and no large impact was
observed for the investigated period January 2015 to September 2021, On the other
hand, for the majority of the researched zones the surface movements are still
ongoing.

The all above stated (landslides occurrence, technogenic load, landscape
preservation) prompted the authors to set the main focus of this paper on underlining
the possibilities for regular monitoring of the landslide processes occurring on
coastal zone in NE Bulgaria provided by processing satellite data from SAR
instrument onboard the ESAs’ Sentinel-1 (S-1) mission. The main advantages
offered by the mentioned data source are - large area for observation; data provision
at fixed intervals; open data policy, accessible and validated software for processing.

IThis period is defined by the terrain observations and measurements made by the authors.
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The aim of the research is to summarize the achievements of the authors by showing
the results from their research concerning the integral and complementary use of
multisource data to deliver up-to-date, reliable, and frequently updated information
to the competent authorities and to the public with regard to the ongoing surface
deformations caused by recent surface movements at the monitored landslide areas.
In this research the authors took advantage of the joint use of data from GNSS and
SAR.

2. Region of study and geological setting

2.1. Geography and climate

The researched region is located in northeast part of the Balkan Peninsula
known with numerous landslides found at the cliffs along sea shore. The main factors
that cause their activation are as follows — the sea erosion the rainfalls and snow melt
(leading to fluctuations in groundwater levels); the seismic events; anthropogenic
impact. According to the Global Earthquake Model [5] the seismic hazard measured
in PGA for the area is relatively high 0.08 to 0.20 (g), but in the last years no large
landslide event could be directly related with seismicity. The impact of the rest
factors on the landslides’ activation will be discussed later-on in the section 5.

The northern part of Bulgarian Black Sea coast includes the coastal zone north
of the city of Varna ending at Bulgarian-Romanian border. This zone includes
ancient and modern landslides having different degrees of activity. The factors
mentioned in the previous paragraph trigger landslide activity in this region causing
slow horizontal and vertical movements of the Earth's surface. Depending on the
degree of the impact, the geological structure and lithological composition of the
rocks along with their engineering geological properties, two large landslide zones
can be separated — Varna and Balchik areas. During the 60s of the last century two
types of landslides were differentiated along the VVarna and Balchik coasts — of circus
type for the Varna coast, and linear-stepped, package type for landslides for the
Balchik coast [2]. The geology engineers connected the separate types of landslides
with the features of coarse-sandy facies in the Varna area (Dalgiya Yar) and with
clay-marl - in the Balchik area (“Fish-Fish” and “Thracian Cliffs”) [2].

3. Materials and methods

3.1 Interferometric processing of SAR data

Radar systems are active remote sensing instruments operating in the
microwave part of the electromagnetic spectrum (EMS) used on aircrafts and
satellites. The side looking antenna sends pulses at precise wavelengths (currently
used are L, C and X bands of EMS see [6] for details) to surface targets and registers
the backscaterred signal, which is composed of amplitude and phase. The magnitude
of the amplitude reflects the physicochemical properties of the target surface such as
roughness, while the phase corresponds to the distance to it. The modern radar
systems are imaging radars with synthetic aperture, which simulates large antenna
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in order to increase the spatial resolution of the produced image. This concept is
illustrated on Fig. 1. The smallest imaged surface area (called “ground element”)
registered by the SAR instrument is product of the range and azimuth in sensor
geometry and only after appropriate processing ending with transformation to
specific datum is converted to an image pixel that corresponds to an area of the
Earth’s surface. The mentioned imaging geometry has some drawbacks known as
geometric distortions, because during the data registration the platform is off-nadir
[7]. Besides them during SAR data processing additional parameters such as type of
the orbit, position of the satellite during the acquisition, internal parameters of the
instrument, etc. are different for each acquisition and must be accounted too. To this
end this information available in a form of metadata in the SAR data product and
must be used during the processing in order to obtain correct results for the behaviour
of the studied surface areas [8].

The information concerning the ground deformations that took place in the
studied region was obtained by using the repeat-pass interferometry approach [9].
This method uses two SAR images obtained at different dates to form an
interferometer the data from which after differential interferometric processing form
an image based on the phase component of the backscattered radar signal. Besides
the interferogram as separate image band produced are the values for coherence,
which is used to estimate the quality of the interferometric band. After removing the
contribution of the underlying topography from the interfrometric image we infer
conclusions on the occurred surface motions [10]. For the last procedure DEM with
spatial resolution comparable with or better than single ground element is needed
and is a prerequisite for the processing. To improve the interferometric results
additional processing steps were performed such as spatial filtering and
multilooking. To transform the phase values from the range [-w;+x] to a metric unit
a phase unwrapping must be carried out (see [6]). Concerning the unwrapping
process, we followed the recommendation made in [11] to process smaller portions
of interferometric image in order to avoid low coherent areas. From the unwrapped
phase the displacement values in LOS (the line denoted with R in Fig. 1) were
produced. Finally, a transformation to a desired geodetic datum was performed
enabling the displacement images to be analyzed in GIS or other software as well.
All mentioned processing steps were realized in the Sentinel-1 toolbox of SNAP
software developed by ESA.

Serious advantage of the SAR data compared to the optical imagery in
landslides monitoring is the ability to create inventory maps shortly after a landslide
event despite of the weather conditions and in absence of illumination from external
source. This fact is confirmed by the growing number of new satellite missions that
will deliver SAR data at different wavelengths (X, C and L bands) with single or
dual polarization, with improved spatial resolution (less than 1 m) and short
revisiting time (daily or less in case of SAR constellation).
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3.2 DInSAR and photogrammetry for landslides movements

In the last decades satellite SAR data processed by differential interferometry
was used in landslides inventories The INSAR method attracted the professionals
from different fields delivering monitoring of wide areas, much higher point density,
and most important low dependency on geography of the investigated areas and on
weather conditions in comparison with the optical remote sensing, GNSS and terrain
investigations. Further development of the mentioned approach is Multi Temporal
Interferometry (MTINSAR or MTI) methods (e.g. Persistent Scatterers
Interferometry (PSINSAR); Small Baseline Subset (SBAS)).

In the recent years the photogrammetry benefitted from latest achievements in
UAS technology which made possible their integral use with PSINSAR. This
approach was also used by the authors to research the latest surface movements in
the RA “Fish-fish” (see sub-section 4.3 below) by comparing the results by both
methods.

platform propagation direction

Oy : off-nadir angle
6 : local incidence angle
Hsar #(7)
t . azimuth time
1’ : synthctic aperture ume

T : range time

azimuth direction
X

gound-range
direction

84

slant-range direction ..

Fig. 1. Imaging geometry of a SAR sensor. (as in [6])

4. Results

The main focus of this study is on the successful application of SAR data to
research the landslide movements at several areas in the region of Northeast
Bulgaria. They were investigated as pilot sites in order to be able to provide reliable
information on the ongoing geodynamical process in the said zone. Since the main
consequence from landslides activations is movement of earth masses in horizontal
and vertical directions the main data source must be a SAR data product that contains
the phase component of the backscattered signal. Such data products from S-1 are
those stored in Single Look Complex (SLC) format with double polarization (VV
and VH) processed to Level-1 as described in. In order to facilitate the data sets
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selection for present and future studies in the study area the authors created and
continuously update is a local archive with SLC SAR imagery starting from year
2015. This archive allowed selection of optimal interferometric SAR pairs in terms
of orbit direction and suitable perpendicular baseline [12] and at present contains
more than 700 data products.

Initially to produce the interferograms data from ascending and descending
S-1 orbits were used, but after obtaining the first results it became evident that better
results have been produced using the descending orbit only. This decision was based
on the fact that larger number of areas with high values for the coherence band were
obtained from that orbit. Also, for most of the investigated sites the topography
caused geometrical distortions (mostly shadows), noticeable on results obtained
from ascending orbit data sets, since the inclination of the slopes at the whole coastal
zone is high. Other challenge, known as temporal decorrelation, that was faced is the
presence of large areas covered by vegetation in the investigated zones, which
decreased the quality of the produced interferograms. To this end selected for
processing were only those data sets that were registered out of the growing season
for the vegetation i.e. from mid-autumn to mid-spring.

One more restriction we had to consider was the size of the area that had to be
processed in order to avoid large areas with low coherence since those areas have
negative influence during the unwrapping transformation [11]. For this reason, to
obtain correct final results after producing the interferogram only part of it is further
processed based on datum coordinates of the area subject to a specific study. Besides
the vegetation the studied region is specific with having maritime areas that exhibit
same decorrelation effect due to sea water evaporation and this is why the water
areas had to be avoided (if possible) or removed during processing as well. For this
reason, in the most of the interferograms reflecting the occurred surface motions at
the studied sites presented in this section the pixels that had corresponding coherence
below 0.3 were removed from the final displacement images (see Figures 2, 3 and
5). One more consideration that became apparent from our research was that
the VV polarization of the radar signal S-1 delivers better results compared to the
VH one.

4.1. Dalgiya Yar
4.1.1. Description of the AOI

This site is quite specific since this is an ancient landslide strip almost 10 km
long, which is currently broken into smaller ones. It was established that the sliding
surface of all landslides starts from a plateau located about 1 km from the seashore
suggesting that the prime driving factor for their activations should be the varying
level of the underground waters the marine erosion almost has no impact on them.
[3] It should be noted that in this area a distinctive phenomenon is observed — a
smaller landslide develops inside a larger one.
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For the last half century, the oldest registered activation there dates back to
1971. Due to displacement of earth masses reaching 17 m width a landslide with
shaft 4 m high reaching the sea and notch up to 15 m was formed. Its perimeter was
established to be 250 m in length and 800 m width thus covering an area of 2 km?,
In the next 15 years due to increased technogenic intervention (building of houses
and other infrastructure) there were several other activations took place destroying
some 30 houses. In this it was confirmed that geological and hydrogeological
conditions are at fragile steadiness state that could be easily disrupted by
construction activities. This finding was affirmed by activation of a large landslide,
which resulted in collapse of tens of thousands of cubic meters earth masses along a
line about 2 km long. This event completely demolished a lighthouse and buildings
in a fisherman village putting in danger the seaside road Varna-Balchik. It is
supposed that the main cause for this activation was the increase of the underground
water levels caused of rain and snow melting, sewage water, etc.

4.1.2. GNSS networks

To study the deformations due to the landslide processes in this area usage of
GNSS technology has been adopted. It is based on data from two types of GNSS
networks - points located on geologically stable terrain and points located in the
landslide body. Data for the stable points located in non-deformable zones in the
region are provided by the stations from the continuously operating reference
stations (CORS) from the National GNSS Network. It needs to be highlighted that
the velocities of the points from the said network in the northern Black Sea region
are relatively small, less than 1 mm/year, while in other regions of Bulgaria they can
reach 3—4 mm/year. To obtain the movements of the points from the purposely
created local geodynamic networks their GNSS measurements were processed
together with the GNSS measurements from the points of National GNSS network.

In the area of Dalgiya Yar a local geodetic network consisting of 30 points well
stabilized in the ground with steel pipes or bolts was created. The GNSS
measurements on this network were performed in three cycles since 2019 in the
period June-July.

4.1.3. SAR results
For researching this study area produced was a set of interferograms from
descending orbit of S-1 only. Since the outcome of the processing is focused on

surface deformations during the processing a constraint concerning the length of the
perpendicular baseline for single pair was set to be less than 35 m.
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Fig. 2. Maps of SAR-derived displacements for the winter periods from 2015 to 2021




In order to correctly compare and analyze the displacements results SAR
data pairs from winter season with 4 months span that satisfy the said constraint were
used. On Fig. 2 excerpts from larger interferograms over a raster layer, on which
only pixels having high coherence values (above 0.3) were coloured accordingly,
while the rest were left transparent (a-f).

4.2. Residential area( RA) “Fish-fish”
4.2.1 Description of the AOI

In the zone of this RA located are three landslides — one potential, one active
and one stabilized. The active landslide processes at this site were first registered in
year 2000 (according to local inhabitants) and as probable cause for their activation
a water mains accident was pointed out. In year 2010 it developed further increasing
the affected area up to 5600 m2. After that it is difficult to provide the exact size of
the landslide area due to presence of high and dense vegetation, and gradual earth
masses collapses along the steep coast, but an estimate by experts affirm that
currently its area is about 57000 m? i.e. 10 times increase since the first registration.
According to the competent local authorities this landslide activated twice in the last
6 years destroying houses and other infrastructural objects.

All said underline the importance of satellite-borne SAR data to produce
reliable information for the regular monitoring of the ground deformations and
possible earth masses subsidence accidents at this site.

For this site again the main reason for landslide activations is the rise of the
underground water level caused by different sources — torrential rains, fast snow
melting, human activities. In the RA “Fish-Fish” the landslide, which developed on
streets “3rd” and “4th”, is registered using their names. It is located within an ancient
landslide strip that starts from Albena resort and reaches the town of Balchik with a
typical for this region landslide geomorphology. Currently its width is about 600—
700 m and is formed on the slopes of the Dobrudzha plateau to the sea. The landslide
toe has elevations of about 40-50 m ASL and forms a steep slope towards the sea
[3].

The landslide on streets “3rd” and “4th” has developed above the edge of'a 65—
75 m high, steep 50°-60° slope towards the sea. Above the landslide scarp to the
west, in the RA begins a relatively flat terrain, part of a slope with an inclination of
about 5°—8° in south-southeast direction. In April 2010 its upper limit was at heights
of 8.50-9.00 m on the vertical landslide slope above the sea front. The landslide is
frontally extended with a length in the direction of movement of about 40-50 m,
a width of 120-150 m and an area of about 5600 m2. During the months September—
October 2010 the slope reached and passed to the northeast on "2nd" street.
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4.2.2. SAR results

It should be noted that an event that took place in August 2018 is well detected
by SAR data, but in it was once again confirmed that the presence of high slopes in
the zone hampers the registrations from ascending orbit The results obtained, despite
the short period that was studied, are consistent (showing same movement in the area
of the collapse) and reliable (have high coherence values). As shown on the figure
below the detected deformations for smaller and larger periods confirm the expected
displacements to be in the range of 0.02-0.06 m and exhibit seasonal variations. The
latter evidenced by the different number of points with coherence values above 0.3.

Besides using SAR data, the RA “Fish-fish” was researched within two UAS
campaigns (first on June 22" 2019 and the second on Nov 25" 2020). Both
campaigns were carried out with the aim to establish the displacements in the area
for the mentioned period. But it needs to be emphasized that for regular and long-
term monitoring of this site the UASs has the disadvantage that they depend heavily
on the weather conditions such as strong gusts and need external illumination having
an optical payload. Nevertheless, they could provide data with high spatial resolution
for zones inaccessible for terrain measurements — for this specific object the area
between the affected zone and the seashore has parts where the inclination reaches
60° at some locations. This why under certain assumptions it could be appropriate to
substitute the GNSS measurements in local geodetic networks with UAS
acquisitions.

In order to compare and analyse the results obtained by UAS and satellite SAR
acquisitions with regard to the ground motions occurred in the landslide zone for
time interval of 1 year and 5 months (between both UAS acquisitions) a number of
interferometric images were produced at different intervals in order to compare the
values obtained by both methods.

To estimate the degree (respectively the influence) of the temporal
decorrelation caused by the large time intervals to the DINSAR results the authors
experimented by creating a set of interferograms at different monthly intervals (see
Fig. 4). On Fig. 4 b) presented are the displacements obtained from SAR data for the
whole period of 1 year and 5 months where it can be seen that the decorrelation effect
is visible since the obtained values are in the interval [- 0.04; 0.02] m which is
comparable with those for much shorter periods (two months e.g. Fig. 4 h) and for
this reason it should not be considered as reliable. For this site the results seen on
images e) and j) on Fig. 3 confirm the contribution of high decorrelation in the results
in case the time period between the SAR registrations is too large e.g. one year or 8
months. The remaining excerpts (Fig. 3 d, e, g, h, i, and k) are considered as correct
representation of the ground motions occurred in the mentioned periods.
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4.4. “Thracian CIiffs”
4.4.1. Description of the AOI

The activations in this landslide site could be attributed to large degree to the
human activities in a narrow (less than 5 km) coastal area between the villages of
Topola and Bozhurets. The landslide Thracian Cliffs has developed on the coastal
slope located bhefore the entrance of the golf club having the same name
(see Fig. 4a).

The landslide Thracian Cliffs was first registered in 2014 and has manifested
in front of an ancient stabilized landslide, known as "Kalkan Tepe". The researched
landslide has a width of 1500 m and a length (in the direction of its movement) of
about 500 m. The landslide scarp has a height of about 50-80 m, the landslide toe is
manifested in the sea and is probably blurred. The coastal cliffs in the area are
20-30 m high, almost vertical, and not forested. The main reasons for the activation
of landslide processes are over wetting of the earth masses by waters of unknown
origin (possibly underground, fed by domestic ones), leaks from the compromised
sewerage system built on the way to the golf complex, sea erosion and possibly
others [3].

4.4.2 GNSS and SAR results

During the last 5 years this site was researched by using data from several
sources - UAS acquisition (a point cloud seen on Fig. 4 a) and local DEM
Fig. 4 b) local GNSS network (see Fig. 5 a). In order to establish the ground
displacements with high precision a local GNSS network was created and the data
from it were processed using data from the national CORSs. It included 10 stabilized
points used to monitor deformations on the road leading to the golf club (points
601-604 on Fig. 5 a) and points located in the rocks and the path connecting the sea
shore with the resort "Topola Skies" (points 503, 504, 605 on Fig. 5 a). Up to date
three cycles of GNSS measurements on the local geodetic network were made in
years 2019, 2020 and 2021 and all acquired data were processed and the results for
the displacements registered by this method are shown in Table 1. Unfortunately, the
point numbered 504 was not found (probably destroyed) after the last GNNS
measurement and this is the reason in the same table to have absent values.

In 2020, a survey with a UAS was made in order to generate local DEM that
could be used to improve the quality in the SAR data processing as well as to
generate 3D representation of the objects in the area.

From the local SAR data archive mentioned in section 3 for this area large
number of interferograms (see Fig. 5) were created covering several winter periods
in consecutive years. The areas having large displacements are shown in dark blue
and purple, the less vulnerable in yellow and in green are those where the
displacements are smaller. From same figure derived were ground displacements in
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Fig. 3. Raster image of RA “Fish-fish” (a) and maps of SAR-derived displacements (b-j)

LOS the lowest value being - 8 cm. On the images b) to f) of the same figure visible
is the influence of the coherence change on the final results even within same
seasons, but for consecutive years. In this case even the dates for the SAR pairs are
almost identical the displacements are different in different years.

5. Discussion

As mentioned in 4.1, Dagiya Yar is large site consisting of several landslide
areas (some even overlapping ) that was researched during the winter periods from
2015 to 2021 and the overall inference from the SAR results presented on Fig. 2 is
that landslides movements vary from one period to the next. In our investigations we
narrowed our focus on a small strip being 0.5 km wide that starts from the sea toward
mainland and where the local geodetic network was established and measured. For
this strip the obtained results for each of the winter periods the dominant movement
is uplift with observed maximum the period for 2018-2019 amounting to 0.075 m.

In the area of RA “Fish-fish” it was of interest to register the development of
an active landslide as well as possible activation of a potential one. For this site we
made an experiment to correlate results from SAR and UAS. This experiment
confirmed the need for more frequent UAS yearly campaigns (e.g. every 6 months —
one in mid-autumn and one in late spring) in order to provide more data for the period
into which landslide activations are more likely to occur and the time interval is not
too large the temporal decorrelation to decrease the quality of the SAR-derived
information.
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b)

Fig. 4. 3D representation of the site from point cloud data a) and a local DEM overlaid by
GNSS RTK points used in UAS survey b)

The landslide Thracian Cliffs was researched via GNSS starting in 2019. From
the results provided in Table 1 it is evident that the vertical movements are not
constant and even for the periods 2020-2019 and 2021-2020 are showing different
behaviour changing from subsidence to uplift.

the

Table 1. Displacements obtained by processing data from three GNSS measurement cycles

2020-2019 2021-2020 2021-2019
point AX AY AH AX AY AH AX AY AH
[m] [m] [m] [m] [m] [m] [m] [m] [m]
501 | -0.032 | 0.002 | -0.054 | 0.042 -0.03 0.087 0.01 -0.028 | -0.067
502 0.007 | -0.004 | -0.019 | 0.008 -0.03 0.005 0.015 | -0.034 | -0.014
504 0.007 0.016 0.01 - - - - - -
601 | -0.025 0 -0.032 | 0.011 | -0.033 | 0.064 | -0.014 | -0.033 | 0.032
602 | -0.022 | -0.018 | -0.024 0.01 -0.028 | 0.066 | -0.012 | -0.046 | 0.042
603 0.005 | -0.013 | -0.017 | -0.004 | -0.034 | 0.058 0.001 | -0.047 | 0.041
604 0.007 | -0.006 | -0.032 | -0.003 | -0.038 0.08 0.004 | -0.044 | 0.048
605 | -0.011 | 0.004 | -0.032 | 0.008 -0.04 0.06 -0.003 | -0.036 | 0.028
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MOHHWUTOPHUHI HA KPAUBPEKHUTE CBJIAYMIIIA 11O
CEBEPOU3TOYHOTO YEPHOMOPHE HA BbJIT'APUSA BABUPAHO HA
JAHHU OT PAJAPU CbC CUHTE3UPAHA AIIEPTYPA

Xp. Huxonoe, M. Amanacoea

Pe3ome
l'eonoxkute ycnosus no CeBepoustouHoTo YepHomopue Ha briarapus ca
OaronpuATHU 3a BB3HMKBAaHE M pA3BUTHE HA CBIavWmia. Te3n TpolrecH ca
ZIOKYMCHTI/IpaHI/I Hpe3 IHOCICAHUTE MNETACCET I''OAUMHU B paMKI/ITe Ha HayT-IHI/I 158
HayYHO-TIPAKTHYECKU Pa3pa0O0TKH HA YYSHH B Pa3JIMYHU 00JIaCTH OT HAIIPABIICHHE
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»Hayku 3a 3emsara“. B mo-IIMpOK KOHTEKCT TEXHUTE YCUIIUS JOMpHHEcoXa 3a
OMa3BaHETO Ha JaHAmAapTa W HaMaJIsIBaHEC HA PUCKOBETE 3a HACEJICHHETO,
MIPUYUHEHN OT CIIOMEHATHTE SBICHUS. B Tasw cTaTWs MONydeHUTE pe3yiaTaTH
MOKa3BaT BPEMEBOTO IOBEACHHWE TNPe3 IOCIEHHUTE NEeT TOMWHH Ha HAKOJIKO
CBJIAUUIIA, PA3IOJIOKECHU B IOCOUCHUS perroH. OCHOBHUSAT U3TOYHUK HA JJAHHHM 32
HaOIItO/IeHNe Ha CIIOMEHATHTE CBIAYMINA Ca JAHHU OT pajgap ChC CHHTE3WpaHa
aneprypa (PCA), oOpaborenm mo wmeToga Ha audepeHIuaNTHaTta WHTEp-
¢depomerpuss Ha PCA pmamnum (DInSAR). Bwopeku cpegnara mpocTpaHCTBEHA
pa3JeNUTeIHA CITOCOOHOCT HAa M3MOJI3BAHUTE JIaHHU TE IO3BOJISIBAT Jla ObIaT
Ch3IaJleHH ABJITH BPEMEBH PEIOBE W Jla C€ MPaBiIT W3BOIW IO OTHOIIEHHE Ha
MMPEeMECTBaHUATA HAa 3eMHATa MOBBPXHOCT. [loryueHuTe pe3ynrartu ca BaluupaHu
C TIOMOIIITA HA U3MEPBAHUS Ype3 TJI00aHaTa HABUTallMOHHA CITBTHUKOBA CUCTEMA
(F'HCC), xouto 06sixa MpOBEIEHH B CIECIHUATHO Ch3JaJCHU JIOKATHU TeOJe3NTHU
MpPEXH, CaTeNIMTHH W300paKeHHWs C BHCOKA MPOCTPAHCTBEHA pa3AeiIUTEITHA
CIIOCOOHOCT B ONTHYHATA YacT HA CJICKTPOMArHUTHUS CIEKTHP, KAKTO U UGPOBU
M300pakeHUs, IOay4YeHH OT Oe3nminoTHY Jetareianu cuctemu (BJIC). Pesynrature
MpeICTaBeHN B Ta3W CTaTHs, HEJIBYCMHCIEHO IMOTBBPXKAABAT, U IOydeHATa
rH(pOpPMAITUs € OT BAKHO 3HAYCHUE 32 MECTHUTE BJIACTH U JPYTU 3aMHTEPECOBAHH
CTpaHH, KaTo IO TO3W HAYMH JOTPUHACAT 3a MOJ00psIBaHe Ha JACHCTBUATA, KOUTO
ce TpeArnpuemMar MpHu yIpaBlieHHe Ha PUCKA OT CBIAYHMIIA, KAKTO W 3a MO-IT00po
IUIaHUpaHe Ha TEPUTOPHUHTE, KBACTO Ca PA3IONIOKEHN M3CIIEeIBAHUTE CBIAYUIIHH
OOEKTH.
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Abstract

Three-dimensional (3D) photogrammetric modelling is a contemporary remote sensing
method for generating digital models with their specific appearance and texture, which are used in
various areas of life. The modelling of complex geometry objects, such as masonry bridges, is not an
easy task, because of their specific features (the presence of arches and various niches). This determines
the choice of an adapted capture method according to the individual characteristics of the object. The
paper presents research aimed at generating a highly accurate three-dimensional model of a bridge,
by combining terrestrial and aerial photogrammetry. A low-cost unmanned aerial system (UAS) was
used for capturing the upper side of the bridge. This significantly optimised capture time. But its
capabilities do not allow to capture the bridge arches from the bottom upwards, nor to obtain an
accurate model of the bridge railing. Because of this, a terrestrial survey was made with a digital
camera, thus complementing the information required to generate a comprehensive model of the bridge.
The integration of aerial and terrestrial capturing using low-cost cameras and systems, along with the
application of modern algorithms for processing, allow to create precise, accurate, and detailed digital
models. It is all very important for future conservation, restoration, adaptation, and socialisation of
such type of objects which are monuments of culture.

Introduction

Cultural monuments and in general cultural wealth are of indisputable
importance for the cultural identity of any society. The development of commonly
accepted ways of managing cultural heritage and a cultural tourism strategy are
major tasks faced by any country.

According to a number of recommendations and resolutions of the European
Council, Europe needs to prepare commonly accepted ways of heritage management
and, in view of sustainable development of cultural heritage, a strategy for cultural
tourism. The sustainable progress of the cultural and natural heritage will be
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guaranteed by reaching the full capacity of the following three basic principles:
economic and social development, and environmental protection. The cultural and
natural heritage will be preserved and used as a factor of development at the local
and regional level, when its physical integrity is preserved and when the message it
carries is successfully relayed and assimilated by contemporary society [1].

Due to its strategic location and history, Bulgaria is rich in cultural
monuments, some of which are still in use today — for example, masonry bridges.
According to unofficial data, they amount to about 150 and their preservation,
restoration, and use is of utmost significance. The potential presence of erosion,
abrasion, landslide activities, and the anthropogenic factor are all prerequisites for
the need for periodic activities related to the monitoring and restoration of such sites.
Remote sensing, as a non-destructive method which in some cases requires the
acquisition of images from low altitudes (in particular photogrammetry), provides
promptness and necessary accuracy, ensuring the safety of the work process. The
ability to establish methods for capturing, along with the creation and storage of
high-precision models of these types of objects, would provide experts from different
fields with exclusive opportunities to have data on the exact location of every detail
of those sites and objects.

There is a range of studies related to the creation of 3D models of masonry
bridges. Some of these are based on the application of entirely terrestrial
photogrammetry. For example, in a study implemented in 2006, a virtual
photogrammetric model of the Kapuagasi bridge was created. The bridge is located
in Istanbul and has a length of 74.4 m. More than 30 stereo images were taken with
a Samsung Digimax 430 digital camera. 40 reference points were used.
Photogrammetric processing was performed in the Pictran-D software environment
and the generated bridge model was input in 3D Studio Max for texturing [2].

A test and subsequently a field study related to photogrammetric modeling
of a bridge are presented. The captured images were used by the PhotoModeler
custom software to measure bridge characteristics. A field surveying was also
performed. Based on the comparison between photogrammetric and manual
measurements, it can be said that photogrammetry provides sufficient accuracy and
is a non-contact, inexpensive and practical method for creating three-dimensional
geometric textured models [3].

A 2017 study presents the Meram Bridge in Turkey captured. The bridge is
29.5 m long and 4.5 m wide and has five arches along its length. The capture was
performed with a Canon PowerShot A2200 and a Canon EOS 100D digital cameras.
70 control points were used and subsequent photogrammetric mapping was
performed in Photomodeler. Another type of software was also employed, namely
Photoscan, and 6 reference points were used for georeferencing. According to the
result of this research, both photogrammetric approaches are validated as a low-cost
method for 3D modelling of a masonry arch bridge [4].
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Terrestrial photogrammetry has been established to this day as low-cost,
accurate, and fast methodology for 3D modelling of architectural objects and for
extracting metric data about them. In some cases, terrestrial photogrammetric
capture is more difficult due to factors, such as situational features of the object and
its surroundings. Unmanned aerial systems (UAS) are an alternative to this.

In a study, carried out in Italy, a bridge of special architectural and historical
value was investigated. It was captured by a quadcopter equipped with a Sony
camera with a 21MP (5344 x 4016) CMOS sensor. Twelve control points were used
for georeferencing. The photogrammetric processing was performed in the Agisoft
Metashape software. The Rhinoceros software and several additional developments
were also used to construct the geometry of individual bridge elements. The obtained
results prove the potential of the method in projects related to three-dimensional
modelling of masonry bridges to be used for their maintenance and restoration [5].

A test study was implemented in 2020 related to the investigation of cracking
of concrete samples in laboratory conditions using UAV. Several digital three-
dimensional texture models of these samples were created and after that edge
detectors were used to detect cracks. The presented results of the laboratory tests
show that very accurate results are obtained with an error of less than 1 mm [6].

Another research presents the creation of digital photogrammetric models of
two bridges for their visual inspection. The DJI Mavic 2 Pro unmanned aerial system
with a 20Mpix camera was used for the experiment. The data were processed in
Agisoft Metashape. Both bridge models were validated by laser scanner surveying.
After that, the obtained point clouds were compared. The validity of both
photogrammetric models was verified. The obtained dense point clouds can be used
as a basis in solving subsequent tasks and in analyses related to detecting bridge
status and their periodic monitoring [7].

In some cases, the use of low-cost UAS poses a problem with digital
cameras, mounted on their platforms. These cameras cannot capture the bridge’s
arches from bottom to top. This disadvantage can be solved by using images,
obtained from terrestrial and aerial photogrammetry.

Until recently, simultaneous processing of terrestrial and aerial images was
impossible. With the development of new software solutions and the Structure from
Motion method, this obstacle has already been removed. This has generated the idea
of collaboration between terrestrial and aerial photogrammetry, which allows the
efficient construction of precise, detailed, textured three-dimensional models of
various objects, including bridges. More flexibility, convenience, promptness, and
completeness in their capture is thus provided.

To the best of our knowledge, a bridge of this size has not been captured in
Bulgaria. But it can be borrowed from other captures abroad which actually prove
that such a combination can be successfully used in photogrammetric surveying and
modelling of this type of object.
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A 2017 study proved the applicability of the collaboration between aerial
and terrestrial photogrammetric surveying in the generation of a digital three-
dimensional model of a bridge in Taiwan. It is consisted of three sections with an
overall length of 60 meters, each 20 m wide and 8 m high. It consisted of three
sections with an overall length of 60 m, each 20 m wide and
8 meters high. About 10 000 images were taken by a UAS equipped with a SONY
a7R2 digital camera. Some of the images were acquired by terrestrial
photogrammetric surveying using a pole with a length of 2-8 m. All images were
processed by Agisoft PhotoscanPro. The resulting root mean square error was less
than 3 cm. The three-dimensional geometric model was subsequently used to
identify cracks on the surface of the bridge [8].

Identical research related to the capture of the San Cono Roman bridge,
located in the southern part of Italy, was carried out in 2019. A Canon EOS 100D
digital camera with an 18 mm lens and a Xiaomi Mi unmanned aerial system with a
12.4 Mpx camera were used for this purpose. The photogrammetric processing was
performed in the programming environment of the Russian Agisoft PhotoScan
software. The resulting root mean square error of the model was 0.011m. The
generated 3D model of the masonry bridge was successfully used for performing a
structural analysis by specialised software and proves the capability of this
methodology for generating 3D models of bridges [9].

In 2020, another research confirmed that the combination of aerial and
terrestrial photogrammetry could be employed to create digital models necessary for
the monitoring of concrete bridges and viaducts in Italy. In 2020, another research
confirmed that the combination of aerial and terrestrial photogrammetry could be
employed to create digital models for the monitoring of concrete bridges and
viaducts in Italy. A visual inspection of a standard concrete overpass in L'Aquila was
done. The resulting orthophotomosaic was used to perform an object-based analysis
to identify and classify disturbed areas and shapes. The results have shown
satisfactory identification of deteriorated areas. This allows to carry out easy and
quick periodic inspections in order to evaluate the development of processes related
to bridge faults and to plan activities to preserve the facility [10].

All these studies prove that remote sensing in particular photogrammetry is
a method well-established in practice as a fast, inexpensive, and safe way to generate
three-dimensional digital models with high accuracy and detail.

Method and data

The main purpose of the presented study is to establish sustainable methods
for capturing and modelling types of objects like masonry bridges, using low-cost
cameras and systems, as well as commercial data processing software, applying the
"structure from motion™ method. This method allows free placement of the capturing
stations (projection centres), thus facilitating the performance of the task. This would
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contribute to an easier and cost-effective modelling of these objects across the
territory of Bulgaria. It is important to note that these models can be used not only
to preserve the cultural and historical heritage of the country, but also for the
monitoring of such transport facilities.

Photogrammetric processing is related to the creation of a digital model of
an object/surface or parts of it, which is applied in various spheres of life. This
processing includes several stages. After the images are loaded in the software (the
camera is assumed to be calibrated), correlation procedures are performed to detect
the so-called connection points in the corresponding images. Based on
stereophotogrammetric principles, 3D points in space are calculated and generated.
The camera positions for the scheme are also calculated. Initially, a texture-free
model is built, which is called a skeleton model (the object is represented as an
irregular triangular network — a combination of vertices and edges). Subsequently, a
texture of the object is also generated. Its quality depends on the characteristics of
the camera (for example, the high spatial resolution of the camera provides a better-
textured model). A photorealistic virtual 3D model of the object is obtained from
these images [11].

Analytical processing methods are used in the fore-described procedures
related to the creation of photorealistic three-dimensional models. They are essential
for the calculation of the internal and external image orientation parameters.
Thereafter, the relationship between image and object is established and the
necessary information (coordinates and geometric elements) about the captured
object is subsequently obtained.

Usually, the stages of orientation are as follows:

¢ Providing information about the object (control points, distances, geometric
elements);

e Measuring of image points for orientation (image coordinates);
e Calculation of the internal and external orientation parameters;

e Object reconstruction from the oriented images (new points, geometric
elements).

Depending on the method used and the application of the photogrammetric
data, these steps are performed sequentially, concurrently, or iteratively [11].

The modern Structure from Motion (SfM) method allows simultaneous
processing of images acquired at different distances from objects, at different capture
angles, and at different focal lengths. This is a significant advantage over traditional
photogrammetric methods, making it possible to simultaneously process aerial and
terrestrial photogrammetric images taken with different cameras. It is most suited to
processing images with a high degree of overlap that capture the full three-

84



dimensional structure of the scene. The method differs fundamentally from
conventional photogrammetry, in that the geometry of the scene along with the
camera positions and orientation are solved simultaneously, using an iterative bundle
adjustment procedure, based on a database of features automatically retrieved from
a set of multiple overlapping images.

The Structure from Motion (SfM) method follows a certain sequence of
processing activities. The first stage, after the images to be processed have been
loaded comprises detecting identical points in all the overlapping images, applying
the Scale Invariant Feature Transform (SIFT) algorithm. This algorithm allows
linking individual images or their characteristic points. The images do not need to
be in the same scale, i.e. they may be of different resolution. Then, the so-called
bundle adjustment is carried out. This algorithm is based on multiple iterative
procedures. At this stage, the parameters of inner and outer orientation, automatically
retrieved from the overlapping images, are calculated. In addition, a sparse point
cloud is created (the three-dimensional coordinates of the object are obtained in a
random coordinate system based on the homological points, detected in the
photographic images). Having obtained the geometry of the object, the creation of a
dense point cloud commences. This includes calculating the respective 3D point for
almost every pixel of the image. Afterwards, this may result in generating digital
elevation models, digital terrain models, three-dimensional textural surfaces and
ortho-rectified images (orthophoto mosaics) etc. [12]. This is precisely the reason
why all stages of photogrammetric image processing can be performed fully
automatically in modern software products, such as Agisoft Metashape, Pix4D,
Meshroom, Autodesk ReCap and others, making them suitable for use by non-
specialist users.

The object of interest is the "Humpback" Bridge, which is located in the
town of Harmanli in the central southern part of Bulgaria (Fig. 1). This transport
construction was built in 1585 to facilitate the crossing of the Olu Dere River for the
caravans (the convoys of the day). Its length spans 109 m, and it is 6 m wide. It is
known as the "Humpback" Bridge because of the tapering shape (resembling a kind
of humpback) in the middle of its central arch. The bridge is with a large 22 m arch
symmetrically flanked by two smaller ones in its main and longest part, and by
another 6.3 m arch after the bend in the northern part.
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Fig. 1. Location of the studied object

The facility is more than 400 years old and as an architectural work is a
representative of the school of one of the most famous Ottoman architects - Mimar
Sinan. He designed over 300 buildings throughout the empire, and the most famous
ones in Bulgaria are the Banya Bashi Mosque in Sofia and the Kodja Dervish
Mehmed Pasha Mosque (the present-day Church of the Holy Septuagints in Sofia).

This unusual, yet functional and aesthetic solution of urban planning
demonstrates the high level of construction skills of its creators. The spanned
distance of over 22 m is remarkable for the technical capabilities of the day.

Results
Photogrammetric capturing of the bridge

The location of the bridge is near the city marketplace and considering it
might be busy and overpopulated at specific time zones, those were avoided when
working on the project. In order to ensure monochromatic lighting and minimal
shading of the areas of interest, the hours selected for work were early in the morning
and late in the evening, i.e. when the Sun is low above the easterly or westerly
horizon.

The aerial shots for the project are taken with a DJI Mini 2 UAS. With its
mere 249 grams, it is lightweight and powerful, and thanks to its intuitive and
advanced functions, it offers complete freedom of flight. It has a 31-minutes battery
life and five levels of wind resistance. It rises to 4000 meters above sea level. It
supports up to 10km of HD video transmission to the controller. With a 12MP sensor
along with 4K/30fps video and 3-axis motor stabilisation, it provides high quality
footage [13].
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The DJI Mini 2 is controlled by an RC controller, which requires connecting
a mobile device with the appropriate control software installed.

Map Pilot Pro software installed on an IPhone 13 Pro mobile device was
used to create a plan mission. The application serves to plan and execute a flight
along an optimal trajectory in order to create maps or three-dimensional models.

Fig. 2. Mission plan for the "Humpback™ Bridge in Harmanli,
prepared through the Map Pilot Pro software

Two flights at an altitude of 30 m have been executed with a 3D mode flight
mission trajectory.

- Flight 1 produced 128 nadir images;
- Flight 2 produced 111 photos with a shooting axis tilted at 45°.

The images were saved in .jpeg format. The total flight time was 44 minutes.
Considering the technical specifications of the camera and the selected flying height,
the resulting pixel size on the real object was Ground Simple Distance
(GSD) = 2.4 cm.

Because of the complex structure of the object, its shooting with a UAV
cannot be termed sufficient. As it is impossible to lift the optical axis above the
horizon when shooting with a DJI Mini 2 drone, to the low coverage of arches from
their underside is very insufficient. After the aerial survey, an approach was taken to
shoot the fagades and the underside part of the arches with a digital camera.
Additional photos of the railings and the walkway part of the bridge were also taken
for better detailed description and in order to increase the quality of the model.
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The shooting was performed with a Nikon D90 SLR camera with a NIKKOR
lens. Its 12.3-megapixel DX-format CMOS sensor and EXPEED image processing
system offer exceptional image quality with a wide 1SO sensitivity range.

The eastern and western fagades were captured with a perpendicular and
tilted optical axis at a distance of about 15 m.

An individual approach was taken when shooting the arches and niches of
the bridge. The images were taken with a perpendicular optical axis from one side to
the other side of the main arch foundation across its width. Additionally, fan-shaped
exposures were taken in a semi-circle, starting from one foundation, and reaching
the other foundation of the arch.

The niches, symmetrically flanking the large arch on both sides, were
photographed with opposite forward moves and at each station, exposures were
made with the perpendicular camera axis inclined upwards.

The experiments have established that photographing the railings across the
width with exposures only from one side of the bridge to the other did not give
satisfactory results. Therefore, additional exposures were made in a circle, providing
shots of part of the paving stones in order to produce a precise model of the bridge
railings. This ensured that no information was missing from the model (no holes in
the model). Fig. 3 is a schematic illustration of the shooting method.

The established capture approach can successfully be applied to the
modelling of other masonry bridges with similar geometry.

= CERTS LN SR By L

Fig. 3. Visualisation of the exposure moments in terrestrial shooting

A total of 1012 images were obtained: 237 of the eastern fagade, 161 of the
western fagcade, 110 images of the underside of the arches, 471 of the pedestrian
pavement and railings, and 33 photographs of the rhomboids symmetrically located
around the main arch of the western facade of the bridge. The capturing of the
facades was performed at a distance of 15 m, with a focal length of 18 mm, and a
pixel size on the actual object GSD = 0.45 cm was obtained on the bridge facades.
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Photogrammetric processing. Generating of a digital 3D model

Data processing was performed on an Acer Swift 3 Ultrabook with the
following parameters: RAM - 8GB, Intel core i5 processor with a working frequency
of 1.60GHz, NVIDIA GeForce MX 250 video card with 2GB of own memory and
4 GB of shared memory. The computer operating system was Windows 10
Professional, 64-bit.

The Agisoft Metashape Version 1.8.4 software was used to process the
terrestrial and aerial images.

A very important part is the selection of images to be used in the processing,
as their quality determines the final results. Therefore, before starting the
photogrammetric processing, it is necessary to review those carefully and select the
most suitable ones. To create a three-dimensional model of the "Humpback™ Bridge,
a total of 1,251 terrestrial and aerial photographs were loaded and processed
simultaneously into one Chunk.

Following the image assessment, a sparse cloud of points was created. The
result of this processing step was a point cloud containing triangular positions of key
points corresponding to the images. In many cases, UAVs are equipped with
GPS/GNSS systems to measure external orientation parameters during the flight. In
the presented case, the function for rough referencing of the model by camera
coordinates was not selected. This was due to the technical parameters of the drone,
specifically the lack of an RTK module and low positioning accuracy. The sparse
point cloud was created at the high accuracy setting. This step took 3 hours and
4 minutes to process. The sparse cloud contains 2,304,529 points and can be seen in
the figure below.

Fig. 4. Sparse point cloud

During the aerial survey of the bridge, 7 reference points were used for
georeferencing the model. They were marked with square-shaped marks consisting
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of contrasting squares. Four of the marks were placed on the paving stones in the
pedestrian part of the bridge, and three in the bed of the man-made pool underneath.
Their coordinates were measured in the BGS 2005 coordinate system using a
CHCNAV i50 GPS receiver. Afterwards, through the BGS Trans programme, they
were transformed into the WGS 84 zone 35 system in order to be employed in the
project. Geodetic altitudes were used for georeferencing the model.

The next standard stage in photogrammetric processing is recognising these
seven reference points in the images.

Agisoft Metashape Professional software uses markers to indicate the
locations of points in the images. The position of markers is determined by their
coordinates in the images. To determine the spatial coordinates of the reference
points, it is necessary to measure their image (planar) coordinates on at least
2 images. Metashape supports two approaches to marker placement: manual and
guided marker placement. Manual approach implies that the marker projections
should be indicated manually on each image. It should be noted that incorrect
projection markers affect accuracy of the model. Manual marker placement does not
require 3D model and can be performed even before image alignment. In the guided
approach marker projection is specified for a single image only. Metashape
automatically projects the corresponding ray onto the model surface and calculates
marker projections on the rest of the photos where marker is visible. Marker
projections defined automatically on individual photos can be further refined
manually. Guided marker placement usually speeds up the procedure of marker
placement significantly and also reduces the chance of incorrect marker placement.
It is recommended in most cases unless there are any specific reasons preventing this
operation [14].

Guided marker placement was implemented in the presented study. After the
reference points were recognised, the adjustment equation parameters were set, and
optimisation was performed. The root mean square error (the absolute accuracy of
the model) was 0.004 m.

A dense point cloud is created after the adjustment completed. Metashape
software tends to produce extra dense point clouds which are of almost the same
density, if not denser, as LIDAR point clouds. A dense point cloud can be edited and
classified within Metashape environment and used as a basis for such processing
stages as build Mesh, build DEM, build /generate orthomosaic. The software also
allows to export/ exporting of point clouds in formats compatible with other software
[14].

The "Humpback™ Bridge dense point cloud, containing 141,068,817 points,
was created at the high precision setting and can be seen in the Fig. 5 below.
The processing of this step was performed within 13 hours and 33 minutes.
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points: 141,068,817

Fig. 5. Visualisation of the dense point cloud for the whole object

The next standard stage of the photogrammetric processing is creating a
polygonal model (Mesh). If the model is already georeferenced, it is not necessary
to place a limit on the area in which to create a Mesh model. The software
automatically generates this with the necessary detail and in the correct geometry
[14].

For the object of study, the Mesh model was created from the dense point
cloud by selecting a high value for accuracy. The processing of this step was
performed within 9 hours and 13 minutes. The resulting model contains 20,074,615
triangles and can be seen in the Fig. 6 below.

faces: 20,074,615 vettices: 10,033,847

Fig. 6. Visualisation of the polygonal model (Mesh) of the bridge

The software offers a function for creating a three-dimensional textured
model, which displays the geometric body in the full range of colours and textures.
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Thereby, the object is actually recreated. The images are selected as output data,
which allows building a colour texture map (diffuse map). The renderings below
show the textured model of the bridge, as well as fragments of it.

Perspective 30° Snap: Ads, 3D

faces: 20,074,615 vertices: 10,033,847

Fig. 7. Visualisation of the created three-dimensional textured digital model
of the "Humpback" Bridge and its fragments: (A) West facade; (B) Romboid on the left side
of the large vault; (C) Lower side of the great arch; (D) North entrance

Conclusions

The generation of highly accurate 3D models, as an execution of already
existing cultural monuments and other facilities is in itself a project for the
conservation, restoration, adaptation, and socialisation of similar facilities.

The models of 3D digital visualisation can facilitate the communication,
interpretation, and protection of traditional buildings and places which have gained
significance for public heritage. Henceforth, cultural heritage can be interpreted in
collaboration among residents, professionals, associated communities, and other
stakeholders. 3D digital modelling can also provide new approaches for cultural
heritage management. Digital modelling is not only used for data processing and
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visualisation of buildings which are cultural monuments, but also helps giving
meaning and direction of cultural heritage management [15].

The technological development of the devices and systems used for
collecting information and the commercialisation of modern software products are
prerequisites for the application of photogrammetric methods in various areas of life,
such as agriculture and forestry, ecology, archaeology, architecture, mining, and
other engineering application areas. The various modern commercial software
solutions for photogrammetric processing make it easy to choose a program for
image processing, and simplified work environments make handling them easier and
easier. The possibility of combined processing of terrestrial and aerial images using
the Structure from Motion (SfM) algorithm as the basis of a range of modern
software products, such as Agisoft, Pix4D, PhotoModeler and others, allows easier
work with images obtained from different distance from the object, at different
angels of capture, and at different focal length. This is a significant advantage over
traditional photogrammetric methods.

The application of unmanned aerial systems for civil purposes has opened
new horizons for photogrammetry. The possibility of obtaining images from
positions that are inaccessible or hard to be accessed by an operator, as well as the
speed of operation, increase the interest in this type of technique.

With such advantages as low-cost equipment, high accuracy, and detail
close-range photogrammetry remains a desirable and preferred photogrammetric
capture method.

The collaboration between terrestrial and aerial photogrammetry opens up
unlimited possibilities specialist from different areas to survey, map, and make
3D models of facilities with complex geometry.

The "Humpback™ Bridge is in its essence such an object, whereupon the use
of different types of images obtained from terrestrial and aerial photogrammetry, as
well as the proven shooting methodology, allow the creation of a three-dimensional
model of the facility. This accurate and detailed model gives a comprehensive idea
of the object and its physical properties like dimensions, heights, colours, texture.
All of the above are very important when planning future activities related to the
restoration and adaptation of the bridge.

The model has been handed over to the Municipality of Harmanli as a
conceptual project for the conservation of the "Humpback™ Bridge.
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TPUU3IMEPHO MOJAEJIUPAHE HA MOCT YPE3 UHTETI'PUPAHE
HA 3EMHA U Bb3YHIHA ®OTOI'PAMETPHS,
INPUIIATAUKU AJAIITUPAH HAYUH HA 3ACHEMAHE

B. I'ocnoounosa, T. Tooopos

Pesrome

TpuuszmepHOTO (HOTOrpaMETPUUHO MOJICIUPAHE € E€IOUH CHhBPEMEHEH
JMCTAaHIIMOHEH METOJI 33 U3rpakJaHe Ha dnciieHHn (HU(pPOBU) MOAETH C MPUCHIIHS
UM OOJIMK U TEKCTYpa, KOUTO HAMUPAT MPUIOKEHUE B Pa3IMYHN 00JIaCTH OT )KUBOTA.
MozenupaHeTo Ha 00EKTH ChC CII0XKHA TEOMETPHs, TAKMBA KAaTO 3UIaHU MOCTOBE, €
HeJleKa 3ajaya Mopajd CHenuM(UYHUTE UM OCOOCHOCTH (B TOBEUETO CIIydau
HAJIMYMETO HAa CBOAOBE M PAa3lWYHM HUIIHN), KOCTO IMpeaoIpenes U u3bopa Ha
ajanTUpaH HaYMH HA 3aCHEMaHEe CHPSMO HHAMBHUIYAIHUTE XapaKTEPUCTHKH Ha
obexTa. CtarusTa mpeacTass U3cielBaHe, LESI0 U3IPaKIaHETO Ha BUCOKO TOYECH
TPUH3MEPEH MOJEN Ha MOCT, KOMOMHUpPAHK! BB3AYIIHO U 3€MHO 3acHeMaHe. 3a
3aCHEMaHEeTO Ha TOpHAaTa 4YacT Ha MOCTa € W3I0JI3BaHa HUCKOOKKeTHA Oe3[HI0THA
netarenHa cuctema (bJIC), kosATO 3HAYNTETHO ONITUMHU3MPA BPEMETO 32 3aCHEMAHE.
Ho HeiiHUTE BE3MOKHOCTH HE MO3BOJISIBAT 3aCHEMAaHE HAa apKUTE Ha MOCTa OTIONY
Harope, KakTo Y IOoJydyaBaHe Ha IPELM3EeH MOJelN Ha nepuiara Ha Mocra. Ilopagu
TOBa € U3BBPIICHO W HA3eMHO 3acHeMaHe ¢ LuGpoB (oToanmapar, KOETO JOIBIBA
HeoOxonumara WH(pOpManus 3a TeHepHpaHEeTO Ha IUIOCTEH MOJe]T Ha MOcCTa.
WuTerpupaneTo Ha BB3IyIIHO M 3€MHO 3aCHEMaHe, U3IMOJI3BaKN HUCKOOIOKETHU
amapatd M CHCTEMH, KakTO M MpPWIAaraHeTo Ha CbBPEMEHHH AITOPUTMH 32
00paboTKa, MO3BOJISBAT CH3/AaBAHETO HA aBTCHTUYHHU, TOUHHU U JIETAWIHU LUPPOBH
MOJIENIM, KOETO € OT H3KIIOYUTEIHO 3HaueHHe Mpu Objena KoHcepBalus,
pecTaBpaius, aganTanys U COLMaIM3alus Ha TaKbB TUI OOEKTH - MAMETHUIM Ha
KyJITypara.
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Abstract

Passive radars and multistatic passive radars in particular are gaining increasing attention.
It is due to their effectiveness in detecting, tracking and identifying targets.

Multistatic passive radars are used in remote sensing observations of the Earth’s ionosphere,
meteors, space junk, etc. Another application is the detection and tracking of manmade objects and
vehicles in the atmosphere or on the surface of the Earth.

The current paper discusses a hardware design approach applicable to the front-end of a
multistatic passive radar receiver, namely a compound preselector. The preselector is a very important
part of the radio receiver in cases where there are strong neighbouring signals in the radio band of
operation. Such strong signals may overload the receiver or the low noise preamplifier and render the
whole system dysfunctional. This article elaborates on a two-component preselector having very high
rejection ratio to nearby emitters, still keeping the receiver simple and reliable.

The authors have registered several utility models on innovations in multistatic passive
radars at Patent Office of Republic of Bulgaria.

Introduction

The multistatic passive radar is a type of a passive radar that employs more
than one receiving antennas and/or more than one non-cooperative transmitters. The
broader term “passive radar” on the other hand is a radar that relies on so called non-
cooperating radio transmitters and does not have transmitters as part of its system
[1]. The non-cooperative transmitters are transmitters that are maintained by other
parties unknowingly of their use in the passive radar system. Such transmitters are
also called transmitters of opportunity. Examples of non-cooperative radio
transmitters are the FM/digital commercial broadcasting transmitters,
communication networks base stations, etc.

Multistatic passive radars are implemented at tasks similar to other types of
radars (Fig. 1). Nevertheless, their installation and maintenance costs are much lower
[2]. Examples of passive radar applications are detection, ranging, identification and
tracking of objects having radio frequency reflection properties. Such objects may
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be of anthropogenic origin, such as airplanes, Earth surface vehicles, spacecraft,
space junk or they may be naturally occurring objects such as meteors, aurora, the
Earth’s ionosphere, etc.

Lately, an elevated interest in the scientific community has been established
towards passive radars as means of remote sensing instruments. Exploring near Earth
space and its phenomena is possible using passive radars. Interest has been shown in
observing meteors, space junk and the ionosphere of our planet.

Observed object (meteor)

Reflected wave

-
- /

\/ « - ;- 7
Ant
ntenna ‘ - L-
~ s . =
-~ ~ < . r % . -
g X,
Passive radar Mg o N Wave
front-end . TR & T - . towards
Direct wave g So object
I - ~
< - ~
\ 4 ~ -~ —
Passive radar =~ ((( )))
receiver
a
A
Passive radar Transmitter(s) of opportunity
computer

Fig. 1. Multistatic passive radar employing a compound preselector

There are plenty of transmitters of opportunity available for these purposes
[3]. Some examples include the FM radio commercial broadcasting network [4, 5].
Other variant is the Digital Video Broadcast, either the terrestrial one (DVB-T) or
the satellite based one (DVB-S) [6]. Another option is employing the cellular phone
base stations. Still another possibility is to utilize the GPS signals and their
reflections.

In Bulgaria, where the development of the proposed radar takes place, there
are still functioning FM broadcasting transmitter not only located in the state’s
territory but also in neighbouring countries. Due to their low frequency of
transmission FM broadcasting transmitters tend to be preferable transmitters
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of opportunity for such targets as the ionosphere [7-9], where higher frequencies
would render the observed object radio wave transparent.

Compound preselector design

A passive radar system, as already mentioned, does not involve the
installation and maintenance of its own radio transmitters. The only apparatus such
a system encompasses is a radio receiver or a multitude thereof. The receiver may
employ only one antenna (single channel) or several channels. After receiving and
digitizing the signal the receiver feeds it to a computer where computation takes
place [10]. Passive radar needs to compare the direct signal coming from the
transmitter of opportunity and the reflected signal coming as a reflection from the
observed object [11].

The simplest possible receiver would employ a single antenna/channel and
will be using this single channel for receiving both signals. Such a design is rather
inefficient because it would need a very high dynamic range receiver and the
computation needed for separation of the two signals will be very complex and with
unsatisfactory results and quality. To avoid these drawbacks a general rule with
passive radar designs is to implement at least two antennas. One of the channels is
involved in reception of the direct signal and the other one — for listening to the
reflected signal(s). By positioning the two antennas separated in space from each
other and by employing directional antennas the system will obtain good separation
between the two signals. Most multistatic passive radar systems employ three or
more channels to benefit from optimal positioning of the antennas in respect to
different transmitters of opportunity or possible directions of the incoming reflected
signals.

Every radio receiver is prone to overloading on its input. When a very strong
signal is present incident to the antenna a high voltage is induced in the antenna feed
and enters the receiver. This situation may have two aspects:

1. The unwanted strong signal is out-of-band, i.e. its frequency is not very
close to the receiving frequency and is essentially out of the band of
reception. In this case the parasitic signal needs to be very strong to
penetrate the input filter of the receiver. When this happens the receiver
input shall be overloaded rendering the receiver non-functional.

2. The parasitic signal’s frequency is close to the frequency of reception.
This is called an in-band interference. The input filter of the receiver
would admit the unwanted signal entering the receiver’s input non-
attenuated. Thus, the parasitic signal may either overload the input of
the receiver easily, or lead to distortion and leaking into the received
signal and degrade the reception.
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Electronically tuned
passive filter

Compound preselector front-end

Fig. 2. Multistatic passive radar front-end consisting of a magnetic loop antenna,
a two-stage preselector and a low noise preamplifier

In both cases a preselector should be used to attenuate the unwanted signal
or signals to levels harmless for the normal operation of the receiver (Fig. 2). In the
case of multistatic passive radars the operation is often taking place in bands where
the transmitters of opportunity have strong signals. These signals are inherently in-
band signals. They are capable of easily interfering with the reception. For this
purpose, a sophisticated preselector is required [12, 13]. Such a preselector must also
be simple to manufacture and operate and must have high efficiency and low noise.
A way to achieve such a goal is to use a compound preselector consisting of two
stages, the first stage of which is the antenna itself. Employing a high-Q factor
antenna that is dynamically tuned will provide adequate efficiency and high
selectivity. The tuning of the antenna must be electronic to achieve fast retuning and
reliability. The filtered signal is then fed to a low noise preamplifier. Further, the
signal enters the second stage of the preselector — an electronically tuned band-pass
filter — where it is filtered again. The band-pass filter may consist of several
components. The minimum filter order should be 4. The higher the order, the better
the filtering, at the cost of increased complexity and cost. Such a receiver front-end
guarantees very high dynamic range, extremely good rejection of unwanted signals
that are in very close proximity by frequency to the received signal, low noise, low
cost for manufacturing and maintenance, and high reliability.
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Fig. 3. Magnetic loop antenna represents the first stage of the compound preselector

Employing a magnetic loop antenna as a high-Q antenna that is easy to tune
electronically is a good idea [14, 15]. This antenna has a number of benefits for the
purpose of the multistatic passive radar such as deep nulls in its gain pattern, small
size, preselector properties, easy to articulate using servos, small wind resistance,
hard to spot by visual inspection, etc. The antenna was simulated using 4NEC2 free
software for numerical antenna simulations. Some of the results in visual form are
presented in Fig. 3 — the geometric electrical construction along with the antenna
reception pattern is shown in the figure.

The principle electric schematic with only the essential components
disclosed is presented in Fig. 4. The signal travels from left to right. The first
component is the antenna shown as an inductor L-ANT. This inductor is tuned in
resonance using electronic tuning component — varicap D1. Then the signal is
amplified through a low noise preamplifier. After the preamplifier it is fed to a band-
pass filter. This filter is also electronically tuned through the means of varicaps.
Different orders for the filer are applicable. For clarity, Fig. 4 shows a 4" order band-
pass filter consisting of two inductors L1 and L2 and two varicaps D2 and D3.
Blocking capacitors are utilized to separate different stages of the circuit in regard
to lower frequencies and the zero-frequency component. The varicaps are controlled
by means of isolation resistors that have low capacity and high resistance.
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Fig. 4. Compound preselector principle electronic schematic

Conclusions

Multistatic passive radars are a fast-growing field of technological
innovation and scientific research. Being appropriate for scientific observations in
remote sensing applications, our team at the Space Research and Technology
Institute — Bulgarian Academy of Sciences, has been profoundly involved in during
the recent years. The Institute already has several registered utility models on
different innovation aspects of multistatic passive radars [16-19].

Our future invention horizon aims at improvements in the hardware, novel
approaches, and algorithms in the software, testing of modern supercomputing
hardware for the purpose of computations, developing self-contained field-deployed
base stations, improving the communications between base stations and data
collecting servers, development, and design of antenna systems, etc.

Another field of work concerning multistatic passive radars in our Institute
is their application in remote sensing observations of the Erath’s ionosphere,
especially from the location of our country Bulgaria, due to the fact the in our
territory to our disposal we can utilize a large number of Bulgarian and foreign
transmitters of opportunity. This fact follows from our country being relatively small
with many neighbouring countries that haven’t yet abandoned the FM radio
broadcasting band.
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CbCTABEH IIPECEJIEKTOP 3A MYJITUCTATUYEH ITACUBEH
PAJIAP 3A TUCTAHLIIMOHHU U3CJEIBAHUS

C. 3adyHnos, I'. Mapaupocsin

Pe3rome

MyATHCTATHYHUTE TACHBHU paJapd C€ H3MON3BaT 3a JIUCTAHIIMOHHH
M3CIIeIBAaHMS Ha 3eMHaTa HoHocdepa, caelieHe Ha METeOpH, KOCMHYECKH OOKITYK U
np. Jpyro npunoxeHue e Ipu OTKPHUBaHE W CIICJACHE HA aHTPONIOTCHHU OOCKTH H
Cpe/CTBa, KOUTO JIETAT B atMochepaTta, KocMoca Wi ce HaMHUpaT Ha MOBbPXHOCTTA
Ha 3emsTa.

HacrosimaTa cTatist TUCKYTHpa MOAXOJ MPU XaplyepHaTa KOHCTPYKITHS Ha
BXOJIHOTO 3B€HO HA MYJTUCTaTUYECH IIAaCUBEH PajJiap, a MUMEHHO IIpeceneKTopbT. Tou
CC sBsIBAa MHOT'O BaXHa 4acCT OT paJUONPHUEMHHUKA B CIIy4auTC, KOraTo Ca HaJIW4YHU
CHJTHM CUTHAIIM ¢ ONH3Ka JO MpUEeMaHaTa 4ecToTa B paauoo0XBaTa, B KOWTO ce
M3BBPIIBAT HAOMIOIeHHATa. TaKuBa CUITHU M OJTU3KH 110 YeCTOTa CUTHAIM MOTaT Jia
MpEeHATOBapAT (HACUTAT) NMPHEMHUKA W/HMIM HHUCKO IIYMOBHS MpPEIyCHIIBATE.
TakoBa npeHacuiiane Ou J0BENO 10 HEPAOOTOCIIOCOOHOCT Ha TIPUEMHHKA, & OTTaM
W Ha Isiata paaapHa cucrema. [lyOnukanusta o0ChkIa UaesaTa 3a MpeceyeKkTop,
CHCTOSIII CE OT JBE 3BEHA, KOMTO MMa MHOTO BHCOKO OTHOIIIEHHE Ha JKEIaHUE KbM
HEXKEJIaHud paguoCurHall. Hexenanuar curxan ce HaMupa B YECTOTHO M3MCPCHHUC
MHOTO 05u30 110 skenaHus. [IpeasioKeHOTO pellieHue 3ama3Ba HHUCKA CTENeH Ha
CJIOKHOCT Ha XapJyepHaTa KOHCTPYKIIMS HAa TIPUEMHHUKA U TaKa rapaHTHUpPa BUCOKA
HAJIEXKTHOCT Ha paboTa U HMCKA IIeHa 332 U3pabOTKa M HACTPOMKa.
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Abstract

The article presents an analysis of the current classification of unmanned aerial systems
according to the European Aviation Safety Agency related to the use of unmanned aerial vehicles for
urban area monitoring. The possible tasks solved by unmanned aerial vehicles in an urbanized area
were investigated. An analysis of the crisis events — floods, fires, and landslides in the Pleven region of
the Republic of Bulgaria for the period from 2010 to 2020 was made and a model for the use of
unmanned aircraft was proposed.

Introduction

Under the control of an urbanized area using unmanned aerial vehicles
(UAVS) in this article should be understood the processes of monitoring and
management of objects and parameters in specific conditions of the situation in this
area. Control can be permanent, periodic, and episodic.

Ground-based measuring stations and/or long-duration fixed-wing
unmanned aerial vehicles are sufficient for continuous monitoring. Periodic and
episodic control of an urbanized area is carried out in a certain period of time, in a
critical situation, with fixed-wing and rotary-wing unmanned aerial vehicles.
Low-power UAVs of the “multicopter” type are suitable for periodic and episodic
monitoring of an urbanized area.

The tasks of UAVs for aerial surveillance in an urbanized area require
knowledge of the specifics of the objects, the environmental conditions, the
capabilities of the UAVs and the requirements for the extracted information.

Problem status and area of research

The crisis situations in the Pleven region of the Republic of Bulgaria are
investigated, using data from the National Statistical Institute. The classification of

104


https://doi.org/10.3897/arb.v35.e10

unmanned aerial systems (UAS) regulated by the European Aviation Safety Agency
and scientific articles have been used to define the tasks of UAVSs in urbanized areas.

There are various classifications of UAVs and UASs in the scientific press.
With the adoption of regulation [1], the requirements for the design of UAVs with a
maximum take-off mass of up to 25 kg are fulfilled by using a marking with the
designation “CE”, which applies to products sold in the European Union. All UAS
that are placed on the market also have a number between 0 and 6, which defines the
class of the UAS (CO, C1, C2, C3, C4, C5 and C6). The UAS classes presented in

Table 1 [1] are regulated for the European Union.

Table 1. UAS classes

Unlimited category
Co Cl Cc2 C3 Cc4 C5 C6
o | G | G |G K | 6 |
Max. Take | <250 g <900gor <4 kg <25kg |<25kg | <25kg | <25kg
Off Mass max.kinetic
energy<80J
Max. speed | 19 m/s 19 m/s not not <50 m/s
at flight applicable | applicable
Max. height | 120 m 120 m 120 m 120 m not not
of flight applicable | applicable
Loss of not A reliable Areliable | Areliable
connection gpplicable | procedure to | procedure to | procedure
restore the | restore the | to restore
connection | connection the
connection
Power electrical |electrical electrical electrical electrical
supply or other
Distance 50 m 50 m not not
from pilot in if equipped | applicable | applicable
mode
‘follow me”
Identification| not Unique serial| Unique serial |Unique serial
applica- | number and | number and |num-ber and
ble remote remote remote
identification| identification |identification
(unless tied | (unless tied
down) down)
Geo- not Mandatory Mandatory | Mandatory if  |if equipped
estriction applica- equipped
ble

From the presented requirements for the classification of UAS, it is
established that they can be used for periodic and episodic control in an unlimited
category of use, and the low-power ones will be in classes C0O, C1, C2 and C3.
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The advantages of low-power UAVs are safety, flexibility, and a variety of
sensors on board. Safety is concerned with the preservation of human life in flights
to perform dangerous missions for the pilot on board. Their flexibility in performing
certain tasks is increased. UAVSs can better maneuver in small spaces and can even
fly into buildings. They are able to take off at any time and deliver the necessary
information in a short time. Different sensors such as digital, high-quality video
cameras combined with infrared sensors provide their day and night monitoring
capabilities. Sensors for various gases facilitate the study of the environment.

Possible uses of UAS for civilian application can be in six areas: disaster
response and management; national security; critical infrastructure protection;
communications missions; environmental protection; scientific-research activity [2].

In these application areas, low-power UAVs can perform tasks in urbanized
areas presented in Fig. 1.

/ TASKS \
¢ Monitoring and prevention e Monitoring of wires from the
of fires power transmission network
e Flood surveillance ¢ Vehicle traffic monitoring
e Monitoring at earthquakes e Retransmission of
e Securing areas affected by communication signals
high winds and storms e Research on pollution with
e Determination of nuclear, harmful emissions
chemical and biological e Monitoring of oil spills
contamination e Monitoring of water sources
e Searching for survivors in ¢ Survey of constructions
disaster areas e Mapping
e State border surveillance e Delivery of goods, medicines,
e Observation of public medical devices
events e Provision of a mobile
e Cooperation with wireless sensor network
unmanned ground vehicles e Meteorological observation
* Monitoring of objects from e Search, detect and track
the energy system terrorists

Fig. 1. Possible tasks to be performed by low-power UAVs in an urbanized area
The urbanized territory of Pleven region is 254.58 km? and constitutes

5.47 % of its total territory [3]. In Fig. 2 are presented data from [4] about floods in
the Pleven region for the period from 2010 to 2020.
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The number of floods in the Pleven district compared to that of the country
is relatively small. Their average annual number for the considered period is 11.
The established damages were maximum in 2015 - BGN 2,592,000, while the annual
average for the period was BGN 950,000.
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In Fig. 3 are shown the number and established damages of the fires in
Pleven region [4].

In the last four years of the considered period, the fires in the Pleven district
have a relatively large share of those in the country. The established damages from
fires were the largest in 2018 and 2019 and reached BGN 59,000.
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The data on landslides in Pleven region for the period 2010-2020 are
presented in Fig. 4 [4].

A total of 12 landslides were registered for the Pleven region for the period
under review, with the established damages amounting to BGN 310,000.

To control an urbanized area, a system can be built with a structure presented
in Fig. 5.

Coordination and
management center

Y
ﬂ7 Geoportal with
UA\/ with sensors Information
on board A
/ _ X \ 4
| [ & Users:
- Local

administration
and residents

P 5 ; Ground control sati ad
Urbanized area data center

Fig. 5. Structure model of an urbanized area control system

Unmanned aerial vehicles must be sufficient in number so that with their
characteristics they can perform their tasks in an urbanized area of a certain size
[2, 5-8]. The sensors on board the UAV need to be suitable for the task at hand. The
control station and data center need to have the capability to maintain the UAV,
process the data and transmit it for visualization to the users. The coordination and
management center is permanently based and coordinates the activity of the mobile
groups equipped with UAVS.

According to [9], an electric powered multicopter has characteristics
presented in Table 2.

Table 2. Technical characteristics of a multicopter

Electric powered multicopter
hover mass hang time/battery mass
Payload mass 1h/75kg
5 kg 25kg 0,5 h/3.75 kg
Payload mass 5 K 1h/1,5kg
1kg 9 0,5 h/0,75 kg
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For unmanned platforms, UAV multicopter type with electric power supply
classes CO, C1, C2, C3 with a maximum take-off mass of up to 25 kg are suitable.

For monitoring objects and researching environmental parameters, it is
appropriate to use: UAV multicopter type with a payload of at least 1 kg, wind
resistance up to at least 10 m/s, with a built-in camera and image stabilization system
and sensors registering the monitored parameters of the environment. To reduce
costs and increase the number of UAVS, it is possible to use CO, C1 and/or C2 class
multicopters with a maximum take-off mass of up to 4 kg. Examples of such
quadcopters are: for C1 - MD4-200 [10], for C2 - DJI Phantom 4 Pro [11] and for
C3 - MD4-1000 [12] (Fig. 6).

MD4-1000
Fig. 6. Types of quadcopter models

The coordination and management center for the Pleven region should be
based in the area of the “Georgi Benkovski” Bulgarian Air Force Academy in the
city of Dolna Mitropolia. The mobile groups, consisting of a motor vehicle, 3 drones
and a ground control station can be located in the outsourced aviation education
complex of the Bulgarian Air Force Academy in the city of Pleven.
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Fig. 7. Map of landslides in Pleven region
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In Fig. 7 are shown the landslides in Pleven region [13]. A possible
urbanized area for UAV survey is an active landslide and dam near the village of
Gorni Dabnik.

The observation route of the designated area is presented in Fig. 8.

Fig. 8. Survey route

The route is 22311 m long. The UAV is a multicopter flying at a speed of
10 m/s at 50 m above the terrain of the area. The farthest point on the planned route
is at a distance of 3050 m from the take-off position, which is within the range for
telemetry control and data transmission for this area. The estimated time to complete
the mission is 51 minutes and 38 s including take-off, en-route flight, and landing.
Provided that the task is performed with low-power UAVSs with electric power, their
flight time is usually 30 min. The above-mentioned circumstances give reason to
state that two multicopters flying on different parts of the route will successfully
fulfill the task of monitoring an area with a possible manifestation of a crisis
situation. In case of loss or major damage of the UAV, it is necessary for the mobile
team to have at least one spare UAV.

Conclusion

The variety of tasks that low-power UAVs of the “multicopter” type can
perform to save and improve people's lives requires the construction in a given area
of a system of UAVs with the possibility of a wide range of sensors on board. The
information provided by the UAV, after processing, analysis, and summarization,
will be used to make informed decisions by the local authority and for good
awareness of the residents of a certain urbanized area. A good practice would be the
exchange of information between such systems built in other urbanized areas.
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MN3ITIOJ3BAHE HA MAJIOMOIIIHHU BE3IIMJIOTHU JIETATEJIHU
ATIAPATH 3A KOHTPOJI HA YPEAHU3UPAH PAIOH

H. Hganoe

Pesrome

CratusATa mpencTaBs aHalU3 Ha ChbBpPEMEHHATa KiacH(UKanus Ha
0e3nMI0THY aBUALIMOHHU CHCTEMH criopen EBponeiickara areHnus 3a aBHalliOHHA
0e30macHOCT, CBBP3aH C W3IOA3BAHETO HA OE3NMWIOTHU JICTATEJIHU anapaTH 3a
MOHUTOPHHT Ha ypOaHW3WpaH paiioH. M3cieaBaBaHu ca BB3MOXKHHTE 3aaqM,
pemaBany ¢ OE3MWIOTHH JIETaTENIHU anapaTH B ypOaHu3upaH paiioH. Hampasen e
aHaJIM3 Ha KPU3UCHUTE CHOMTHSA — HABOJHEHUS, MOKAapH M CBIAYMIna B 00jacT
[IneBen Ha PenyOnuka bearapus 3a nepuoga ot 2010 1. g0 2020 . U € npeIoKeH
MOJIEJT 32 M3MI0JI3BaHE Ha OC3MWIIOTHY JICTATEIIHY arapaTH 3a Ta3H Lell.
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Abstract

The report examines the transients in the system "Operator-Unmanned Aerial vehicle” in case of
external disturbing influences. A model of the system in the system “MATLAB Simulink”” has been developed, taking
into account the distribution of the visual attention of the Operator. The parameter area of the transmission functions
of the Operator is defined depending on the switching of attention.

Introduction

In recent years, Unmanned Aerial Vehicles (UAVS) have been
increasingly used both in warfare and for civilian tasks in various areas of economic
activities, which requires systematic analysis and synthesis in their construction and
operation.

The study of the "Operator-UAV" system can be carried out by modeling
and analytical study of the control loop of the UAV Operator, consisting of three
units (blocks) [1] and using the transmission functions of the UAV derived from the
linearized system equations describing the aerodynamics of the UAV (Fig. 1).

According to a Diamantidis transmission function [2,3]

T p+1

(1) ]/Von (P) = Wl (P) WZ (p) W3 (p) = kone_nrp (T2+1)(T3+1)'

Where:
_ . Tip+1 ., 1
Wl(p) =e nep 1 WZ(p) = kop(7112p—+1) ’ 3(p) = (T3+1)’

n — parameters, controlled by the operator;
T — delay in receiving information on one parameter only;
k,, —amplification factor (transmission factor) of operator.
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Fig. 1. Conceptual model for the study of the Operator

The delay block W;(p) = e ™ is characterized by time 7 (s) for
excitation of receptors, passage of the excitation signal to the nervous system,
interpretation of the received information.
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Fig. 2. Model of the distribution of the visual attention of the Operator
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The second block W»(p) = ko, (TT1 p:f)

of a person to self-tune and adjust to the dynamic characteristics of the other units of
the loop and to the spectral characteristics of the input signal. The adjustment is
done by the variation of k,, T;and T5.

The third block (neuro-muscular) W3(p) =_(T31+1)

between the entry of the command into the neuromuscular system and the muscular
impact on the control lever.

The modelling of switching the attention of the Operator can be
accomplished by comparing the relative values of the course, heel and lateral bias by
the choice of the dominant value of the specified parameters with the help of the
UAYV model in a “MATLAB Simulink” system (Fig. 2) [5, 6].

is corrective end it reflects the ability

reflects the delay

Fig. 3. BLA continuous motion model in MATLAB Simulink environment

The equations for the transverse motion of the UAV are obtained by a
Laplace transform of the Eulerian equations [4]:

(o +af) 28@) — pAY() + ol Ay (p) = 0;
(2) myAﬂ(p) + (p% + apyp)AP(p) + aBipAy (p) = adll,A8,(p);
| aB0B() + (02 + aBip) Ay (p) + a2l A% (p) = ad8.A6,(p),
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where:

0, — inclination of the flight trajectory in
the horizontal plane;

y —angle of heel,

1 — angle of the course; .

f — angle between longitudinal axis and ~

- - .-f"
velocity; - ,,x
8, — rudder for direction; e AL IN
6, - ailerons; ) '
a — aerodynamic coefficients.
The corresponding parameters are also shown in the above diagram, and

the structure of the lateral movement model in Fig. 3.

On the basis of (1) and (2) and consideration of the attention distribution,

the structural scheme of the transverse channel in horizontal flight mode control
under external perturbation effects was obtained (Fig. 4).

AsPed

Ay AB,—AB
1 |Ay K46, v | Az
_) l! "" X
E i Ay

Aﬁn‘ ,AZ”
'%‘—‘QBH T Operator
Y Ay
—az

e Ayl_ o model

14 | Az

wy
Ay
AN

Ay ASP | AgA

Ay
ASSE

Fig. 4. Structural diagram of the “UAV-Operator” system

As a parameter and for control in the channel and the reconciling of the

set and current parameters of the course and the transverse deviation depending on
the dominant parameter determined by the conceptual model of the Operator is used.

For the study of the "Operator-UAV" system with consideration of the

attention distribution, a model was developed in an of the MATLAB Simulink
system (Fig. 5).
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The proposed model allows the study of transients in external interference
effects (single stepping signal; random stepping signal with white noise distribution
and periodic stage) (Fig. 6).

Fig. 6. Transient processes of UAV under external disturbance

From experiments they found that there is a possibility to determine the
zones of the distribution of attention between the aviohorizont (y), the compass
(Ps;), distans (z) (Fig. 7).

Ay end Ay

Fig. 7. Areas of distribution of visual attention

In Table 1, Table 2 and Fig. 8 the dependence of the number of switches
on the parameters of the transmission function of the Operator shown distribution of
N(12),, = f1.2)(Kop, T, T1, T2, T3) attention, where 1, 2 are Rudder Channel and
Aileron Channel respectively.
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Table 1. Switching visual attention in the direction rudder channel n; = f; (X;,)

mi“iﬂ B I

= (Kon) 12
N‘;" =f(1) 2 19 18 16 14 13 13 13 13 13
N5, =f(Ty) 14 13 13 13 14 14 16 18 18 19
Ns,=f(T2) 65 5§ 5§ 53 40 39 33 27 25 23
N5, =f(T3) 25 19 19 25 15 16 14 14 13 13

Table 2. Switching visual attention in the aileron channel n, = f,(X,,)

= (Kan)

N5==T[T} 1S 18 19 21 19 19 18 18 19 21
stﬂﬂ.’ 21 21 21 21 21 21 21 21 21 19
Ngerfrr 2] 19 19 19 19 19 19 21 18 20 18
Nﬁ,%ﬁ.’ 21 13 19 21 19 19 18 18 17 21
I N N 22 O N
50 N=flk,,) N=(T)
s T e N=f(r) N=F(T3)

40

35

30

25

Fig. 8. Distribution of visual attention depending on the condition of the Operator

Areas (A) and (B) show plots of the distribution of visual attention as a
function of variation in the parameters of the Operator's transfer functions for the
rudder channel and ailerons, respectively.

Conclusions

1. The developed linear model of the longitudinal channel of the “Operator-
UAV” system in a MATLAB-Simulink environment makes it possible to study the
transients under external disturbing and controlling influences.

2. On the basis of the developed model, the optimal parameters of the
distribution of visual attention between the aircraft horizon and the altimeter in
horizontal flight are determined, depending on the preparedness and individual
qualities of the Operator.
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3. The proposed conceptual model to determine the disagreement of
managed parameters, information processing and the implementation of managing
impacts can be used as an element of artificial intelligence in the automatic
management of UAVS.
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MOAEJIMPAHE U U3CJIEABAHE HA PA3IIPEJAEJIEHUETO
HA BHUMAHHUETO HA OIIEPATOPA ITPU YIIPABJIEHUE HA
CTPAHUYHOTO ABUXEHUWE HA BE3IIMJIOTEH JIETATEJIEH AIIAPAT

II. I'eyos

Pe3srome
B noknaga ca uscnenBaHu MPEeXOJHUTE MPOLIECH B crcTeMarta ,,Onepartop-
BesnuimorHn neratedHW amapaTh’ NP BBHIIHA CMYIIABAIIH BH3JICHCTBUS.
Paspaboren e moaen Ha cuctemara B cpeaa ,,MATLAB Simulink® ¢ oTunTane Ha
pasIpeeneHneTo Ha 3puTeTHOTO BHUManne Ha Oneparopa. OnpeneneHa € 30HaTa
Ha TapaMeTpuTe Ha IpenaBaTeliHuTe QyHKnuu Ha Orneparopa B 3aBUCHMOCT OT
IMPEBKIOYBAHETO HA BHUMAHUETO.
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Abstract

In the current paper, design of a foldable undercarriage for quadcopter is suggested and
investigated. The deploying/retracting mechanism comprises a four-bar linkage. The mechanism
lowermost configuration forms a kinematic lock. A solution to complex variable equations has been
worked out to put together the mechanism geometry. In addition, a 3D CAD model has been
developed to visualize the design better.

Introduction

Retractable landing gear design is primarily employed to reduce drag of the
aircraft. It is somewhat unfortunate that the retractable landing gear may alter
longitudinal balance of the aircraft. In addition, the actuating mechanism adds extra
weight. Despite a few shortcomings, the retractable landing gear is indispensable
part of a high-speed airplane.

In case of a quadcopter, the undercarriage design is specific. It must meet
following expectations:

e not to obstruct the payload (camera) field of view

e not to collapse whenever the servo motor is switched off, i.e. a kinematic
lock is required

e to protect the payload (gimbal camera)

e to meet stress and strain requirements: yield, fatigue, deformation, etc.

e 10 be lightweight

The project goal is to devise a two-dimensional mechanism for
undercarriage deploying/retracting that meets the aforementioned design
requirements. Source code has been developed in C and build by TDM-GCC [1] to
work out a solution to kinematic design equations with regard to a complex
variable. In addition, it was rather necessary to develop a 3D CAD model to fulfil
the project objectives better. In the current research, a trial version of Autodesk
Inventor [2] has been used to investigate the construction thoroughly.
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Method

Design milestones are described below. The design comprises two stages:
developing a source code in C to fulfil kinematic analysis (see Appendix section)
and a CAD model to test the solution.

Analysis

Given prescribed rotations, it is desirable for the four-bar linkage to obey
the Grashof’s law:

(1) s+l<a+b

where variables stand for following: s — the shortest link, | — the longest link, a,
b — remaining links. If the shortest link is adjacent to the fixed link, the mechanism
is called “a crank rocker four-bar linkage.” However, in the current project, the
shortest link is unable to perform a full revolution. It is not necessary either.

The four-bar linkage analysis follows algorithm described in textbook [3].
Standard dyad form of the governing equations has been employed according to
following expression and Fig. 1:

2 W(e"-1)+Z(e" -1)=5,=r;-r = X(e" -1}, j=123

In eq. (2) angles oj, vj, j = 1, 2, 3 are prescribed in advance. Values are assigned to
displacement vector §; by trial and error. Vectors W, Z, and X are complex.

Fig. 1. Three initial configurations of the four-bar linkage
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Considering eq. (2), it is straightforward to work out vector exp(if)
modulus by means of Euler’s identity (i = V-1, 0 is an arbitrary angle):

3 [e"|=|cos(0)+isin(0) = \/cosz (6)+sin?(6) =1

Therefore, having been multiplied by exp(i0), a vector rotates through angle 6.
Eqg. (2) could be written down taking into account each initial position.

W(e' —1)+Z(e" -1) =3,
W (e -1)+2Z(e"” -1) =8,

This is a system of equations linear in the complex unknown vectors W and Z. It
might be solved by Cramer’s rule. A source code is available in Appendix section.

5, e”-1 e” -1 3,
5, e”-1 e” -1 3§,

5 W = ;L= — .
( ) e"ﬂz _1 e|72 _
e -1 e” -1
Assembly

e -1 e” -1’
e -1 e” —1‘

The mechanism outline is shown in Fig. 2. A four-bar linkage is clearly
visible. It is made up of two cranks (dark blue and dark red), a rocker (green), and a
support (yellow) at which the entire mechanism is suspended. Input link is the dark
red one which is actuated by a servo motor. It is important to note that both input
crank and rocker are collinear on purpose at the linkage dead center. This is a
configuration at which the transmission ratio is minimum. The kinematic lock
imposes a constraint on the entire mechanism in deployed configuration. It is
formed by a zero-force member (a fork) right beneath the middle axis, Fig. 2 - left.

(4)

Fig. 2. The undercarriage fulcrum: deployed (left) and retracted leg
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Results

In Fig. 3, both deployed and retracted mechanism configurations are
depicted. Although the retracted rods are not quite horizontal, it is evident that the
gimbal motion is not restricted, neither is the camera field of view.

Fig. 3. Deployed (left) and retracted configuration of the undercarriage

Initial values, according to notation adopted in Fig. 1, follow. Rotation
counterclockwise is positive.

ri =-16.949 +i*3.068; r, = -12.753 + i*5.215; 6, = -r1 + 1,
r; =-3.739 + i*14.196; 63 =—r1 + r3
@2 =—41.75 deg; @3 = —83.5 deg; y» = 30.101 deg; ys = 47.893 deg

After building and executing the source in Appendix section, following
values were obtained (console output):

W = -9.34-11.74i
Z = -17.93-14.40i
IW|=15.00 [Z|=23.00

Process returned 0 (0x0) execution time: 0.018 s
Press any key to continue.

Length of both input crank W and rocker Z are exact. There is a full
agreement between analytical results and blueprint.

Conclusion

Deployed linkage configuration is considered stable enough. A kinematic
lock (a.k.a. downlock) prevents the deployed mechanism from collapsing. Hence,
the actuating servo motor might be switched off safely.

Further project development, according to Fig. 4, is to carry out stress and
strain analyses.
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Fig. 4. Perspective projection of the quadcopter [4]
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IPOEKT HA IIPUBUPAEMA CTOMKA 3A KBAJPOKOIITEP
K. Memooues

Pe3rome
B HacrosimaTa cratusi e npeiyioKeH M U3CIeBaH NPOEKT Ha mpudupaeMa
CTOHKa 3a KBaJPOKONTEP. MEXaHU3MbBT C€ ChCTOM OT LIAPHUPEH YETUPHU3BEHHHUK.
Kpaitnata koHdurypamuss Ha MexaHuzmMa oOpa3yBa KHHEMAaTH4Ha KIIOYasKa.
MexaHn3MbT 0€ CHHTE3MpPaH MOCPEICTBOM pPellaBaHE Ha YPaBHEHUS C KOMITJIEKCHA
npomeniuBa. B pombinenue Oe paspaboren 3D CAD mopmen 3a mo-mobOpa
BU3yaJH3alysl Ha MEXaHU3Ma.
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Appendix. Source code in C for working out a solution to eq. (5), Fig. 1

#include <stdio.h>

#include <complex.h>

#include <stdlib.h>

#define PI 3.1415926535897932384626433832795

typedef double complex cplx;

cplx* Cramer (double *a, cplx d2, cplx d3); // forward declaration

int main() A
cplx rl = -16.949 + 3.068*I;
cplx r2 = -12.753 + 5.215*I;
cplx d2 = -rl + r2;
cplx r3 = -3.739 + 14.196*I;
cplx d3 = -rl + r3;
double a[4] = {-41.75, -83.5, 30.101, 47.893};

double *pa = &al[0];

cplx *ans = Cramer (pa, d2, d3);

printf ("W %.2f%+.2fi\n", creal(ans[0]),

printf ("z %.2f%+.2fi\n", creal(ans[1l]),

printf ("|W| = $.2f\t|Z| = %.2f\n", cabs(ans[0]),

free (ans) ;

return 0;

} // main

cplx* Cramer (double *a, cplx d2, cplx d3) {

for (int 1 = 0; 1 < 4; i++) a[i] *= PI / 180.;

cplx W = (d2 * (cexp(al[3]*I) - 1.) - d3 *
((cexp(alO]*I) - 1.) * (cexp(al3]*I) - 1.
(cexp(al2]*I) - 1.) * (cexp(all]l*I) - 1.
cplx Z = ((cexp(al0]*I) - 1.) * d3 - (c
((cexp(alO]*I) - 1.) * (cexp(al[3]1*I) -
(cexp(al[l]*I) - 1.) * (cexp(al[2]*I) -

cplx* foo = (cplx*)calloc (2, sizeof (cplx)):;

foo[0] = W;
fool[l] = Z;

return foo;
} // Cramer

// phi, psi

cimag ans[

cabs(ans[l]));

)/

*dz2) /
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Abstract

Residues of propellant components in the power system of the propulsion system, at the end of
the operation of the launch vehicle, to a large extent affect its energy characteristics. Propellant
management devices (PMD), which are equipped with tanks of modern launch vehicles, provide a
continuous supply of liquid propellant components from the tank to the propulsion system without
disturbing the continuity of the flow and minimize of the residues of the propellant components. In the tank
of a launch vehicle, the presence of a tunnel pipeline complicates, and in certain cases excludes the
possibility of taking from the pole of the tank. In this case, the use of a lateral PMD allows solving the
problem of propellant intake. The authors carried out a search and justification for the optimal design of
the PMD using the example of the fuel tank of the first stage of the "Cyclone-4" launch vehicle, which is
equipped with an PMD in the form of a profiled plate. The designs of the siphon and annular PMD are
considered. An analytical calculation using empirical dependences, a physical experiment and numerical
simulation of their main parameters was carried out. The result of the experimental and computational-
analytical work was the determination of the most optimal variant of the PMD, which, according to several
parameters, turned out to be a siphon PMD. The introduction of a more advanced siphon PMD into the
design of the fuel tank of the "Cyclone-4" launch vehicle will improve the energy characteristics of the
launch vehicle by increasing the weight of the output payload by 5.4 kg.

Introduction

The energy characteristics of modern launch vehicles are largely influenced
by the residues of propellant components in tanks and highways at the end of the
rocket stage. Residues propellant components are the amount of propellant in the
power system of the propulsion system that cannot be produced due to violations of
the requirements for continuity, pressure, propellant temperature at the inlet to the
propulsion system, as well as due to the design features of the tank and the pipeline.

The PMD is an important element of the propellant tank, which provides a
continuous supply of propellant components from the tank to the propulsion system
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without disturbing the continuity of the flow (without gas inclusions), that is, their
maximum production.

In the process of designing propellant tanks and systems for supplying
propellant components to propulsion systems, both for the lower stages [1, 2] and
for space stages of launch vehicles [3, 4], choosing the most optimal type of PMD is
important. This will further determine: the timing of the design of PMD; volume and
duration of experimental development (physical and numerical) [5, 6]; the material
and technical part necessary for experimental testing; the energy characteristics of
the launch vehicle (due to the residues of propellant components) and, as a result,
the total time and material and technical costs for the development of PMD and the
launch vehicle as a whole [7, 8].

The main parameter that determines the efficiency of the PMD is the critical
height of the dip in the level of the propellant component (H,, ) in static conditions.

It represents the height of the liquid level in the tank, at which a breakthrough of the
gas phase in the PMD occurs. The mass of unusable residues of propellant
components directly depends on this value.

1. Statement of the problem

The presence of a tunnel pipeline in the fuel tanks of some launch vehicles,
a small distance between the engine inlet and the bottom of the tank, the need for
separate power supply of several engines from one tank to supply the propulsion
system with propellant components complicate the possibility of taking propellant
from the propellant tank.

The purpose of the research work given in this article is to search and select
the optimal design of the PMD in the tank with the presence of a tunnel pipeline,
which provides an increase in the energy characteristics of the launch vehicle.

One of the common solutions for taking propellant from the tank in this case
is the use of lateral PMD.

Lateral PMDs are characterized by an angle of location relative to the pole
of the tank p (for central PMD, the angle B = 0). The presence of the angle p leads to
an uneven level of gas breakthrough to the inlet to the pipeline and, as a result, a
significant increase in the residuals propellant components, which adversely affects
the energy characteristics of the launch vehicle [9, 10].

In a previous article by the authors [11], using the example of the fuel tank
of the first stage of the "Cyclone-4" launch vehicle, equipped with lateral PMD in
the form of a profiled plate (dish) to eliminate the disadvantages inherent in the
lateral PMD, the authors considered the use instead of the lateral plate (dish) —siphon
and annular PMD. For this, design work was carried out to determine their main
geometric parameters (development of design schemes), and the calculation of H,,

was made, according to the method [12], which is based on empirical and semi-
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empirical dependencies, whose coefficients were obtained from the results of experimental
testing of models, the design of which is most similar to the designed PMD.

After that, a comparative analysis of the change in the energy characteristics
of the launch vehicle was carried out, depending on the chosen PMD design.

Structural schemes of the existing PMD launch vehicle "Cyclone-4" in the
form of a fuel lateral plate (dish) and designed siphon and annular PMD are shown
in Fig. 1, respectively. In more detail, the general parameters of the siphon and
annular PMD, together with the basic principles of their design, were considered in
the article [11].

Fig. 1. Structural schemes of the PMDs, in the fuel tank of the first stage
of the "Cyclone-4" launch vehicle: (A) — lateral PMD in the fuel tank of the first stage
of the "Cyclone-4"; (B) — siphon PMD; (C) — annular PMD

Based on the results of computational and analytical work, a comparative
analysis of the operating parameters of the PMD under consideration was carried
out.

The values of the critical height of the dip in the level of the propellant
component and the residues of propellant components in the fuel tank with the
presence of a tunnel pipeline during the implementation of various PMD schemes
are given in Table 1 [11].
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Table 1. The values of the critical height of the dip in the level of the propellant component
and the corresponding value of the residues of the fuel component in the fuel tank

stat ] total
Ne Parameter Her Mgrc. | Mgc®, | MRS,
mm kg kg kg
1 | Existing design of lateral plate (dish) PMD 147 94,8 — 94,8
2 | Siphon PMD 40 8,69 22,91 31,6
3 | Annular PMD 104 47,4 — 47,4

Table 1 uses the following designations:

He — is the critical height of the dip in the level of the propellant component
relative to the theoretical pole of the tank;

M3 _ is the mass of the static hydraulic residues of the propellant component;

MEYC _ s the mass of the structural residues of the propellant component;

ME’ta' — is the total mass of the residues of the propellant component.

In the development of the design work given in the article [11], with the aim of
a more perfect calculation of the operating parameters of PMD, the authors carried out:

—physical experiment to determine the residues of the propellant component for
lateral PMD, on prototype construction;

—numerical simulation of hydrodynamic processes during the tank emptying and
determination of the residues of the propellant component for lateral PMD using ANSY'S Fluent;

—verification of numerical simulation based on the results of a physical experiment;

—numerical simulation of hydrodynamic processes during the tank emptying and
determination of the residues of the propellant component for siphon and annular PMD;

—comparative analysis and determination of the optimal design of the PMD by
the factor of influence of the obtained values of the residues of the propellant component
on changes in the energy characteristics of the launch vehicle, based on the results of
numerical simulation.

1.1. Physical experiment to determine the residues of the propellant
component for the lateral PMD

A physical experiment to determine the static hydraulic residue component for the lateral
PMD was carried out on the fuel tank prototype of the lateral PMD of scales M1 1:1 and M, 1:4
under gravity. As model fluids: M1 1:1— distilled water; M, 1:4 — kerosene, were used.

The similarity of the hydrodynamic processes, occurring during the emptying of the
propellant tank prototype in terrestrial conditions, to the processes occurring during the
emptying of full-scale propellant tanks under space flight conditions, was ensured by the
equality of the dimensionless complexes (numbers): Froude (Fr), Reynolds (Re),
Struhal (St), and geometric similarity [13].
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The prototype construction M 1:1 was the lower part of a regular fuel tank;, together
with a lateral PMD and a pipeline, at the end of which a photometric continuity sensor was
installed. Before starting the experiment, the prototype construction was filled with a model
liquid (water). The required value of the liquid flow rate during the experiment was provided
due to the preliminary adjustment of the throttle mechanism of the cut-off valve. During the
experiment, after detecting the presence of gas inclusions in the liquid flow with a continuity
sensor, the residues of the propellant component were cut off and drained along the bypass
line into the measuring container. Thanks to this, the values of the stats of the residues of the
propellant component were determined.

The prototype construction of the M, 1:4 fuel tank was the lower part of the standard
fuel tank, made of transparent organic glass, together with the lateral PMD and a pipeline, at
the end of which a photometric continuity sensor was installed. The prototype construction
of the fuel tank was integrated into a kinematic model which included: control and
measurement system; pneumo-hydro system; video measurement system.

Before starting the experiment, the prototype construction of the fuel tank was filled
with a model liquid (kerosene). The required value of the liquid flow rate, during the
experiment, was provided by creating the required pressure value in the prototype
construction of the fuel tank. During the experiment, thanks to the appropriate sensors, the
following were recorded: pressure in the prototype construction of the fuel tank, fluid flow,
continuity of the liquid flow at the outlet of the pipeline, pressure in the drain tank, video
recording of the process of draining the model liquid from the prototype construction of the
fuel tank into the drain tank.

The calculation of the residues of the propellant component was carried out by the
computer station of the control and measurement system due to the data obtained (fixed)
during the experiment.

Fig. 2 shows photos of the equipment of the hydrodynamic stand.

Fig. 2. Photos of the equipment of the hydrodynamic stand.:
(A) process of filling the prototype construction M1 1:1 with a model liquid (water);.
(B) prototype construction of a fuel tank (top view) M 1:4; (C) general view of the kinematic
model for hydrodynamic testing of a prototype construction of a fuel tank M, 1: 4
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The results of experiments to determine the mass of static hydraulic residues of the
propellant components in prototype construction of My 1:1 and M, 1:4 scales for lateral
PMD, depending on the Froude number (Fr), recalculated for natural flight conditions of the
launch vehicle, are shown in Fig. 3.

1.2. Numerical modeling of hydrodynamic processes during tank
emptying and determination of the residues of the propellant component for
lateral PMD

With the development of computer technology and humerical methods for solving
differential equations of fluid motion, it became possible to replace the almost universal use
of empirical dependencies with a more accurate computational experiment which PMD
design engineers began to use very actively [14, 15, 16, 17, 18].

So, by the 90s of the XXth century in the USA, “Lockheed Martin” and “PMD
Technology” companies completely formed and repeatedly tested a scientific and
engineering approach to the development of PMD, which made it possible to expand the
model range, optimize design parameters, reduce design time, and the cost of the final
products. This approach was based entirely on the computational fluid dynamics (CFD)
method. Over time, it has become a universally recognized engineering tool.

The key projects that confirmed the possibility of using numerical methods in the
development of PMD were the missions of the SDO and JWST telescopes; space
experimental platform NFIRE; research satellite MESSENGER.

At the same time, during the MESSENGER mission in orbit of Mercury, the
developers carried out numerous calculations in CFD to optimize the sequence of turning on
the sustainer engine to extract the residues of the propellant component that “stuck’ to the
tank baffles. CFD forecasts were very accurate, which once again confirmed the economic
and scientific feasibility of using numerical simulation methods in the rocket and space
industry.

In Europe, in the absence of an accessible database of the results of ground-based
experimental testing of various PMD designs, the process of introducing numerical methods
in the development of PMD has been slower.

It was boosted by the work on the “Space Shuttle” project with the United States in
the late 1980s. During its implementation, large-scale studies were carried out using the
EMTE research platform, which made it possible to obtain a good initial database. In the
future, the European developers of PMD, extending and expanding the database, in the
implementation of various projects, carried out both experiments and calculations by
numerical methods.

In Ukraine, the engineers of Yuzhnoye State Design Office have started using
numerical methods in the design of PMD since 2012, after acquiring a license for the ANSYS
software package. As in the case of European engineers, the replenishment of the experimental
data base necessary for the verification of numerical calculations went along with the work on
the “Cyclone-4” launch vehicle project. And if at the first stages of work the design parameters
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of PMD were confirmed exclusively by the results of experiments on ground-based
hydrodynamic stands and weightlessness stands, then at the final stages, the parallel use of
numerical methods began. Numerical methods made it possible to reduce: the number of
experimental designs that must be used, the required number of tests, the duration of the
examinations, and, as the most important consequence, the overall material costs.

To solve the current problem, the simulation was carried out for a full-scale (natural)
fuel tank and natural flight conditions of the “Cyclone-4” launch vehicle.

The process of solving the problem of numerical modelling of hydrodynamic
processes when emptying the tank and determining the residues of the propellant component
for lateral PMD in the ANSY'S Fluent CFD software package consisted of the following
steps: building a 3D model of the computational area of the fluid flow; constructing a
computational grid; choosing the mathematical model of calculation; setting the properties
of materials; setting initial and boundary conditions; setting solver parameters; calculating;
visualization processing and analyzing calculation results.

The accuracy and reliability of the results of the numerical experiment depended on
the correctness of the execution of each stage of the calculation.

During the numerical experiment, several simplifications and assumptions were
made (mainly when constructing a 3D model), since it is practically impossible to consider
all the factors that affect the behavior of the fluid under natural conditions of the launch
vehicle flight.

Also, some deterioration in the accuracy of the numerical experiment was associated
with the power of the available computer technology and the limitation of the time resource.

To carry out a numerical experiment, a 3D model of the computational domain of
the fluid flow was built, i.e., the internal cavities of the full-scale (natural) tank bottom and
the pipeline are modeled, not counting the wall thicknesses.

Based on the 3D model, a computational finite element mesh was created [19].

Later, in the ANSYS Fluent CFD module, after loading the computational grid, the
numerical calculation was performed for natural conditions [20].

After the final settings in the Run Calculation section, the calculation was made and
the results of the parameters of hydrodynamic processes during the emptying of the tank and
the determination of the residues of the propellant component for the lateral PMD were
obtained, which were displayed using the Results module.

Results of numerical modelling are shown in Fig. 5 and Table 2.

1.3. Verification of numerical simulation of hydrodynamic processes
during tank emptying and determination of the residues of the propellant
component for the lateral PMD based on the results of a physical experiment

The results of numerical simulation, as usual, are verified by the data of a
physical experiment.

For a comparative analysis, the data of the physical experiment were plotted on the
graph of the dependence of the mass of the propellant component residues on the Fr number
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(see Fig. 3) along with numerical simulation data and data from preliminary calculations
using empirical dependencies (see Table 1) for lateral PMD.

The values of the numbers Fr and the mass of the residues of the propellant
component in Fig. 3 are given for a full-scale (natural) propellant tank (together with
a pipeline) and full-scale flight conditions of the launch vehicle when the gas phase
enters the inlet to the propulsion system.

At the same time, since the calculated value of the residues of the propellant
component for the lateral PMD (see Table 1) was obtained for the propellant tank without
the pipeline, at the time the gas phase entered the pipeline, its value at the time the gas phase

entered the inlet to the propulsion system ( M'[_) will be equal to:
" total LPMD ' ~
1) ML = MRELpmD +Mpipelane — T *Gps

where:
MS&! o\ — i the total mass of the residues of the propellant component.

MECE! ovp = ML for lateral PMD (see Table 1);

Mpistame — is the mass of the propellant component in the pipeline of the

tank with the lateral PMD (Mpfiae =10,67 kg );

T —is the time during which the gas phase moves from the entrance to the
pipeline to the entrance to the propulsion system. Theoretically, this time depends
on the configuration of the pipeline, the distance that the gas phase overcomes from
the entrance to the pipeline to the entrance to the propulsion system, and the speed
of it is movement. This time is ~ 0,3s.

G,s — is the weight consumption of the propellant component for the

propulsion system (G, =38,57 kg/s).

To more accurately take into account the mass of the propellant component,
by which the total value of the residues of the propellant component will decrease
during the movement of the gas phase from the inlet to the pipeline to the inlet to the
propulsion system, we will replace the wvalue of the multiplier

(t -éps ) by the difference (M — Mt.) in formula (1) (see Table 3). In this case,
formula (1) will look like:

" total LPMD '
(2) M =MRgc Lpmp *+ Mpipelane — ML

where:
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For lateral PMD — M, =10,91kg .

M, kg
120

110 e y =1,7699x + 58,148
-
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Fig. 3. Graph of the dependence of the mass of the residues of the propellant component,
when the gas phase enters the inlet to the propulsion system on the number Fr

As we see from Fig. 3, the value of the residues of the propellant component
for the lateral PMD obtained by numerical simulation is within the range of
experimental data values. It has a deviation relative to the averaging line of the
experimental data, equal to ~ 9% (average value of the residues of the propellant
component approximated by the results of the experiment is 104 kg, at Fr=25,81) with
a total deviation of the scatter of the values of the experimental data ~+12%.

This testifies to the observance of hydrodynamic similarity in 3D modelling and
confirms the correctness of the fulfilment of the set tasks of the numerical experiment.

The simplifications and assumptions adopted during the numerical experiment,
which affect the behaviour of the fluid during the full-scale (natural) conditions of the launch
vehicle flight, and the need to degrade the accuracy based on the power of the available
computing equipment and the limitation of the time resource, did not significantly affect the
accuracy of the results, because they are confirmed by physical experiment data.

This makes it possible to use the obtained mathematical model for numerical
simulation of hydrodynamic processes during tank emptying and determination of the
residues of the propellant component for siphon and annular PMD.

136



1.4. Numerical modeling of hydrodynamic processes during tank
emptying and determination of the residues of the propellant component for
siphon and annular PMD

Numerical simulation was performed for a full-scale (natural) fuel tank of the
1st stage and natural flight conditions of the "Cyclone-4" launch vehicle, with alternative
PMD options: siphon and annular.

For numerical simulation, a 3D model of the computational area of the fluid flow
was built, that is, internal cavities were modelled full-scale (natural) tank bottomand pipeline,
without taking wall thicknesses into account — for siphon and annular PMD.

Based on the 3D model, a computational finite element mesh was created [19].

Later, in the ANSYS Fluent CFD module, after loading the computational grid, the
settings were selected, and the initial and boundary conditions were set according to the
methodology worked out for the lateral PMD (see section 1.2) [20].

After carrying out the calculations and obtaining the results of the parameters of
hydrodynamic processes during emptying the tank and determining the residues of the
propellant component for the siphon and annular PMD, they were visualized using the
Results module.

Table 2 shows the values of the mass of the propellant component and the
fluid continuity (at the end of the pipeline) in the propellant supply system of the
propulsion system for 4-key moments (Ta, Ts, Tc, To) of emptying the propellant
tank with a lateral, siphon and annular PMD.

Table 2. The value of the mass of the propellant component and the continuity of the
liquid in the propellant supply system of the propulsion system for the lateral, siphon
and annular PMD

Lateral PMD
Parameter Ta Ts Tc To
Time, s 0,0213 38,5939 | 38,7271 | 39,0284
Continuity, % 100 100 100 98
Mass of the propellant component, kg 1547,64 129,09 124,19 113,28
Siphon PMD
Parameter Ta Ts Tc To
Time, s 0,0445 40,7670 | 40,9919 | 41,2503
Continuity, % 100 100 100 99
Mass of the propellant component, kg 1542,03 46,24 36,44 26,96
Annular PMD
Parameter Ta Te Tc To
Time, s 0,0439 40,8234 | 40,9879 | 41,3169
Continuity, % 100 100 100 98
Mass of the propellant component, kg 1546,61 47,27 41,19 29,09
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Fig. 4. Timing of the process of emptying the tank and determining the residues
of the propellant component for 4-key moments the: (A) — lateral PMD; (B) — siphon
PMD; (C) — annular PMD
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Fig. 4 shows the timing of the process of emptying the tank and determining the
residues of the propellant component for the lateral, siphon and annular PMD (respectively)
for 4-key moments: Ta — the beginning of the emptying; Ts — immersion of the gas phase
under the lateral/siphon/annular PMD; T¢ —immersion of the gas phase to the entrance to the
pipeline; Tp — immersion of the gas phase at the entrance to the propulsion system.

2. Analysis

Since the value of the hydraulic residues of the propellant components is
determined for the power supply system of the propulsion system of the launch vehicle
consisting of a fuel tank and a pipeline, then for a correct comparison and analysis of the
results of analytical calculations, carried out without considering the pipeline, with the
results of numerical simulation, in which the mathematical model of the calculation liquid
flow area in the fuel tank and pipeline system — recalculations of the residues of the
propellant components for the siphon and annular PMD should be carried out, which are
shown in Table 1 according to the following formulas:

(4) Mg = ME&Spmp + M[Ser’\e/llaDne - M:s7
where:
ME’?'SPMD — is the total mass of the residues of the propellant component.
ML o = MEB&! for siphon PMD (see Table 1)
Mirpelne — is the mass of the propellant component in the pipeline of the
tank with the siphon PMD (Mpioiime =10,75Kkg )

Mg — is the mass of the propellant component, by which the total value of the residues

of the propellant component will decrease during the time of gas phase immersion from the
entrance to the pipeline to the entrance to the propulsion system for the siphon PMD.

For siphon PMD — Mg =9,48kg .

" total APMD '
5) Ma =Mgc apmp + Mpipelane ~Ma

where:
ME&) ovp — is the total mass of the residues of the propellant component.
M ovp = M&! for annular PMD (see Table 1)
Mpiele — is the mass of the propellant component in the pipeline of the

tank with the annular PMD (MR, =12,09 kg )
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M, — is the mass of the propellant component, by which the total value of the residues

of the propellant component will decrease during the time of gas phase immersion from the
entrance to the pipeline to the entrance to the propulsion system for the annular PMD.

For siphon PMD — M =12,10kg .

The results of the calculated values of the static hydraulics of the residues of the
propellant component determined for the power system of the propulsion system of the

launch vehicle according to the formulas (2), (4), (5) (M), the results of numerical
simulation (M’ cgp ) for all three variants of the PMD, and their average deviation from the
calculated values (o ) are given in Table 3.

Table 3. Significance of static hydraulic of the residues of the propellant components

M . Change in payload
Ne Parameter kg |Merp: E;O’ mass
kg AM cep , kg
1 | Existing design of lateral plate PMD | 94,56 | 113,28 | 20,8 0
2 |Siphon PMD 32,87 | 26,96 18,0 +5,4
3 |Annular PMD 47,48 | 29,09 38,7 45,2

As we can see from Table 3, the results of numerical simulation have a significant
deviation from the values of hydraulics of the residues of the propellant components
calculated using the technique [12], based on empirical and semi-empirical dependencies,
the coefficients of which were obtained from the results of experimental testing of the
models, the design of which is most similar to the designed PMD. However, the data
presented in section 1.3 indicate that the results of numerical simulation (for lateral PMD)
have a deviation relative to the averaging line of experimental data equal to ~ 9% (the average
approximated by the results of the experiment value of the residues of the propellant
component is 104 kg, at Fr=2581) with a total deviation of the scatter of values
experimental data ~ + 12%.

This makes it possible to put forward a hypothesis that the developed method for
numerical simulation of hydrodynamic processes during emptying the tank and determining
the residues of the propellant components is valid, and the values of the residues of the
propellant components for lateral, siphon and annular PMD obtained using it will be within
the limits, no more ~ + 15% than the average approximated value of the physical experiment.

The deviation of the residues of the propellant components value according to the
result of numerical simulation of the annular PMD is 38,7 % due to the fact that the analytical
method [12], according to which the previous value of the residues of the propellant
components was calculated, equal to 47,48 kg, does not take into account the fact that, when
emptying the tank with the annular PMD , due to its design features, the flow of fluid in the
chute under the perforated plate can occur according to the "piston™ principle. This is possible
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when the initial immersion of the gas phase under the plate occurs in its sector farthest from
the pipeline, which can subsequently lead to the complete uniform emptying of the chute
according to the “piston” principle. Partially, this effect is observed in the timing of the
process of numerical simulation of emptying a tank with an annular PMD in Fig. 5 (Tg, Tc,
To).

Thus, it can be concluded that of the residues of the propellant components’ values
obtained by numerical simulation fully reproduce the physical picture of emptying the tank
and of the residues of the propellant components formation and are more reliable than the
values obtained by analytical calculations.

It follows from Table 3 that the siphon PMD provides the smallest mass of the
residues of the propellant component, both according to analytical and numerical
calculations.

Based on the obtained values of the residues of the propellant component in the fuel
tank for the considered variants of PMD, according to the methodology and
recommendations given in [21], the change in the energy characteristics of the “Cyclone-4”
launch vehicle was determined. For this, the change in the mass of the payload that can be
launched by the launch vehicle into a reference orbit relative to the existing lateral PMD was
estimated.

Table 3 also shows the values of the change in the mass of the output payload in the
case of the introduction of a siphon and annular PMD, relative to the lateral one, according
to the results of numerical simulation.

Conclusions

The results of the computational-analytical and experimental work have shown that
of residues of the propellant component is the smallest when using the siphon PMD.

The main advantages of which are:

—reducing the average approximated by the results of a physical experiment, the
value of the static hydraulics of the residues of the propellant component in the power system
of the propulsion system of the launch vehicle “Cyclone-4”, from 104 kg (for the existing
lateral PMD), to 26,96 kg (the difference is AM =77,04 kg and is significant).

—ensuring a uniform decrease in the level of the fuel component in the tank;
—decreasing the dynamic component of the total balance, because of a decrease in

H., due to the central selection of the fuel component;

—introducing a siphon PMD to power the steering propulsion system does not
require refinement in the PMD fuel tank for the main propulsion system.

As aresult, the introduction of a more advanced siphon PMD into the design of the
fuel tank of the “Cyclone-4” launch vehicle instead of the lateral PMD will improve the
energy characteristics of the launch vehicle by increasing the mass of the payload launched
into the reference orbit by 5,4 kg.
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As shown by the results of the work carried out, the use of numerical modeling
methods (CFD methods) in the design work on development, optimization, and
improvement, instead of the widespread use of empirical and semi-empirical dependencies,
allows: getting more accurate results; reducing the number of prototype construction to be
used; reducing the required number of tests; reducing the duration of experiments; reducing
the total duration of computational and design and experimental work; reducing overall
material and technical costs and, as a result, reducing the final cost of the development
product, which will increase it is competitiveness.
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W3B0P HA OIITUMAJIEH JIU3ATH HA CTPAHUYEH PMD
C U3IIOJI3BBAHE HA METOJA CFD

O. Munaii, H. Ky3muu

Pesrome
OcTtarpuuTe OT TOPUBHH KOMIIOHEHTH B €HEprHilHaTa CUCTEMA Ha 3aJBUXK-
BalllaTa CUCTEMA B Kpasl Ha €KCIUI0ATAlMATa HA PAKETATa~-HOCUTEI BIIMSIST 10 roJIIMa
CTEIIEH HA HEWHNTE EHEPTMIHH XapaKTEPUCTUKHU. Y CTPOMCTBATA 3a YNPABIEHUE Ha
ropuBoto (PMD), kouto ca obopyaBaHu ¢ pe3epBOoapH Ha ChbBPEMEHHH PaKeTH-
HOCHUTEIIH, OCUTYPSIBAT HENPEKBbCHATO I10JaBAHE HA KOMIIOHEHTU HA TEYHO F'OPHUBO
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OT pe3epBoapa KbM CHCTEMara 3a 3aJBIDKBaHe, 0e3 Ja ce HapyllaBa
HEMPEKbCHATOCTTa HA MOTOKAa U MMHHMU3HpPAaHE Ha OCTATBIUTE OT KOMIIOHEHTHUTE
Ha TOpUBOTO. B pe3epBoapa Ha pakeTa-HOCUTEI HAIUYUETO HA TYHEJEH
TPHOOTIPOBOJ] 3aTPYAHABA, & B HAKOHW CITyYad U U3KJIF0YBa Bh3MOKHOCTTA 32 B3EMaHe
OT MOJI0ca Ha pe3epBoapa. B To3u ciydyald M3M00J3BaHETO Ha crpaHudeH PMD
MO3BOJISIBA pellaBaHe Ha MpoliieMa ¢ MpueMa Ha TOPHBO. ABTOPUTE H3BBPIIAXA
ThpPCeHE W 0OOCHOBKa Ha ONTHUMallHaTa KOHCTpykums Ha PMD nHa mpumepa Ha
TOPHUBHUS pe3epBoap Ha IbpBaTa CTEMNEH Ha pakeTaTta-Hocuteln “LukioH-4”; KoiTo
e obopymBan ¢ PMD mnox d¢opmara Ha mnpodumiana miuoya. Pasrimemanu ca
KOHCTPYKITUUTE Ha cuoHa U mpbcTeHOBUAHMS PMD. M3BbpiieHo € aHaTuTUIHO
W3YHCIICHUE C TIOMOIITA HAa EMIUPUYHHA 3aBUCHMOCTH, (PM3NYEH EKCIIEPUMEHT H
4yucjiCcHa CuMyJlaliyad Ha OCHOBHUTC WM IIapaMETpH. P€3y.]]TaTT)T OT CKCIIEpH-
MEHTAIHATa W M3YMCIIUTETHO-aHAINTHIHATa paboTa Oelre ompenensHeTo Ha Hal-
ONTUMANHUA BapuaHT Ha PMD, K0oiTO 10 HIKOIKO MapaMeThpa ce OKa3za cu(oHeH
PMD. BbBexxaaneTo Ha mo-ycbBbpieHcTBaH cupoH PMD B koHCTpykuusTa Ha
TOPHUBHUS pe3epBoap Ha pakerata-HocuTen “Lluknon-4” me monoOpu eHepruitHuTe
XapaKTEpPUCTUKU Ha paKeTaTa-HOCUTEN 4Ype3 YyBEIMYaBaHE Ha TEMIOTO Ha
M3XOJIAIINSI IT0JIe3CH ToBap ¢ 5,4 kg.
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Abstract

One of the most effective methods for increasing the flight safety of modern and promising
aircraft is to increase the amount and reliability of information to on-board control systems. Basically,
this refers to ensuring high reliability of data obtained from various sources of physical quantities. An
analysis of the main types of information redundancy has been performed to achieve more efficient and
fault-tolerant information structures in aircraft management systems.

Introduction

The efficiency of aircraft functional systems and aircraft safety depends to a
large extent on the reliability of information on the ongoing process. This applies
both to information on the processes taking place on board the aircraft and to the
processes taking place in the environment and affecting the flight of the aircraft. All
this diverse information is reported in different information sensors and enters the
on-board computers of the aircraft. The information is then processed and used to
control and manage the flight parameters.

The use of on-board computers to control complex and dynamic flight
processes allows information to be processed simultaneously from many real-time
information sources. At the same time, this allows the information to be distributed
to different users (actuators). In performing these functions, on-board computers
perform a series of extremely important operations:

- periodically asks the sensors for their condition and for the measured
values of the controlled parameters;

- determine the true values of the measured values according to the readings
of the sensors;

- recognizes or detects occurred events;

- produces control signals for regulation and control of complex systems and
devices;
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- develops feedback to ensure adaptive optimal management;

- performs statistical processing of the information and its storage for the
predetermined period of time (for example, until the end of the flight).

Effective and high-quality process management in functional systems during
the flight requires reliable information, which is usually difficult to learn due to the
presence of interference or errors in information sources, unreliable sensors and
more.

Study area

The physical nature of the operation of an information system with real
signal sensors shows that it can be in one of three random and incompatible states
[1, 2]: a - probability of true message (true state message); b — probability of
reporting a “false state”; d - probability of “skipping” the condition (not to detect
deviation from the normal parameters of the controlled condition).

Such a system with probability states is sufficiently complete and accurately
described by a trinomial distribution [3, 4], which is an extended binomial
distribution.

The probability that from the n-source of information k of them will miss
messages, (m-k) in number will report a ,,false* message, and (n-m) in number
will be described by the following distribution [3,4]:

) Plammeri) = G CRTRB kA,
where C~™ is the number of combinations of n by (n — m), as well as:
2 a+b+d=1.

The probability characteristics a,, b, d,, for n-number of parallel sources
of information as follows [2-4]:

an,l =1- (1 - a)n;
@) bp, =1 -a)"—d"
dn,l = dn.

If a request signal is sent periodically (during a certain time interval) to the
same source of information and the information received by it is stored and stored,
then according to Bayes’ Theorem [2—4], then at given probabilistic characteristics
of the sources of information (as stated above): probability a for a reliable message;
probability b for false message and probability d for not detecting the condition, then
with a priori probability a, the a posteriori probabilities can be determined for:
P; 5 - for reliable message, P, - for not detecting the controlled state and P55 - for
message for “false state”, as follows:
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( a.a .
~ aat+(1-aa)b’

a.a
(4) ! PZB = (1—a)a+(x.d;

LP 3B = %-

The concept of coefficient of precedence in the controlled state can be
introduced and denoted by § = 1?7“ assuming that b = d, it is possible to introduce
another coefficient - the quality of the source of information y, which will take values
y = % = %, then  the  posteriori  probabilities  Pjg, P,gu P3g  after

k- number of repeated consecutive queries to the same source of information can be
defined as:
1

(Pw(k)zu—ﬁyk:

_ _BY* .

(5) {PZB(k)—W:
yk

lP3B(k)=W-

To perform a comparative assessment of the effectiveness of sequential and
parallel information redundancy, consisting in reducing the probabilities P,z and Psp
depending on the number of consecutive queries- k to the same source of information
and n-number of parallel sources of information. In such a case, coefficients may be
introduced to take into account the impact of another request to reduce the likelihood
of receiving a “false information” response to the condition or the likelihood of
“missing” the condition (not to deviate from normal parameters controlled state)
upon sequential reservation and, respectively, to be designated as Ny, and Ngu. In
this order, similar coefficients can be introduced for parallel reductions, denoted as
Npa and Nga. The values of the entered coefficients can be determined by the
expressions determining the probability of answer for “false information” about the
condition and for “skipping” the condition in the next (k — 1) and k-query to the
source of information, respectively, at (n — 1) and n-th inclusion of the source of
information [5]. As a result of such a number of operations and transformations the
following expressions are obtained:

( _1+pyd
Nos = e’
_ (1_a)n—1_dn—1 .
Npa = (1-a)n—dan '
€ S Bayk
Nas = gy,
art 1
NdA = 7 = E
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With high quality of the information source, when the order of values of
y = 0, and increasing the values of k-number of consecutive queries of one
information source, and n-number of parallel connected information sources, the
following can be entered coefficients Nxpg, Nxpa, Nxg4, Nxg5, Which are
determined by (6). At the same time, these coefficients are asymptotically reduced
to the following simple dependences (7):

NbB = lim NbB = l,

k- 14
=~ . 1
NbA= lim NbA:—;
k—o0 1-x
D Nyg = lim Nyz =2
= lim ==
dB k00 dB y
~ 1
\Naa = Npa = 7

When performing the majority attribute, for example at Q = 2 (which
shows how many sources of information signal “yes”), the coefficients Ny 4, and
N, 4, to reduce the probability P; for reporting “false” state and the probability P,
for not detecting the controlled state of the parallel information system, which
consists of the (n— 1) source of information, with the inclusion of another
additional source can be determined as follows:

_ Ps2n-1) _ (1—a)®V-ad®V_(n-1)pa2)
Npaz =

(8) Ps(2n) (1-a)"—d"—nbd -1 ’
Now = P,2n-1) _ d® Dim-1)bd"™ D +(n-1)ad™?
aA2 = “p,(2m) dn+nbd™-1 +nad®-1)

Based on the expressions in (6), (7) and (8), coefficients Dy 4, Dg4, Dy, Dag
can be entered to reduce the probabilities P; and P,, respectively, to provide
information about the “false” state and not to detect of the controlled state at parallel
and at consecutive reservation of the information for known, set values of k-number
of consecutive inquiries and n-number of parallel connected information source.
These coefficients are determined by the following expressions:

(D, = G-eP-d®D .
ba = Mi=17 gt
1
Dgs = an’
©) ) D, = TTX 1+8y" |
bB — 1lj=1 [1+8yED]y’
_ — Tk B+v:
Dgp = Dgp =

i=1 [B""V(i_l)]y )
From this follow several conclusions. First of all, consistent reservation

makes it possible to significantly reduce the likelihood of reporting false information
by incurring acceptable economic and technical costs. On the other hand, the
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application of this method of reservation is limited by the time of “obsolescence” of
information and correlations in case of accidental failures, in which the technical
devices resume their work without the intervention of an operator or other technical
device. The method of sequential information reservation is widely used in modern
aircraft equipped with several on-board computers [6]. Consecutive information
reservation is extremely effective in setting optimal criteria for confirming the
authenticity of the message in cases where the m-number of possible (expected)
messages received k in number and, assuming, for example, that k is equal to half
of m, then the probability of submitting information about a “false” state and not
detecting the controlled state will be equal. If the value of k is small enough, the
probability of reporting “false” condition will be increased. If the value of k tends to
the value of m, the probability of “skipping” the state will increase (not to deviate
from the normal parameters of the controlled state).

Secondly, the parallel reservation of information significantly reduces the
likelihood of “skipping” the condition (not to deviate from the normal parameters of
the controlled state) and has little effect on reducing the likelihood of submitting
information about “false” state. The application of the principle of majority logic
allows reducing the likelihood of information with a “false” state, but at the same
time requires an increase in the number of parallel channels, which in turn is
associated with certain economic constraints.

Thirdly, the combined application of parallel and sequential redundancy
allows to effectively reduce both the probability of information with a “false” state
and the probability of “skipping” the state (not to deviate from the normal parameters
of the controlled state) [7].

Using the approximate values of the coefficients Nx,5, Nxp,, Nxgz and
Nx44, which are determined by (7) and (9), the following dependences can be
written:

bA = (_gyn’
~ 1
Daa ==
w {7
Dpp = y_k;
~ 1
DdB - )/_k

Based on this expression, the value of k-number of consecutive queries to
one source of information and n-number of parallel information channels can be
determined, if the requirements of Dy 4, Dy4, Dpp and D5 to reduce the probability
P; of submitting information about a “false” state and P, to “miss” the state,
respectively, in parallel and sequential redundancy. The values of these probabilities
can be determined as follows:
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dB > Iny

With the help of the above mathematical expressions, a number of practical
problems can be solved. For example, consider controlling a fast-paced process. The
speed of the process allows using no more than k number of consecutive queries to
one source of information. In this case, the reduction of D,z and D5, obtained by
expressions (10), can provide unsatisfactory values, and it can be conditioned that
these probabilities be reduced, respectively, not less than Y and Z times. Then the
minimum number of parallel sources n can be determined to ensure that the
requirements of Y and Z are met, according to the expressions
[3,7]:

n InY—InDyp

(12) bA In(1-a) ’
InZ-InD4p

Naa > =~ q -

Naturally, the larger of the numbers n, 4 and n,;4 must be chosen to meet the
requirements. Tables 1, 2, 3 and 4 present matrices that characterize the total
reduction coefficients calculated by formulas (9). It should be noted that the number
of columns corresponds to the number k of consecutive queries to the same source,
and the number of rows determines the number n of parallel sources of information.
In each cell of the matrix there is a reduction factor determined for the number of
consecutive queries for the corresponding column number and for the number of
parallel connected sources corresponding to the row number. For better clarity, the
results obtained in the calculations are presented in decimal form.

Table 1. Factors to reduce the probability of submission of “‘false” state
information determined from input data: «a=0,9; =1, b=d=0,05

E 1 2 3 4 ﬁ 1123 |4
n n

1 1 13,28 | 232,1 4139,3 1]-1112](3
2 12,39 | 105,73 | 1755 29274,3 2 | -12]13 |4
3 | 57,42 | 906,1 | 15050 | 2508854 | 3 |1 |23 |5
4 609 | 8426,5 | 139965 | 23332082 | 4 | 2 |3 [ 5 | 6
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Table 2. Coefficients for reducing the probability of “missing” a change in the
observed condition, determined from baseline data: «a=0,9; =1, b=d=0,05

Al Y 2 3 4 234
n

1| 1 1328 | 2321 41393 1]2]3
> | 15 | 3156 | 52422 87388 2 [3]a
3 | 300 | 6312 | 1048442 | 17477215 3|5 |6
4 | 6000 | 126240 | 20968464 | 34954429 5 5 6 |7

Table 3. Coefficients for reducing the probability of reporting “false” status,

determined from baseline data: a=0,9; =9, b=d=0,05

E 1 2 3 4 E 21314
n n

1 1 11,17 | 190,7 3007,4 - 11213
2 6,7 74,8 | 1210,9 | 20149,3 - 11314
3 57,42 | 6414 (103776 | 1726824 | 1 214 |5
4 609 | 5964,8 |96510,1| 1605928,7 | 2 31416

Table 4. Coefficients for reducing the probability of “missing” a change in the
observed condition, determined from baseline data a=0,9; =9, b=d=0,05

A Y 2 3 4 234
n

1] 1 1656 | 2761 4601,8 1]2]3
> | 15 [ 3312 | ss211 | 920368 o[ 3]
3 | 300 | 6624 | 1104221 | 1840736 3|5 |6
4 | 6000 | 132480 | 22084416 | 368147215 567

From the results presented in Table 1, 2, 3 and 4, the following conclusions
can be drawn:

1. The values of the a priori probabilities have a negligible influence on the
increase of the reliability of the information by increasing the number of consecutive
inquiries to the sensors of the system.
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2. The combined parallel-sequential redundancy system simultaneously
reduces the likelihood of “skipping” the state (not deviating from the normal
parameters of the controlled state) and providing information about a “false” state.
More effective in this case is the effect on reducing the likelihood of “missing” the
condition.

3. The set coefficients for reducing the probability of “missing” the
condition and the probability of submitting information about a “false” condition can
be provided in two ways: either by increasing the number of consecutive queries
with a given number of parallel sources, or by increasing the number of parallel
sources at a given number of consecutive queries.

The probability of a complete group of events [2,8,9] in parallel-sequential
reservation is determined as follows:

(13)  Pyg(1 —Pyy) + P1a(1 — Pig) + P1yPip + (1 — P1y)(1 — Pp) =1,

where P;4 and P, are the probabilities of true message, respectively, only for
parallel and only for sequential reservation of the information system. From formula
(13) the probability P;. can be determined in case of parallel-consecutive
information reservation of the system:

(14) Pic = 1_(1_P1A)(1_P18)1
where

Py=1-(1-a)
Pip = —;
(15) 1B gy
—-a

y=—

a

Substituting (15) into (14) after a series of transformations, the following
dependence can be obtained:

4 (1 n_ (-a)k
(16) Pic=1-(1-a) FraF
From the expression in (16) after some transformations we can get:

_ (-Pi)[a*+@-a)¥]

) a-ar T

After logarithm of (17), the final expression can be determined to obtain the
dependence n(k) for the number of parallel sources of information from the number
of consecutive queries k:
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Fig. 1. Nomogram for the dependence n(k) in case of parallel-consecutive
reservation of information systems

Fig. 1 shows a nomogram based on the results of (18) with the following
initial data: k = 1, 2, 3, 4 and 5; a = 0,97. The required probability P, for a
true message in case of joint parallel-sequential reservation in the information system
is presented in three variants: the first (1) P, = 1 — 1077, the second (2) P, = 1 —
1078 and the third (3) P,c =1 —107°.

Thus, in accordance with the initial data of the nomogram, the required
amount of n from parallel connected sources of information can be determined
graphically at a given number k of consecutive incoming information (inquiries)
from one source and, conversely, by a given number n the required number of
consecutive queries can be determined from the parallel connected sources to ensure
the required probability of P, in a system with parallel-sequential data reservation.
To ensure the required probability P;. by increasing the number of consecutive
incoming data (inquiries), the number of parallel sources of information can be
reduced. Similarly, as the number of n-parallel sources increases, the number k of
consecutive queries can be reduced.

In the general case, the reliability of the information received from the
individual sources of information, which determines the probabilities a, b and d, can
be increased in two ways:
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- by increasing the number n of information sources, increasing the
probability Py, of detecting and correctly recognizing the status of the controlled
trait and, respectively, reducing the probabilities P;,, and P,, of reporting false
information and “miss” this state in a system of n-parallel sources of information;

- if k-number of inquiries are addressed to the same source of information
in a certain time interval, it is obvious that the probability P;, for the correct
recognition of the state of the controlled feature after k-number of inquiries will also
increase, and the probability P, for submitting information about the “false” state
and P,, about the probability of “missing” this state (not being detected),
respectively, decrease.

It is also necessary to take into account the real limitations of the
implementation of the two ways to increase the reliability of information. For the
first of them, the increase in costs (by mass, financial, etc.) imposes certain
restrictions related to increasing the amount of n sources of information. For the
second method, the limitation is the time for “aging” (loss of relevance) of the
information due to the extreme speed of the managed processes. The correlation
between accidental short-term interruptions in work or self-correcting technical
failures in the requested information source also has an impact. This should not
exceed the time interval between two separate queries to the same information
system sensor.

It can be argued that in the specific situation there are reservations for both
n - in parallel reservation and k - in sequential reservation, which can significantly
increase the reliability of information.

Conclusion

The method of parallel backup of information significantly reduces the
likelihood of “missing” (not detecting) the observed condition and to a much lesser
extent has the effect of reducing the likelihood of submitting information about a
“false” condition. The application of the principles of majority logic allows reducing
the likelihood of information with a “false” state of the information system, but to
obtain this it is necessary to increase the number of parallel channels, which is
associated with economic constraints.

The combined application of parallel and sequential redundancy allows to
effectively reduce both the probability of a “false” state of the system and the
probability of “missing” (not detecting) the observed state at minimal additional cost.
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ABUALIMOHHATA BE3OITACHOCT
N BJIUSHUE HA JOCTOBEPHOCTTA HA JAHHUTE
OT PA3JIMMHHU U3TOYHUIIN HA PU3NYHHU BEJIMYNHHU

H. 3azopcku

Pe3rome

Enun ot Hali-eexTHBHUTE METOM 3a MOBUIIaBaHE Ha 0€30MacHOCTTa Ha
I10JICTA Ha CBBpeMeHHI/ITe nu HepCHeKTI/IBHI/I BB3JIYXOHHaBaTeHHI/I CpeJICTBa € ITOBU-
IIaBaHEe Ha KOJMYECTBOTO M JTOCTOBEPHOCTTAa Ha HMH(pOpMAIMITa KbM OOpIOBHTE
cUCTeMU 3a yrpasieHue. OCHOBHO TOBa CE€ OTHACS 10 OCUTYPSIBAHETO Ha BHUCOKA
HaJCKIHOCT Ha JaHHUTE, TOJIY4YaBaHH OT PAa3IMYHA HM3TOYHHIM Ha (DU3HYHU
BEJIUYMHU. V3BBPIIEH € aHaIu3 Ha OCHOBHHUTE BHMJIOBE MH(OPMAIIMOHHO pe3ep-
BHpaHe 3a MIOCTHTaHe Ha M0-€()UKACHU U MO-YCTOHYMBH Ha O0TKa3u WHPOPMAITHOHHU
CTPYKTYPH B CUCTEMUTE 3a YIIpaBJICHUE HAa Bb3AYXOIUIaBaTEIHU CPECTBA.
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Abstract

In the presented work is described the methodology for conducting the technological
experiment DP-PM, which is part of the space experiment "Obstanovka 1-step”. The DP-PM block
was installed on the Russian Segment of the International Space Station in the period from
04/19/2013 to 08/10/2015. The purpose of the experiment is to study the effect of outer space on the
properties of graphite samples with a glassy carbon coating and samples of B95 (7075) aluminium
alloy with a quantitative addition of ultradisperse diamond powder and tungsten after a long stay in
near Earth orbit.

Introduction

The study of outer space leads to the creation of new materials or the
improvement of existing ones for the construction of space vehicles. These
materials must not only work, but also not lose their physical and mechanical
properties during long stays in non-standard conditions of outer space
(microgravity, intense radiation, a wide range of operating temperatures,
micrometeor bombardment, vacuum, mechanical effects: acceleration, vibration,
etc.). They must also combine high modulus of elasticity, heat resistance, wear
resistance, density, and other properties useful for space engineering.

To obtain complete and real data on the consequences of a long stay of new
materials used for space technology, it is necessary to conduct special
technological experiments on board interplanetary stations, which ensure the
possibility of returning samples of the studied materials back to Earth. For this
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purpose, the DP-PM experiment was planned and implemented, which is part of
the “Obstanovka 1-step” space experiment [1], within the framework of the
"Long-term program for scientific and applied research and experiments on the
Russian segment of the International Space Station (ISS)". This is an international
project in the interests of fundamental space research and is of an exploratory
nature, carried out with the help of a plasma-wave complex of scientific equipment.

Purpose of the experiment

The purpose of the experiment, associated with a device called the
DP-PM block (Potential Sensor - Material Surfaces), is to study the influence of
outer space on the properties of new materials after a long stay in near-Earth orbit.

The DP-PM block is a container (Fig. 1) made of aluminium alloy. It has a
nickel coating on the back and experimental samples inside. On one side 8 pcs.
rectangular graphite samples with a glassy carbon coating [2, 3] (Fig. 1a), and on
the other side of the block there are 10 pcs. cylindrical tubes made of aluminium
alloy B95 (7075) with a quantitative addition of ultradisperse diamond powder and
tungsten (Fig. 1b). The experimental samples are the goal of our experiment, and
the block is the place where the samples are fixed. They are attached to the
container using a spring-loaded cotter pin in the holes on both sides for better and
more convenient work with them when they are removed and installed by a
cosmonaut outside the ISS, in zero gravity conditions.

'l”r\\‘?’*g.l 7o

Fig. 1. Block DP-PM; a) graphite samples with a glassy carbon coating,
b) samples of aluminium alloy 7075 (B95) with a quantitative addition of ultradisperse
diamond powder and tungsten

The main stages in the development of the DP-FM block correspond to the
specific stringent requirements for conducting experiments in space and include the
preparation of a methodology for manufacturing and testing the device [4].

The first stage is associated with the construction (Fig. 2) and the
manufacture of the DP-PM block, also called the Technological Sample (TS) for
acceptance tests and design and finishing works.
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Fig. 2. Dimensional drawing of the DP-PM block

Certain requirements are imposed on the design of the DP-PM facility for
solving experimental problems while simultaneously limiting the dimensions,
connecting dimensions, weight, and appearance.

The developed DP-PM block meets the requirements of the program and
methodology for conducting the DP-PM experiment, which is presented below:

1. Check the complete device package and documentation

The check is carried out in accordance with the current methodology,
designations, markings, the presence of seals and factory numbering of the unit, as
well as the availability of documentation required for testing.

2. Check the appearance, dimensions, connection dimensions and

weight

2.1. Appearance check

The DP-PM block must be free of pores, dents, cracks, scratches on the
protective coatings and other defects that affect the quality of the surface,
compromising the subsequent studies of the quality of the samples. The marking
must correspond to the dimensional drawings of the block. The device meets these
requirements.
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2.2. Check dimensions and connection dimensions

Checking the overall and connecting dimensions is carried out with
measuring instruments having an accuracy of at least 0.1 mm.

Requirements for the dimensions of the DP-PM block are up to
200 %100 x 20 mm.

The manufactured block DP-PM has dimensions of 185 x 70 x 10 mm.

2.3. Check the weight of the device

The mass of the product must not exceed 300 g, including the experimental
samples contained in it, and must be checked on a balance with an accuracy of
+50g.

The mass of the Technological Model (TM) with experimental samples is
260 g, the mass of the Aircraft Model (AM, flying model) with experimental
samples and loop grip is 268 g.

3. Vacuum tests

The DP-PM block is placed in a vacuum chamber. Its performance is
checked in accordance with the procedure, then the pressure in the chamber is
reduced to 10 and the unit is kept under these conditions in the chamber for
1 hour.

4. Test for high / low operating temperature

The tests are performed in a thermal chamber.

For the DP-PM installation the operating temperatures are from —50 °C to
+50 °C.

The operability is checked in accordance with this methodology.

4.1. Check heat resistance at transport temperature

The DP-PM block is installed in a non-working state in a thermal chamber.

The chamber is heated to a temperature of +50 °C, the device is kept for
three hours. The heating of the chamber is turned off and the temperature is set
(+20 °C). The device is kept under these conditions for 2 hours and they begin to
check the operability of the device using this methodology.

4.2. Check for cold resistance at transport temperature

The DP-PM block is installed in a non-working condition in a thermal
chamber.

The chamber is cooled down to —50 °C, the device stays for 3 hours. The
chamber heater is turned off, the temperature is reached (+50 °C) and the device is
kept under these conditions for 1 hour.
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5. Check for moisture resistance

The DP-PM block is placed in the humidity check chamber. After reaching
the required test mode - temperature +25 °C £10°C and humidity 95 + 3 %, the
block stays in the chamber for 48 hours. The chamber turns off. Remove and
temper under normal weather conditions for at least 3 hours.

6. Vibration resistance tests for sinusoidal accelerations at a frequency
of 25 Hz

The DP-PM block is mounted on the plate of the vibrating stand by means
of Velcro in the operating position. The vibrating stand is set at a frequency of
25 Hz, acceleration 2 g, and the block is vibrated for 30 minutes. At the end of the
test, the block is removed from the hob, visually inspected for mechanical damage
or background noise. After the test, no mechanical damage was observed, the
integrity of the experimental samples, the surface contacts and the operability of
the DP-PM block were established.

7. Impact test or linear load test

The DP-PM block must operate under conditions of external influencing
factors that supplement and clarify the requirements for equipment according to
OST 92-5100-2002.

The DP-PM block is fastened with Velcro to the platform of the impact
stand. The test is carried out in accordance with the operating instructions on the
bench, with a load of 40 g, pulse duration of 1-3 s, three impacts on each of the
three mutually perpendicular axes of the block (18 strokes in total). The stand is
turned off, the block is removed, an external inspection is carried out to identify
mechanical damage and performance.

The DP-PM block does not need power supply and has no electronic
elements. It is a mechanical structure, therefore all the requirements are mechanical
and therefore, the block was subjected only to the necessary series of thermal and
mechanical tests and subsequent incoming inspection in accordance with the
technical requirements for the space experiment "Obstanovka 1-step” on the
Russian segment of the International Space Station.

After the successful conducting of the tests of the Technological Model
(TM) according to the approved methodology, two DP-PM blocks were
manufactured. A Flight Model (LM), designed for full-time tests and one block
DP-PM (GL - main model), intended for training a cosmonaut-operator in a hydro-
laboratory pool. All samples are structurally identical.

The second stage of the project is connected with the development of a
methodology, according to which the operator-cosmonaut trains in the hydro-
laboratory pool. The goal is to make every action work and that each action is
performed from the extraction of the block from the transport bag to its installation
on the surface of the PWC1 (plasma wave complex), through the simulation of the
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real environment in outer space. Both cosmonauts take part in each training
session, each time wearing gloves that simulate the real conditions of mounting the
block on the outside of the ISS in orbit.

The third stage is associated with the development of a methodology for
delivering the DP-PM unit to the ISS, as well as installation on its outer side [5].

On April 12, 2013, the DP-PM unit was delivered by the Progress M418
transport spacecraft to the ISS. On April 19, 2013, it was taken out and installed by
cosmonauts Pavel Vinogradov and Roman Romanenko on the outer side of the
ISS, on the plasma-wave complex (PWC) through “Velcro” (Fig. 3).

Fig. 3. Cosmonaut Pavel Vinogradov, Plasma Wave Complex (PWC)
and DP-PM block installation

The fourth stage of the experiment "Obstanovka 1-step” includes the
dismantling of the DP-PM unit in strict accordance with the special dismantling
methodology [6-8] developed by SRTI-BAS, IKI-RAN and approved by RSC
Energia.

After a stay of 2 years and 4 months, on August 10, 2015, the DP-PM
block was dismantled from the surface of PWC1 without disrupting the operability
of the plasma-wave complex (PWC1), which includes measuring equipment. The
unit was dismantled and brought on board the ISS by cosmonauts Gennady Padalka
and Mikhail Kornienko. All requirements are met to prevent mechanical damage to
the surface of the samples and the integrity of the installation, as well as
contamination when it is stored in the operator's bag.
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Fig. 4. Hermetic container for storage of the DP-PM block

When storing the DP-PM unit on board the ISS, there are no special
requirements for the composition of the atmosphere, humidity, and hermetic
degree. The airtight container (Fig. 4) guarantees that the samples will not be
damaged or contaminated during the storage of the facility on board the ISS, as
well as during its delivery to Earth.

The methods for assembling and disassembling the DP-PM block are
extremely accurate. Each action of the cosmonaut is described in detail, starting
with opening the hatch and ending with its closing after the cosmonauts have
completed their work in outer space. This includes an accurate timeline of the
cosmonauts' activities. The entire process is monitored and controlled by the
Mission Control Center in the Moscow Region.

The requirements for the delivery of the DP-PM block to Earth are
identical to the requirements for the delivery of the DP-PM block on board the ISS.
They are performed in accordance with the instructions of PKK "Energy" [8].

On September 12, 2015, the Soyuz TMA-16M transport spacecraft with a
crew consisting of cosmonauts Gennady Padalka (Russia), Aiden Aimbetov
(Republic of Kazakhstan) and astronaut Andreas Mogensen (Denmark) was
launched from the International Space Station to Earth. On the same day, the lander
vehicle landed in Kazakhstan (146 km southeast of the city of Zhezkazgan).

After the delivery of the DP-PM block from the ISS to Earth, in accordance
with the requirements for ensuring the further safe operation of the samples, the
block was first subjected to microbiological examination and autoclaving in
accordance with the instructions (recommendations) of PKK Energia.

Results

The technological experiment DP-PM, which is part of the space
experiment "Obstanovka 1-step”, was successfully completed in the period
19.04.2013 - 10.08.2015 on the Russian Segment of the International Space
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Station. The DP-PM block was launched (taken out) into outer orbit, was in space
and returned to Earth intact, unharmed, and undamaged, both on itself and on the
experimental samples.

Two separate methodologies have been developed based on modern
methods for analysis and determining the influence of outer space on both
materials: graphite samples with a glassy carbon coating and a newly created
composite of B95 (7075) aluminium alloy with a quantitative addition of
ultradisperse diamond powder and tungsten.

The methodology includes a precisely selected and complex set of
spectroscopic, mechanical, and physical methods for characterizing the
physicochemical, structural, and morphological changes that have occurred under
the influence of space conditions.
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organizations that have contributed to the implementation of the project and are
practically co-authors of this article:

HUKHUT — BAH — I1. I'eyos,| P. Heokos |, I. Cmanes,| C. Heuues

HKH PAH: | B.C. Tpowun | JI. Maexux, A. M. Bopooxkun, I'. E. bapanosa, A. C.
I'pucopuwes;

IIAO «PKK ,,9nepeusn” um. C.II. Koponéea: B. I1. Konowenxo, Y. B. Yypuno,
B. I'. Ocunos

HHU Ienmp noozomoexu xocmonasmos um. FO.A. I'azapuna: B. 1. Bacunves,
I1. Bunoepaoos, P. Pomanenxo, I'enaouti llaoanka, Muxaun Kopruenxo;

Acknowledgements: This work is financially supported by the Bulgarian
National Science Fund under Project KP-06-H27/2, 08.12.2018.

References

1. Klimov, S., V. A Grushin, K. Balajthy, [D. Bachvarov], S. M. Belyaev, J. Bergman, Cs.
Ferencz, K. Georgieva M.P Gough, [A. B. Belikova], L.D. Belyakova, T. V.
Grechko, V. P. Konoshenkov, V. E. Korepanov, B. Kirov, O. V. Lapshinova, J.
Lichtenberger, A. Marusenkov, M. Morawski, J. Z. Nagy, [R. Nedkov], D.I.
Novikov, V. G. Rodin, H. Rothkaehl, G. Stanev, S. Szalai, P. Szegedi Studying of
Space weather electromagnetic parameters of ionosphere in “Obstanovka 1-Step”
experiment on the Russian segment of the ISS, Space Engineering and
Technologies, 2021, 1 (32), 20-41 p. (in Russian). DOI 10.33950/spacetech-2308-
7625-2021-1-20-41

163



2. Teodosiev, D. K., I. D. Pechenykov, J. S. Georgiev, et al. Method for impregnation and
coating of porous refractory materials with glassy-carbon, Bulgarian Certificate of
Authenticity Ne 31847, MKII C 04 35/84, 1982; (in Bulgarian).

3. Stanev, G., M. Petrunova, D. Teodosiev, et al. Pimenov and S. Bilichenko, An
Instrument for DC Electric Field and AC Electric and Magnetic Field
Measurements Aboard "Intercosmos-Bulgaria-1300" Satellite, Adv. Space Res.,
1982, 2 (7), 43-47; (in Bulgarian).

4. Program and methodology for acceptance and design and development tests of the DP
device for measuring the potential of the 1SS body, NRDK. 412131.000 PM; (in
Russian).

5. Method of work on the installation of DP-PM, which is part of the plasma-wave
complex (PWC), when implementing the SE “Obstanovka (1-step)“, ID.PK 545-
04- 12/ 04.2012; (in Russian).

6. Method of work for dismantling the DP-PM, which is part of the plasma-wave complex
(PWC), during the implementation of the SE “Obstanovka (1-step)“, ID.PK 545-
04-08 / 11.2014; (in Russian).

7. Methodological requirements for the dismantling of the DP-PM block;(in Russian).

8. Methodological note on removing the DP-PM block from the board; (in Russian).

KOCMMYECKU EKCIIEPUMEHT ,,OBCTAHOBKA (1 - ETAII)",
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KOCMUMNYECKA CTAHIIUSA
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/. Hoeukoe, /I. Teooocues

Pe3iome

B Hactosimata pabora € omucaHa METOJMKAaTa Ha OCBIIECTBSIBAHE Ha
TexHosoruueH ekcnepuMeHT JII-ITM, KOHWTO € 4acT 0T KOCMUYECKUS €KCIIEPUMEHT
,»O0ctanoBka l-eran”. bmox HII-IIM e Oun monTupaH Ha Pyckus cermMeHT Ha
MeXIyHapoaHaTa KocMuuecka cranius B nepuoaa 19.04.2013-10.08.2015. Lenra
Ha eKCTIIEpUMEHTA € W3CIIeIBAaHE HA BIUSHUETO Ha OTKPUTHUS KOCMOC BHPXY KadecT-
Bara Ha TpaduTHU O0pa3sd ChC CTHKIOBBIJICPOTHO IOKPUTHE H OOpasIy,
n3paboTeHn oT anymuHueBa ciuiaB B95 (7075) ¢ konudecTBeHa ngo0aBka Ha
YATpaguCIepceH AuaMaHTeH mpax u Bondpawm, cien mpoabDKUTEICH IPECTOl B
OKOJIO3eMHa OpOuTa.
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Abstract

Graphite samples covered with glassy-carbon layers, have stayed for 2 years and
4 months under different conditions - terrestrial conditions and on the International Space Station.
The influence of outer space on glassy carbon coatings was studied by scanning electron microscopy
(SEM), energy dispersive X-ray spectroscopy (EDX), Raman and infrared spectroscopy. The results
show presence of some defects and heteroatoms (traces of O, F, Na, Cl) after staying in space,
probably due to radiation and other effects. SEM data provide valuable information about the
existence of undamaged glassy carbon layer with thickness of 20 um. There are no structural changes
in the layers of glassy carbon after stay in space. Data show that these materials can be successfully
applied for electrical field measurements in ionosphere.

Introduction

Glassy carbon belongs to the family of carbons, which have the ability to
form a variety of carbon allotropes (sp, sp2, sp3) [1-4], resulting in complex and
versatile microstructure of glassy carbon. Glassy carbon is a black non-transparent
material, which have found application as antireflective coatings. Modern physico-
chemical methods, like XRD and Raman spectroscopy, help to characterize glassy
carbon structures [1-4]. The carbonization of thermosetting resins (poly-aryl
acetylene, furfuryl alcohol, phenolic resins) in atmosphere leads to formation of
low-ordered, non-graphitizing carbon-based material, denoted ‘glassy carbon’ (GC,
known also as vitreous carbon or glass-like carbon). Glassy carbon is a stiff, fragile
material, and it exhibits a surface fracture, similar to that presented by the glass
(conchoidal fracture), which explains the term “glassy”. Unlike graphite, glassy
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carbon is a hard and isotropic material. Besides, glassy carbon low impermeability
towards molecules of gases and liquids, excellent chemical and thermal stability,
very good thermal and electrical conductivity. Glassy carbon is applied in many
fields — electrochemical devices and sensors, energy storage, wastewater
decontamination, tools for precision molding, ablative shields. Due to its good
biocompatibility, glassy carbon may be also used in medical applications pm heart
valves, implants, tissue regeneration [4-7].

In connection with the development of the technique for measuring
constant and alternating electric fields in space plasma, various materials are
developed and used for the preparation of satellite probes. The increased
requirements for these materials are determined mainly by the requirement to
increase the accuracy and sensitivity of the measurements. The accuracy of
measuring constant and alternating electric fields by the double probe method
strongly depends on the variations of photoelectron work function at the surface of
each probe in inhomogenous ionosphere-magnitosphere [8-9].

The technology used for the production of spherical probes for measuring
electric fields on boards of the satellites IC-Bulgaria 1300, IC-24 Active, I1C-25
APEX, INTERBOL-2, the sub-satellites Magion-2, Magion-3, Magion-4, Magion-
5 and ISS, for the period from 1981 till now, is invented in Bulgarian Academy of
Sciences [8-14], whereas spherical probes with glassy carbon coatings were tested
in laboratory conditions, simulating those in outer space (sudden temperature
changes, shock and vibration loads, etc.), and then implemented in scientific
equipment on the boards of the above mentioned satellites.

To verify and confirm the results of earth laboratory tests, and also to study
the effects of the influence of outer space on the physico-chemical and structural
properties of glass-carbon coatings, the technological experiment DP-PM was
planned and conducted within the international project "Obstanovka 1-stage”,
aboard the Russian module of the ISS. For this purpose, graphite samples
(30x15x8 mm) were prepared, covered with glassy carbon, and placed in the
DP-PM block, which is a container made of aluminum alloy with total dimensions
of 185x70x10 mm.

This work is dealing with glassy carbon preparation and its physico-
chemical properties, before and after stay in space. The research presented is a
continuation of our previous investigations on the same topic [15]. New samples
are studied, whereas the analysis and the interpretation of the obtained results are
expanded. The aim is to improve the knowledge on the resistance of glassy carbon
coatings, deposited on graphite samples, which have stayed in outer space for a
long time. The changes in the integrity and structure of the glassy carbon coating
are further investigated. The obtained results allow to assess its applicability for the
purpose of studying phenomena in the conditions of outer space.
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Experimental

Materials

The investigations were performed with two graphite samples covered with
glassy carbon. The first sample is called “reference” sample, and it stayed on the
earth, and the second sample, called “space” sample, was located on the outer
surface of International Space Station (ISS) in the open space. The “space” sample
IS subjected to radiation (cosmic radiation), which could vary in nature and
quantity, according to ISS orbit, ISS coordinates, geophysical and heliophysical
conditions. The sample was subjected to temperature changes in wide temperature
interval, from down to —120 ° C up to +150 ° C, every 2 h, for a period of 2 years
and 4 months.

Methods of characterization

In the present work, an assessment of the changes in “space” samples (cut
to investigate the inner morphology), as a result of the cosmic conditions, and
comparison with the “reference” samples have been made, by using different
methods.

The morphological study was performed using scanning electronic
microscope FEI Quanta 250 FEG, with high vacuum and beam deceleration, using
an accelerating voltage of 10.0-15.0 kV. FEI Quanta 250 FEG is a large stage
environmental SEM with BF/DF STEM detector (Fig. 1).

Rotation in the
tilied plane

Y +/- 25mm in the plane
aof tilt, perpendicular
to the tilt axis

X +i- 25mm along the
\ tili axis

7. = 25mm internal
- and
£ = 25mm external

SN\

Tilt range -15 to +75 deg.

Fig. 1. Scheme of SEM experiment

The equipment has low and extended vacuum mode up to 1000 Pa
(ESEM), temperature control range —25° to +55° and EDX chemical analysis
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including elemental and phase mapping. It is possible to perform X-ray mapping of
low-Z elements at low voltages. X-Ray Microanalysis (EDX or EDX or sometimes
referred to also as EDS analysis) is a technique used for identifying the elemental
composition of the specimen, or an area of interest thereof. It works as an
integrated feature of a scanning electron microscope (SEM) and cannot operate on
its own without the latter. Raman experiments (4000-400 cm™) are performed
using Bruker Senterra Il Raman Apparatus, with 1 cm-1 spectral resolution, and
514.5 nm laser.

Attenuated Total Reflection Fourier-Transformed Infrared Spectroscopy (ATR-
FTIR) ensures solid (transparent or non-transparent) and liquid samples to be
studied directly. ATR-FTIR spectra are collected using infrared spectrophotometer
Bruker Tensor 27, at wavenumber 4000-600 cm®, resolution 0.5 cm’, with
MIRacle-Diamond/ZnSe Crystal Plate ATR accessory - Pike technology.

Results and discussion

SEM and EDX analysis

The structure of glassy carbon was explored using scanning electron
microscopy (SEM). Morphology of glassy carbon obtained by SEM is shown in
Fig. 2 and Fig. 3. Electronic microscope images of the samples, oriented to
different directions, are performed. Samples are oriented with the upper side up
(electronic beam is running down the sample, which is on the bottom of the
chamber), back side up, and lateral side up.

a) b)

Fig. 2. SEM images of the “reference” sample at different magnification — 1 mm ()
and 100 um (b)

In Fig. 3a there are shown some traces on glassy carbon surface, which

follow the morphology of graphite support. This is an indication of small
disturbances in the glassy carbon coating, that occurred during the stay of the
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material in outer space. However, traces are negligible (< 1 um), and they do not
noticeable affect the overall coating electrical characteristics of the sample.

Fig. 3. SEM images of the “space” sample. Image of a) back side and b) lateral side
(cut cross-section) under 45°

To observe the glassy carbon layer and graphite layer, the sample holder is
rotated to 45° and on the SEM image lateral side (cut cross-section) under 45° stage
rotation is seen in Fig. 3b. The image in Fig. 3b confirms the presence of glassy
carbon (thin light layer) and graphite (right part of the image). The light layer
under angle of 45° is around 25 pum wide.

SEM data provide valuable information about the existence of undamaged
glassy carbon layer with thickness of 20 um.

EDX study (Fig. 4) shows the elemental analysis on the glassy carbon
surface. The main element is carbon (more than 90 wt. %). The results show
presence of some defects and heteroatoms (traces of O, F, Na, Cl) after staying in
space, probably due to radiation and other effects (space contamination, contact
with other devices, transportation, synthesis technology of glassy carbon layers).

[
bk a) Element Wt % At % 18k b) Element We % At %
32k c K 90.13  92.46 C K 91.91 93.88
o K 9.60 7.39 15k o K 7.79 5.97
28k Nax 0.27 0.15 NakK 0.25 0.13
{ Total 100.00 100.00 C1K 0.05 0.02
24k o 12k Total 100.00 100.00
20k
9k
16k
12k 6k
8k|
3k
ak|
hNa
S Na cl
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Fig. 4. EDX results for the a) “reference” sample and b) “space” sample
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Raman analysis
Raman study was carried out with all the samples (in 2—3 points for every
sample), and the Raman spectra are shown in Fig. 5 and Fig. 6.

1216.09
——1594.76
—1352.01

100004
9000+
8000+
7000+
6000+
5000+

40004 . . y . . . :
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber cm-1

Raman Intensity
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Fig. 6. Raman spectrum of the “space” sample (measured in three different points)

Fig. 5 and Fig. 6 show Raman spectra of “reference” and “space” samples,
respectively. Two main Raman bands are detected for both samples — D band (D
for defect, representing the disordered structures) around 1350 cm™ and G band
located around 1580 cm™. G-band (G for graphite) arises from the stretching of the
C—C bond in graphitic materials and is characteristic for all sp2 carbon systems.

The presence of D- and G- Raman bands with equal intensity are
characteristic for existence of glassy carbon layer.

FTIR analysis

Attenuated Total Reflection Fourier-Transformed Infrared Spectroscopy
(ATR-FTIR) Spectra of the samples (back) are shown on Fig. 7.

There are almost no surface groups detected on the reference sample.

170



o
o
B

0.02

Absorbance Units

4 000 3000 2000 1000

Wavenumber cm-1

— 0 O O
- O o~ o D
S5 8 ==
P ~ ~ P~ o o —
b) «n 0.020 —
=
c
20.015
1]
o
c
S 0.010
o
=
gooos
2o
<
0.000
3400 2 400 1400 800

Wavenumber cm-1

Fig. 7. ATR-FTIR spectra of @) “reference” and b) “space” samples

In the IR spectra of space sample there are bands at 3000-2800 cm™,
associated to aliphatic C-H stretching vibrations at 3000-2800 cm?, as well as C-H
deformation vibrations in the region 1450-1350 cm™, due to aliphatic structures.
The band at 1740 cm™ is assigned to stretching vibrations of C=0. The bands at
1700-1500 cm™* could be due to aromatic ring stretching vibrations or C=C bonds
in aromatic structures. The bands detected in the region of 1200-1000 cm™ are
assigned to C—O in ethers or ring structures.

Data obtained from IR spectroscopy show, that on the surface of the space
sample different surface groups are detected — aliphatic and aromatic C—H groups,
carbonyl groups C=0, hydroxyl groups O-H, C=C structures, etc. Most probably
formation of surface groups and surface species on the space sample is due to
oxidation of the exposed parts of the graphite pad as a result of violations of the
glassy carbon coating that occurred during the stay in open space.

Conclusions

Our results show that glassy carbon coatings, due to their hardness and
chemical inertness, can stay years in outer space in order to collect accurate data on
the plasma parameters. No substantial change was detected in the structure of the
glassy carbon layers due to stay is space. The glassy carbon coatings deposited
onto graphite substrate can be successfully used for electrical field ionosphere
measurements.
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The results show presence of some defects and heteroatoms (traces of O, F,
Na, Cl) after staying in space, probably due to radiation and other effects.
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SEM M EDX U3CJIEJBAHE HA CTBHKJIOBBIVIEPOJHU IIOKPUTUS
CJIEJ PO BJKATEJEH IPECTOI HA MEJKITYHAPOJHATA
KOCMHWYECKA CTAHIIHSI (MKC)

b. Hunyapcku, A. Bysexoea-Ilenkoea, Y. Illlenyea, I'. I'eopzues,
II. Ilgemkos, /I. Teooocues

Pesrome

OO0pasuu oT TrpaduT, MOKPUTH ChC CTHKIOBBIVICPOJHH CIIOCBE, ca
MpPeCTOsUIM 2 TOAWHU U 4 Mecela Ipy pa3iIuyHHU YCIOBUS — 3€MHH YCJIOBHS U Ha
MexayHapogHata KOCMHYECKa CTaHIMs. BinsHHETOo Ha KOCMHUYECKOTO IIpo-
CTPAHCTBO BBPXY CTHKJIOBBIJIEPOAHUTE ITOKPUTHA € M3CIEABAHO YpPE3 CKaHMpPaLla
enekTpoHHa Mukpockonus (SEM), eHepruiiHO TUCHIEpPCHOHHA PEHTI€HOBA CIIEK-
tpockonusi (EDX), pamanoBa u wuH(ppauepBeHa crekTpockonus. Pesynrarute
MOKa3BaT HAJIMUMe Ha HAKOM JedekTH u xerepoatomi (cieau ot O, F, Na, Cl) cnen
npectoii B KocMoca, BeposiTHO mopaau paguanus u apyru edpextu. SEM nannute
MPeOoCTaBsIT LeHHa WH(OpMAIMs 3a CHIIECTBYBAaHETO Ha HEHApYIIEH CTBHKIO-
BBIJIEpOJeH cioi ¢ aedenuHa 20 pm. HsMa CTpyKTypHH NpPOMEHH B CIIOEBETE
CTBKIJIOBBIJIEpO] cieq mpecToi B Kocmoca. JlanHuTe Mmoka3Bart, uye Te3u MaTepraiu
MOTaT YCIIEIIHO Ja Ce MpuiaraT 3a M3MEPBaHE Ha EJIEKTPHUYECKO T0JI€ B HOHO-
cepara.
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Abstract

The creation and effective functioning of global satellite systems will allow to create an
information base for solving problems related to the regeneration and rational use of natural
resources, the creation of a single dynamic model of the Earth, including geological, climatic,
biosphere, ecological and social factors.

Great attention should also be paid to the problem of increasing the safety of human life in
the conditions of the rapid development of intercontinental transport links.

Introduction

The well-being of a society directly depends on the ability to provide funds
for the development of the most science-intensive and technically advanced
industries, which in the future will play the role of the "locomotive" of the
economy. An example of this can be the automotive industry in the USA or the
electronics industry in Japan.

It became obvious that the new era in the development of humanity is in
outer space and is connected with the absorption of the energy of the Sun, the
Cosmos and its inexhaustible resources.

Without space, space technology and space research, humanity has no
future, no opportunity to solve the key problems of its development. They can
include energy provision, informatics and food provision and the problems of
preserving the living environment.

The main trends in space activity in the 21% century will be related to
increasing the saturation of the information space, which will raise the information
security of the countries and their population to a qualitatively new level, directly
related to their intellectual potential. The problems of access to information, the
services of global information networks, data banks and knowledge bases - all this
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is unthinkable without promising information technologies, including space
methods and means of communication.

Another important aspect of society's life is the problem of the state of the
environment. The anthropogenic impact on it reached levels at the end of the 20™
century, exceeding which, without taking adequate measures for its protection, can
lead humanity to disasters and environmental catastrophes. All forms of impact on
the environment become critical - pollution, entry of harmful substances into the
air and water environment, degradation of the soil and the ozone sphere, the
greenhouse effect.

A key problem in this sense is the creation of systems for monitoring
environmental parameters, the state of hazardous productions and predicting the
occurrence of dangerous phenomena. This problem is solved globally with the help
of space tools for remote sensing of the Earth and atmosphere.

Such priority research and applied tasks as:

- the study of planetary processes, including the dynamics of the
atmosphere and the ozone layer, the radiation balance of the planet and the
evolution of climate, the biochemical and hydrological cycles of the planet, the
global processes in the mesosphere and the world ocean;

- research and control of regional and local mineral deposits, reporting and
control of natural resources and sources of environmental pollution;

- study of solar-terrestrial connections and their impact on the biosphere,
human activity and human health;

- researching the causes, discovering the prerequisites and controlling the
consequences of natural destructive processes (typhoons, earthquakes, floods and
other environmental catastrophes).

Remote methods of Earth research are part of the world community's
efforts to preserve and restore ecosystems, solve global problems of energy and
food security. In this regard, the task of effective international integration has no
alternative. The "Mission for Planet Earth" program is also in this spirit.

The creation and effective functioning of global satellite systems will allow
to create an information base for solving problems related to the regeneration and
rational use of natural resources, the creation of a single dynamic model of the
Earth, including geological, climatic, biosphere, ecological and social factors.

Great attention should also be paid to the problem of increasing the safety
of human life in the conditions of the rapid development of intercontinental
transport links.

Many factors suggest the creation of a global navigation system with high
accuracy, allowing users to receive information about their own position on Earth
or in space around Earth at any time. In combination with space vehicles, these
systems as a close prospect can provide effective guidance of the movement of all
types of transport, taking into account the high safety requirements. As a more
distant perspective, they can become an integral part of personal monitoring
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systems, including health monitoring. The COSPAS/SARSAT system has already
helped to save more thousands, and the prospective personal monitoring system
could be several times more effective.

Of great interest are the possibilities of using the conditions of orbital flight
(weightlessness, vacuum) to create substances and materials with properties
unattainable on Earth. To date, thousands of experiments have been carried out on
spacecraft to study problems in castings, crystallization in weightlessness,
obtaining compositions from substances immiscible in terrestrial conditions, and
also obtaining ultrapure biologically active substances, drugs and other biological
preparations.

One of the key issues for the exploitation of space will be the provision in
the future of opportunities for life with productive human activity in the conditions
of orbital flight and on planets of the Solar System, which will become the basis for
the exploitation of interplanetary space.

Orbital stations, transport, and cargo ships, means of extra-orbital activity,
robotic means, etc., are imposed as the main place for solving the mentioned
problems. A large volume of research and experiments in space medicine and
biology, research of Earth's natural resources, space technologies, astrophysics,
development of new types of scientific apparatus and methods for solving research
tasks in space and from space is carried out on board the orbital stations. All this, in
turn, is used in the creation of the specialized automatic systems for the
International Space Station.

The creation and operation of longer-life space facilities is a long-term
trend in the strategy of the major space powers — the USA, Russia, China, etc.

One of the main tasks that will be solved at the ISS is remote research of
the Earth and environmental monitoring, which also includes the development of
new methods and means of remote research and environmental monitoring.

Such projects are valued in the billions of dollars to achieve several goals:

- promoting commercialization in space research,

- expanding international ties by including international partners

- continuous development of space science and technology.

Space stations are being built as science laboratories in low Earth orbit,
offering a variety of conditions (eg, power, low-gravity environment, manpower
and laboratory space) that can be used by NASA, RKA (Russia), ESA (Europe)
and other countries with space exploration ambitions. The station is a very
complex, multidimensional R&D project for which good management is an
essential necessity.

Several possible options and their implementation for the operation,
pricing and evolution of the space station and the range of benefits to be obtained
by users have been developed. Although it is sometimes difficult to accept, prices
affect behavior and sample usage, which in turn affects the bottom line of any
project intended to operate over a long period of time. Modern economic analyzes
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arm us with an apparatus for examining these applications and evaluating their
impact on desired ends.

An economic theory that offers the most predictions is the "theory of
mechanisms" or the "theory of implementation."

The basic framework of this organizational design theory is based on two
key hypotheses:

First, the information that is needed to achieve organizational goals is
initially scattered and difficult to discover through simple observation;

Second, individuals disclose this information and comply with instructions
and requirements only if it is in their best interest to do so.

The designer of the institutional rules that determine who does what and
says it to whom and who performs what actions may do nothing about the initial
distribution of information or the motivations of the various actors in the
organization. The designer can only optimize the subject of organizational goals to
informational and incentive constraints. But within these constraints there can be a
wide range of options, some of which will be much more desirable than others.

According to the model of this theory, first a description of the space
station environment (those features of the design that are not really under the
designer's control) is presented, then some of the objectives to be achieved are
briefly given, and finally some options for competitive pricing.

The space station is a multiple product that is highly uncertain (unstable),
and that is a public enterprise, i.e. has a wide range of users from the public and
private sectors. Like any product, it includes technology and costs, consumption
and benefits, pricing objectives. What determines their content:

First - from the technology and costs. Each space station (SC) is a
complex public facility. The basic intensive initial capital investment produces a
real-life facility that provides a flow of resources all the time, requiring
correspondingly low and possibly relatively constant per-unit operating costs. But
the differences between the CS and the standard facility are important. At KS, the
technology is not well described and understood. The uncertainty exists because
this technology has never before operated in space on this scale. Second, the
resources to be produced are also required as inputs: power must not only be
provided to the users of the CS, but it is also a necessary input for life support and
command systems. Because there is significant uncertainty about how much of
these resources will be needed for internal use, there is exaggerated uncertainty
about the net values available to users. These costs for internal needs should be
known after the CS is fully operational, but for any contractual agreements made in
advance this is a significant uncertainty. Likewise, because this technology is new,
there is great uncertainty regarding the cost of construction and operation. For this
reason, it is a large and complex project for which it is difficult to find comparable
(comparable) efforts. Standard public utility or regulated facility models where

177



there is a satisfactory degree of certainty about technology, costs and requirements
are simply not applicable as models for CS.

Second - consumption and benefits. There is already an incredible variety
of CS users, but the main five categories relate to: commercial users, science and
technology missions of NASA and Russia, other US government users (mainly the
Department of Defense), international partners (Canada, the European Space
Agency Agency, China, and Japan), and all others. Although each of these classes
of consumers presents different problems and limitations in terms of pricing
policies, they have one thing in common. The benefits and demand are largely
unknown to them and to the CS designers and operators. Economists have
absolutely no way of using modern economic analysis to determine demand (and
therefore, perhaps, to determine value added to consumers) as can be done in
designing pricing policy for public electric facilities. Also, one cannot simply ask
potential CS users to state exactly how much of each resource they wish to
consume and then plan for the approximate aggregate response. Even if they are
certain of their benefits, they have little incentive to reveal all their information. If
charging does not depend on their responses, then they have an incentive to
exaggerate their needs; if billing depends on their responses, then they have an
incentive to claim only meager benefits of use. There is no independent market for
the data that NASA and Russia can use to verify the validity of the data. Some data
is available through the shuttle missions, which, except for the satellite launches,
tend to be short-lived research projects launched virtually free of charge. There
seems to be a very tenuous connection between these projects and the long-term
ones as we imagine the Space Station. A rule of thumb in pricing or other
organizational choices is that information about the correct demand or utility
should not be assumed to be available.

Third - pricing goals. To provide reasonable analyzes of alternative
pricing policies for CS, one should first analyze the objectives. What does it mean
for someone to try to end (deal with) pricing policy? Any economist should expect
the desired results to be twofold: first, recovery of some or all of the costs of
design, development, and operation; second, effective use of the CS once it is in
place.

According to Pareto efficiency, given some individual vector or desired
outcomes, the total life cycle cost of the station and all its payloads must be
minimized to achieve those outcomes. This is a broader view than just minimizing
station costs but is more relevant in a broader economic perspective. Minimizing
the station's costs in a way that imposes a significant burden on user costs to build
and operate its own payloads would not only be inefficient (Pareto), but could also
prove politically risky for NASA, Russia, and other actors.

Three other objectives may be at least as important as the first two: first,
the presentation (promotion) of the commercialization of space; second, science
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and technology and third, international relations. They are important because they
relate to the three main user groups: private industry, NASA's technology and
science missions, Russia and other partners, and potential international partners. It
is known that projects with a larger organization and with larger total costs and
with smaller operating costs are usually not able to satisfy all five objectives at the
same time. For example, an ineffective approach to achieving objectives 3 through
5 is to make the station's resources available for free to these users. This obviously
goes directly against the goal of cost recovery. Also less obvious is the controversy
about effective use. There will be too few users using too many resources.
Therefore, although a small number of potential users will benefit from the policy
of "free (free) access"”, a greater benefit can be obtained from a more effective
pricing policy. The last three objectives will gain more if the CS is used and
operates in as efficient a way as possible and that these objectives can also be
thwarted if the pricing policy is ineffective. Efficiency means "more accurate hits"
ie. more resources acquired per monetary resource invested, which means the
ability to supply more payload of any type.

Can the conflicting goals of reimbursement be resolved in a reasonable
way?

For traditional projects with high costs of organization, low marginal (side)
costs and a satisfactory degree of certainty, economists propose pricing by
maximizing benefits depending on the costs incurred. This policy requires either
direct knowledge of demand functions (to calculate the added value (asset balance)
for consumers directly) or a tatonemic process with little distortion. No option is
available to CS if demand and benefit uncertainty preclude the former, while cost
uncertainty (combined with the discovery principle) precludes the latter.

A simple proposal that would meet the cost-recovery goal with little
detriment to efficiency would be to charge a single price per payload equal to the
cost of the shuttle flight plus a percentage to cover the remaining costs of staying in
The Space Station. This is a reasonable policy under only two assumptions:

- first, that the designers, builders, operators and users of the Space Station
are one team; agree with the objectives of the Space Station and, although perhaps
asymmetrically informed, be prepared to provide all information in their possession
upon request;

- second, that none of the users change their decisions as a result of the
price they are charged (prices are set only based on costs, not resources).

Conclusion

It is easy to predict what would happen if the "project plus percentage"
formula were established. Payloads will be designed to conserve their mass and
dimensions, but not their power and personnel, two of the station's resources that
are designed to be in a constant state of increased demand. Since station time is not
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included in billing calculations, time-consuming missions that require the
recruitment of more mission-appropriate specialists will be preferred by users over
short missions even when the latter use only a few station resources. Designers try
to build the best possible station for the lowest possible upfront (initial) cost.
Although they recognize the need to minimize current discounted (discounted)
construction and operating costs, the limited congressional budget they are given
does not encourage compromise over time. Designers are incentivized to minimize
construction costs and hope that operating costs will not be too high. Robotics is
ignored - staff will do it. Food preservation methods will be downplayed; shuttle
trips will be increased. This will not be done on purpose, it will simply be a
reasonable response to the constraints and coercion imposed by the builders. High
operating costs mean more expensive, or possibly less, resources once the station is
operational. This form of pricing policy clearly leads to inefficiencies and fails to
accomplish most of the objectives of the Space Station.

At the stations, almost all easily observable events that can be used for
corresponding contracts are composed of the actions of one of the participants and
some exogenous (external) event. This is very difficult to separate to the
satisfaction of all parties without extensive monitoring and auditing (financial due
diligence). Therefore, this type of contingent (conditional) contract is unlikely to
lead to effective CS operations. The standard solution to this moral hazard problem
is the use of principal-agent (intermediary) contracts.

If moral hazard exists, but it is possible to organize the project so that the
uncertainty is either exogenous or under the control of only one of the parties (the
agent/intermediary/), and if this agent (intermediary) is less willing to take risk
than the others (the principal/principals/), then the effective contract consists in
giving the agent (intermediary) full control over the project, thereby giving the
agent (intermediary) all the rights to the uncertain benefits and responsibility for
the uncertain costs, and paying the others one fixed charge (possibly negative,
possibly similarly) that is not contingent (conditional) on any of them. One
example: NASA could agree to deliver a fixed vector of resources to each user for
some fixed payment (to be negotiated). If NASA is risk neutral, this is the most
efficient contract; if any other contract is awarded, there are trade-off terms for it in
which both NASA and the user are not very interested.

For large contracts (which include, for example, 1/3 of the designed power
to be delivered), NASA is not risk neutral. An efficient contract then involves the
agent (intermediary) ceding some of the risk to the principal in return for better
trading conditions or for a reduced fixed fee. In profitable operations, this can be
done through a revenue-sharing arrangement (for example, the principal receives
20% of the net profit in response to an investment of USD 1,000), but there is no
market for most of the results obtained in the CS and therefore in such a contract it
must be stipulated under what conditions the resources are to be supplied. A user
projecting a large demand for resources over an extended period of time may wish
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to receive 20% of the station's realized net resources in return for the payment of
some fixed sums in advance. This type of user could conceivably be a private
venture capitalist who buys to resell or a large non-US government user such as
one of the international partners. This type of contract again admits the risky moral
problem, but the consumer assumes this risk in response to some discounts
(concessions) in the price.

There are at least three other difficulties with principal-agent
(intermediary) contracts. NASA cannot maintain its savings due to Congressional
funding (its budget is set by Congress); this blunts her incentives as an agent. Over
time, the evolution of CS can be managed to compete with new users and new
information; a brokerage contract does not necessarily provide the situationally
correct incentives with intensive learning by doing. Finally, many aspects of CS
use depend on input provided by both users and CS managers. If it is not possible
to organize it in such a way as to isolate the effects of each party, then it is
necessary to arrange some form of partnership.

In conclusion, when an output is produced as a result of inputs provided by
both parties, and when these inputs cannot be easily observed or separated from
external exogenous events, then principal-agent (intermediary) type contracts are
inappropriate.

References

1. Crouch, Tom D. The Bishop’s boys: a life of Wilbur and Orville Wright. New York,
W. W. Norton, c1989. 606 p.

2. Winter, Frank H., and F. Robert van der Linden. 100 years of flight: a chronology of
aerospace history, 1903-2003. Reston, VA, American Institute of Aeronautics and
Astronautics, c2003. 524 p.

3. Hansen, Ole Steen. The story of flight. New York, Crabtree Pub., 2003. 190 p.

4. Taylor, Michael John Haddrick. The Times aviators: a history in photographs. New
York, HarperCollins, c2005. 192 p.

5. Turner, John Frayn. Heroic flights. Barnsley, South Yorkshire, Eng., Leo Cooper, 2003.
279 p.

181



BB3MOXKHOCTU 3A OITUMU3UPAHE HA YIIPABJIEHUETO
HA AEPOKOCMUMWYECKHU ITPOEKTHU

H. Mapunoesa

Pesrome

Cp3naBaHeTo U e(EeKTUBHOTO (PYHKIHOHHMpaHE Ha TIOOATHUTE CIBTHH-
KOBH CHCTEMH IIIe TTO3BOJIM Jla ce Ch3Jazne nHpopMannoHHa 0a3a 3a pelaBaHe Ha
npoOJIeMHTE, CBBP3aHH C PEreHepalysITa i PaliOHATHOTO U3I0I3BaHe Ha TIPUPOJI-
HUTE PECypCH, Ch3JaBaHETO Ha €IUHEH JAWHAMUYEH MOJe] Ha 3eMsATa, BKIIFOUBAII
T€OJIOKKHTE, KINMATHYHATE, OHOCPEpHUTE, EKOJOTWYHUTE W COIHAITHHUTE
(akropm.

I'onsiMo BHUMaHHE Clie/[Ba a c€ OT/ENs U Ha IMpobiieMa 3a MOBUILIABaHE HA
0e30macHOCTTa HA YOBEUIKHs JKMBOT B YCIOBHATAa Ha OYpHOTO pa3BUTHE Ha
MEKTyKOHTHHEHTATHUTE TPAHCTIOPTHU BPB3KH.
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Abstract

Organic farming is a much more sustainable farming system than conventional farming. It is
part of humanity's efforts to preserve biodiversity and provides healthy and safe food to humans.
Remote sensing methods are widely used in agriculture. Their use will help the transition from
conventional to organic farming. They can help farmers choose the most suitable place to build an
organic farm. Remote sensing methods are a very powerful tool for weed control in organic farming.
They can be used to determine the level of stress that crops experience. They provide a good opportunity
to forecast yields on organic farms. Remote sensing methods can optimize fertilization on organic
farms. They can be used to distinguish between organic and conventional agriculture, as well as to
monitor biodiversity in agricultural areas. Remote sensing methods can help organic farmers make
timely and adequate decisions in managing their farms.

Introduction

A major way to achieve sustainable agriculture is through the integration of
remote sensing (RS) technologies. The use of RS technologies is mandatory today
to achieve highly productive and sustainable agriculture [1]. The use of aerospace
methods can improve the transition from conventional to organic farming. According
to [2] RS technologies at various scales often prove to be an appropriate tool for crop
monitoring. The potential of these technologies in relation to organic farming has
not been fully explored [3]. Remote sensing monitoring in organic farming should
generate information at different levels to be used for resource planning and
contribute to sustainable agricultural production [4]. The use of remote sensing
methods, GPS technology and hyperspectral image analysis is helping farmers to
switch to agro-environmental and organic farming, which is a turning point in
agriculture [5]. According to [6], the implementation of RS technologies in
agriculture and especially their use in organic farming allows not only to obtain
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significant cost savings of up to 25 %, an increase in productivity by 1.7 to 2.3 and
yield, but also effective environmental protection. Research and technological
advances in remote sensing have significantly improved our ability to detect and
guantify physical and biological loads that affect crop productivity
[2, 7]. Precision farming technologies that are based on RS technologies can address
some of the problems in organic farming related to water and soil management, plant
protection and mechanization [8].

Remote sensing methods are widely used for agricultural applications, they
are the basis of precision agriculture and it cannot exist without them [9-11]. Remote
sensing methods offer new perspectives and methodological approaches for
precision agriculture [12-19]. Historically, the Earth's artificial satellites have
dominated this area. Drones can carry spectral sensors, and also allow real-time
estimates of crop yields, pests and diseases, and more [11]. Other researchers, such
as [10, 20-24] also emphasize the great potential of unmanned aerial vehicles
(UAVS) in the field of agriculture. Another very important application of remote
sensing methods in agriculture is the ability to track the development of crops in their
various phenophases [10, 25]. A number of studies aim to identify crops, assess
areas, and identify diseases and pests and more [26]. Differences between vegetation
and soil reflective characteristics in the near infrared region have been shown to be
successful in separating plants from soils. Biochemical measurements can be
performed using the field spectroscopy method. These methods use the reflection
spectrum of the measured object. Thus, physiological information is obtained in each
pixel. This method is very suitable for use by researchers in organic farming to better
understand the biochemical components of biological fields without the need for
destructive analysis [11, 19, 27]. Reflected solar radiation in specific visible, near
and medium infrared ranges of the electromagnetic spectrum has proved useful in
detecting nutrient deficiencies, diseases, pests, and weeds. High-resolution
multispectral satellite images can be used to develop monitoring products and to
support agricultural solutions. Multispectral vegetation indices derived from crop
reflections over relatively wide ranges can be used to monitor plant growth in
relation to measured or predicted climate variables. Any deviation from the expected
seasonal pattern signals a potential problem and requires further research by farmers
[7, 19, 26, 28-30]. Remote sensing allows monitoring phenology of the crops [31].
Precision farming technology based on RS and GIS technologies provides good
opportunities for effective crop management [32]. This technology should be used
to optimize resources (natural and socio-economic), thus serving to increase the
profitability and sustainability of agriculture and support the development of organic
farming [8, 33].

The objective of the paper is to attempt to review the use of satellite RS in
organic farming in specific problem areas. This study is a continuation of an
overview published in Bulgarian by the authors [19].
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Materials and methods

This study provides an overview and a comprehensive analysis of articles,
reports and materials published on the Internet in the following scientific database
Scopus, Research Gate, and Google Scholar. A combination of keywords with
logical queries was used when searching the scientific and specialized database for
the period from the beginning of space remote sensing from the late 1980s to 2021.

The main keywords that we used are: "organic farming” AND "remote sensing",
"organic farming" AND "satellite data".

Results and discussion

The analysis of the reviewed literature indexed in CrossRef and parsed by
the Scite platform (https://scite.ai), revealed that most cited top 25 publications are
published by Elsevier, followed by AAAS, Wiley, and MDPI, see Fig. 1.

The most cited referenced top 25 papers
in CrossRef by Publisher

American Society of Agricultural and...
Elsevier
Elsevier BV
MDPI AG
Informa UK Limited

Informa UK Limited

Informa UK Limited
-
MDPIAG ==
Informa UK Limited
Elsevier BV

MDPI AG E—

I

Wiley I

I

Elsevier BV

total_cites M mentioning_cites
Fig. 1. Top 25 publications referenced in CrossRef by publisher
Interestingly, the most cited of the works is published almost 10 years ago,

i.e. in 2013, see Fig. 2. This paper is followed by citations of a paper from 2010 and
2011. It is evidence that the interest in organic farming applications of remote
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sensing sprout in the last 12 years. Although, the first referenced works in this list
are from 1986. The top 3 most cited papers are those of [9] with 972 citations [33]
with 641 citations, and [66] with 325 citations.

The most cited referenced top 25 papers in CrossRef by
Year
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2018
2000
2000
2008

2011

2013

=]

200 400

(=1
=]
=]

800 1000 1200 1400

M total _cites M mentioning_cites

Fig. 2. Top 25 cited papers in CrossRef by number of citations
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The content analysis of the titles reveals the following picture, see Fig. 3.
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Fig. 3. Word cloud from the titles of the cited works in the review

The word cloud maps 141 words out of 301 unique words using the open
WordItOut (https://worditout.com) word-cloud web-tool. The words picked by the
algorithm are above 3 characters to filter out the conjugations and linking words. It
is evident that ‘sensing’ (remote) is the centre object / technology mentioned in the
article (paper) titles. Other frequent words are ‘imagery’, ‘plant’, ‘vision’,
‘resolution’, ‘spectral’, ‘surface’, and ‘grain’. These are more or less revealing the
core objectives of the studies in question. A further insight could provide the author
provided keywords and the keywords assigned by the indexing databases. However,
these typically does not match but could provide information on which categories
the papers are assigned to. However, in such case of interdisciplinary works it is of
interest only for meta-analysis. Despite that, current work focuses on revealing the
main trends in the applications of organic farming and remote sensing which
necessitates of reading the papers non-automatically since at present the linguistic
analysis of full text is yet not on the required level to provide for understanding of
nuances in texts. In addition, not all the databases (including Scopus and Web of
Science) contain all the papers in review full texts.

RS and GIS methods for selecting suitable areas for organic farming

Organic farming requires a selection of an appropriate place according to the
planned crops to be grown. RS methods in combination with geographic information
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systems (GIS) can help the process of identifying the most suitable terrain for the
purpose [34, 35]. With the help of RS and GIS, suitable terrains are identified, for
which different criteria are selected, such as soil types, terrain slope, slope aspect,
categorization of agricultural land, etc., with the help of which to create a suitability
map [35, 36]. The criteria must be in line with regional natural conditions, local
legislation in the field of organic farming, as well as the requirements of the crops to
be harvested.

A procedure has been developed to assess the suitability of the land for
organic wheat cultivation [37]. It combines seventeen eligibility criteria, which are
divided into five main categories, which include climatic parameters, soil
characteristics and qualities, soil chemistry, soil fertility and organic matter content,
and flood and erosion hazards using GIS, multiple criteria analysis, and square root
method. Uddin et al. (2018) [38] use remote sensing methods in combination with
GIS and global positioning systems (GPS) to identify vulnerable to floods and low-
carbon objects. They believe that this will help manage the soil and crops in organic
farming.

In the second part of this publication, the following applications of remote
sensing in organic farming will be considered:
o Satellite remote sensing monitoring of weeds
Remote sensing of crops’ stress and the need for irrigation
Forecasting of yields using remote sensing methods
Remote sensing monitoring of plant nutrition
Biodiversity monitoring with remote sensing
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MMPUJIOKEHUE HA CITbTHUIY B BHOJIOTHYHOTO 3EME/IEJTUE
(YACT I)

M. Yanes, /1. Dunues

Pe3ome

BuonornyHoTO 3eMeiesiue € MHOIO MO-YCTOWYHBA 3€MEICIICKAa CUCTEMA OT
KOHBEHIIMOHATHOTO 3eMejienue. To € 4acT OT yCHUIIHATa Ha YOBEYECTBOTO J1a 3ama3u
OropazHOOOPa3neTo W JIa OCUTYPHU 3/IPABOCIOBHA M 0Oe30MacHa XpaHa 3a Xopara.
MeToauTe 3a MUCTAHIIMOHHO HAOJIOJCHHE C€ H3IO0JI3BaT IIUPOKO B CEJICKOTO
CTOINAHCTBO. M3110JI3BaHEeTO UM I1I€ TTOAMOMOTHE MPEX0Jia OT KOHBEHI[MOHAIHO KbM
OuosoruyHo 3eMezienue. Te Morat Ja moMOTHAT Ha 3eMEICIICKUTE MTPOU3BOTUTEIN
na u30epar HaH-MOAXO/IAIIOTO MACTO 3a U3rpaxiaaHe Ha onodepma. Meroaure 3a
JUCTAHIIMOHHO HAOJII0IEHUE Ca MHOTI'O MOIIICH HHCTPYMEHT 3a 0op0a ¢ IIeBeInTe B
OHMOIOTMYHOTO 3eMeenue. Te MoraT J1a ce M3MOI3BaT 3a ONpe/IeisTHe Ha HUBOTO Ha
CTpec, KOETO M3MUTBAT Kyntypute. Te naBat 700pa Bb3MOXKHOCT 3a MPOTHO3UPaHE
Ha JOOMBUTE B OMOJOTHYHUTE CTOMAHCTBA. METOIUTE 3a JUCTAHIIMOHHO HAOJIIO-
JICHUE MOTaT J1a ONTUMHU3UPAT TOPSHETO B OpraHUYHKUTE CTOmaHcTBa. Te mMoraT jJa
Ce M3MOJ3BAT 3a pasrpaHUYaBaHe HA OPraHUYHOTO OT KOHBECHIIMOHAHOTO 3EMe-
JieNiie, KaKTo M 3a HaOoaeHue Ha OMOpa3HOOOpa3HeTo B 3eMEACICKUTE PalioHH.
MeroauTe 3a QUCTAHIIMOHHO HAOJIFOJAEHME MOraT J1a OMOTHAT Ha OMOJOTHYHHUTE
3eMe/IeTICKM TIPOM3BOMTENN Jia B3eMaT HABPEMECHHHU W aJICKBATHU PEIICHUS MPH
YIPaBICHUETO Ha CTOMAHCTBATA CH.
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Abstract

Wildfires are a common disturbance factor, while climate change is thought to be one of the
main causes of the fires. The detection of disturbance and post-fire recovery monitoring are vital for
ecological research. This article aims to provide a review of current research of post-fire recovery
monitoring based on remotely sensed data. While a close relationship between vegetation indices
(VIs) and physiological parameters of vegetation has been established, VIs have become the main
tool for assessing and monitoring vegetation status. Research on the effects and recovery from fires
has been conducted by a number of authors, with VIs being used mainly in the methodologies.
Tasseled Cap Transformation (TCT) method is also used to assess the state of the ecosystem before
and after a fire. When viewed in series, Disturbance Index (DI) images provide an immediate way to
recognize the pixels of the forests affected by the fire, different from those characteristics of the
normal state of forests. The incorporation of various remote sensing data with field data is able to
support the monitoring of post-fire effects and forest recovery.

Introduction

Monitoring the recovery processes of burned forests is a bit more
complicated task than identifying them, mainly due to the smaller scale of the
recovery areas compared to the total area, and due to the fact that the change in the
signature may be barely noticeable, especially in the initial recovery stages. Fire
creates heterogeneity on the landscape, which impacts the dynamics of the forest
regrowth process. Recovery in areas partially affected by fire can be difficult to
detect.

In the last few years, when the consequences of the forest fires in some
regions of Bulgaria reached enormous dimentions, more detailed studies began
[1-5].
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Ecological framework

The ecological consequences of forest fire are multifaceted — deforestation
and soil erosion, change in water flow, disruption of the heat and water balance of
ecosystems, destruction of unique habitats of rare, protected, and endemic species,
biological diversity limitation, deterioration of sanitary conditions of forests,
disrupting the CO; cycle in nature.

The damage in terms of biodiversity loss and soil erosion is practically
irreversible. The main fuel for wildfires consists basically of vegetation, while
large fires can leave an entire area without vegetation cover, which can lead to
significant climatic, ecological, and hydrological risks. In addition, after a fire,
plant communities can be replaced by new different types of communities, which is
due to invasive species, as a result of the variety of secondary effects that occur.
When the vegetation cover is burned, almost all environmental conditions change.
Forest fires destroy vegetation, animals, and microorganisms, which are necessary
for the normal function of the cycle in living nature. It also destroys the soil humus,
thus disrupting homeostasis, i.e. the sustainability of ecosystems.

After a fire, the amount of light on the soil increases. That is why the first
species that settle on the burnt areas are the light-loving ones. The lack of plant
cover increases the direct penetration of precipitation into the soil and disturbs the
water balance. Waterlogging of the soil and the appearance of erosion processes are
possible. A forest fire primarily burns the undergrowth and also destroys the seed
stock. The fire burns the forest floor, which leads to destruction of the numerous
micro- and macro-organisms, inhabiting the surface layer of the soil [4].

In the areas that are prone to forest fires, where fires are a constant
phenomenon, many tree species (pyrophytes) have adapted to the effects of fire and
successfully survive. Their seeds have a hard and strong shell that protects them
from fire and preserves their ability to germinate. As a rule, pyrophytes are fast-
growing species and begin to bear fruit early. Some tree species contain in their
leaves a little burning substances and a greater water content, which is also an
adaptation to reduce the destructive effect of fire and its limitation.

Unlike pyrophytes, coniferous species contain a lot of resinous substances,
which contributes to their rapid burning and the damage from fires is significantly
greater. Beech (Fagus), fir (Abies), spruce (Picea), Balcan pine (Pinus Peuce),
birch (Betula alba), and aspen (Populus tremula) tree species have thin bark that
burns easily and is quickly damaged by fire. In contrast, oaks (Quercus), black
pines (Pinus nigra), larches (Larix) have thick bark, which makes them resistant to
ground fires. Important for the resistance of tree species against fires is the
presence of dormant buds, especially when they are on the root system. Aspens,
hornbeams, beeches, lindens, etc. have the ability to give many root shoots [4, 5].

Forest fires lead to soil degradation, which is expressed in the reduction of
its nutrient supply (burning of organic matter, reduction of nitrogen content,
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change in the content and ratio between the total and exchangeable forms of
nutritional elements) and development of erosion. It has been established that about
three years after a fire, the limitation of degradation processes begins, expressed
mainly in the levels of soil indicators to those before the fire.

In cases where, as a result of a fire, there is a real supply of nutrients in
exchangeable forms, it is possible for them to be adsorbed by the plants, and after
decomposition of the leaf mass — to fall into the soil again. The temporary
accumulation of nutrients facilitates rapid vegetation recovery. If the frequency of
fires is high, as observed in some areas, the food supply of the ecosystems is not
fully restored. The long-term post-fire effect for our geographical latitudes and
climatic conditions is expressed in a gradual reduction of soil nutrient reserves, a
slowing down of the rate of vegetation recovery, an intensification of erosion
processes, which in turn lead to irreversible desertification processes.

The consequences of forest fires continue for decades, and in our climatic
conditions they almost always lead to negative consequences in terms of the
productivity of ecosystems, including tree stands. In addition to damaging
ecosystems, wildfires create conditions that favor the occurrence of new fires. This
is due to a violation of the integrity of the forest, which on one hand leads to a
disturbance of the microclimate and a decrease in moisture, and on the other —
allows the appearance of grasses, lianas, and bushes, thus increasing the amount of
light, easily flammable combustible materials.

The assessments obtained by remote sensing methods for the heterogeneity
and spatial distribution of burned areas were also used to identify priority areas for
fuel reduction and post-fire recovery. Post-fire recovery of forests depends on
adequate seed dispersal and favorable microclimate conditions, which in turn are
related to the location and type of landscapes (height, slope, and aspect). Large
areas with high burn severity may have fewer surviving trees to provide seeds.
Unburned or areas with low burn severity within high burn severity areas can
provide sources of seed to increase the rate of forest recovery. After a fire, the
environment can change significantly within a year and some aspects may be
predictable, while others may depend on local weather conditions.

Passive and active sensors

In terms of the remote sensing of post-fire effects, we can divide the
available sensor systems into passive and active. The most commonly used type of
active sensor being used to evaluate fire-related information is light detection and
ranging (Lidar) systems. These provide information on the elevation (and thus
relative height) of a surface by measuring the time taken for a pulse of laser light to
journey between a sensor and a surface. Lidar systems are predominately aerial-
based and have been widely used to characterize individual-tree and stand-level
canopy structure. Spaceborne SAR data also provides an alternative approach for

194



monitoring the regrowth of post-fire forests, since backscatter is also sensitive to
forest structural parameters. The majority of remote sensing systems that have been
used to infer post-fire characteristics have been passive sensors measuring the
reflection or emission of electromagnetic radiation from surfaces. Multispectral
airborne and satellite sensors use radiometers that are sensitive to narrow
bandwidths (bands) of the electromagnetic spectrum.

Vs

Research on the effects and recovery from fires has been conducted by a
number of authors, with VIs being used mainly in the methodologies. Vs are
usually dimensionless quantities obtained by satellite data in different spectral
ranges, mainly used to show the amount of green vegetation available. Due to this
fact, VIs have become the main tool for assessing and monitoring vegetation status.
A close relationship between VI and physiological parameters of vegetation (LAI,
biomass, photosynthetic activity, productivity, etc.) has been proven. Although LAI
is the major morphological parameter of vegetation cover associated with satellite
VIs, its measurement and assessment are very complex. For this reason, VIs are
appropriate indicators for monitoring and assessment of vegetation condition.

Although one of the first, Normalized Difference Vegetation Index (NDVI)
[6] is one of the most commonly used Vs for assessing green vegetation biomass
as well as for remote assessment of recovery processes of vegetation after fire. A
study by Chéret and Denux [7] found that changes in NDV1 values correlated with
the De Marton Drought Index. The spectral reflective characteristics of vegetation
in the visible and near infrared range, in contrast to those of the soil, explain the
use of NDVI to distinguish vegetation cover. In addition, NDVI partially
normalizes the influence of external factors in the reflection of vegetation, i.e.
errors associated with changes in illumination or atmospheric scattering.

As the processes of vegetation and drought are not very dynamic, the data
with average spatial resolution are more suitable for detailed studies of small areas.
What is specific is that the VIs based on optical data are particularly sensitive to
the presence of any clouds. To be correctly determined, it must be ensured that the
cloud cover is zero over the studied area. When using low-resolution satellite data,
there is a risk of cloud cover for some parts occupying an area of less than one
pixel of the image. In this case, NDVI index is artificially lowered. To avoid this,
indices are used that are formed by channels with a longer wavelength (EVI,
NDW!I or NDII).

Normalized Difference Water Index (NDWI, 24.m) [8] uses a wavelength in
the mid-infrared range, less affected by atmospheric absorption. NDWI, ¢4um Shows
less saturation than NDWI1, 24um.

Normalized Difference Infrared Index (NDII) is used analogously to
NDW!I when lacks data in the SWIR range [9].
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Normalized Multi-band Drought Index (NMDI) is used simultaneously to
study the dryness of the soil layer and the moisture content in the leaf mass of
plants [10]. This improved drought index is able to calculate the water content of
both soil and vegetation and is therefore expected to offer more accurate estimates
of the degree of drought and the impact of fire [10].

Normalized Difference Dust Index (NDDI) is used to study the effect of
soil and leaf drought on the vegetation process of plants, as well as the effect of
fires on vegetation [11].

Enhanced Vegetation Index (EVI) [12] is used similarly to NDVI for the
study of vegetation, as the lower the value, the less the vegetation and the leaf mass
of plants. The decrease of the index over the years signals deforestation of a given
area [9]. Unlike NDVI, this index is less sensitive to the presence of scattered
clouds or small dust particles in the atmosphere, which reduce the radiation
reflected by the object reaching the sensor.

Moisture Stress Index (MSI) is used to determine the stress in vegetation,
measured by changes in moisture content [13].

Soil-Adjusted Vegetation Index (SAVI) uses an L-factor to correct the
different reflectivity of soils [14]. SAVI is more closely related to LAI than to
NDVI.

An alternative approach to soil line correction is the Perpendicular
Vegetation Index (PVI) [15]. PVI is interpreted geometrically as the perpendicular
distance of a measured point from the soil line. The perpendicular distance of the
R/NIR measurement from the soil line is not linearly related to LAL.

The fire impacts are assessed significantly more frequently by the
Normalized Burn Ratio (NBR) index [16], which using the near and middle
infrared channel is designed to be maximally sensitive to overall changes in
spectral reflectance characteristics caused by fire. Differenced Normalized Burn
Ratio (dNBR) is the result of differences in NBR index before and after fire. NBR
and dNBR are key indicators of burn severity and can be used to determine post-
fire effects, fire size, and burn severity classifications. NBR is also used for the
degree of post-fire recovery. The dNDVI and dNBR indices are distinguished by
higher map accuracies and regression relationships in forested areas, compared
with results for studies conducted in environments with lower gross primary
productivity.

The Mid-infrared Bispectral Index (MIRBI) was created to assess the burnt
vegetation in the savanna [17]. Although MIRBI was developed only to assess
burned vegetation, NBR and dNBR have been widely used to assess post-fire
landscape effects in the USA, as well as in South African savannas. In addition to
measuring burned vegetation, NBR is used to measure the extent of ecological
change after a fire.
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Terrestrial data on post-fire effects include assessment of soil color change;
soil infiltration and hydrophobicity; the change in plant char and ash cover; tree
scars and organic fuel consumption.

In an attempt to integrate these different measurements, Key and Benson
[18] developed the terrestrial Composite Burn Index (CBI). CBI is based on a
visual assessment of the amount of burned vegetation, the degree of soil charring
and the degree of vegetation regeneration. The CBI was established for the purpose
of ground validation of the NBR spectral index. After the effects of the fire on 30
m x 30 m test plots in five separate horizontal layers (from soil to tree crowns)
were assessed separately and then combined into one total "burn severity" value for
the plot. The CBI method is quite fast but very subjective.

The presence of areas with similar environments, behavior and post-fire
impacts has led to the use of the term "severity classes™ within both the ecological
literature and remote sensing. And yet there are significant variations in the so-
called “low”, “moderate” and “high” degree of classification depending on the
region and types of vegetation. In forested areas, remotely sensed “burn severity”
maps often show a strong correlation with fire effects on the upper canopy and
exhibit low correlation with terrestrial and soil variables where vegetation obscures
the ground.

The use of temporal series and transformations are widespread. Remote
sensing with time series data offers considerable potential in the trajectory of post-
fire forest dynamics, beyond monitoring forest succession and current structural
attributes of forests after fires. Many studies have addressed this issue by using
moderate-to-low resolution time series NDVI, SAVI, EVI, albedo, NDVI-based
Net Primary Productivity (NPP), fraction of absorbed photosynthetically active
radiation (FAPAR) and, recently, the vegetation optical depth (VOD) parameter
from the Advanced Microwave Scanning Radiometer for Earth Observing
System (EOS) (AMSR-E) sensor as surrogates representing the recovery of
vegetation after fire disturbances.

TCT

The model for orthogonalization of satellite images proposed by Kauth and
Thomas [19] is a very effective method for interpretation, classification and
analysis of phenomena and processes related to the dynamics of the main
components of the earth's surface — soil, vegetation, and water. This type of
transformation is called Tasseled Cap Transformation (TCT) [19]. The method
used for linear spectral transformation in multidimensional space to reduce the
correlation between its individual elements using three components — soil,
vegetation and humidity — is also used to assess the state of the ecosystem before
and after a fire. TCT is related to the change of the coordinate axes in the spectral
space from the original ones in three uncorrelated directions, preserving their
orthogonality — Brightness (TCB), Greenness (TCG) and Wetness (TCW).
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The TCB index is the sum of all channels corresponding to the direction of the
main change in soil reflection. The TCG index represents the contrast between the
infrared and the visible channel, orthogonal to the TCB. The TCW index refers to
plant and soil moisture, orthogonal to the TCB and TCG. Different sensors use
different transformation matrices, fixed only for them.

Healey et al. [20] calculated Disturbance Index (DI), which is a linear
combination of the three Tasseled Cap indices. The calculation of DI is based on
the observation that burned forests are usually characterized by higher values of the
TCB and lower values of the TCG and TCW compared to unaffected forest areas
[20]. However, as there are variations that exist in the acquisition date between
images, the detection index adopted should be relatively insensitive to the
Bidirectional Reflectance Distribution Function variability and phenology. Thus,
spectral normalization of the TCB, TCG, and TCW indices should be performed
which use within-image statistics to normalize radiometric change. Therefore, the
areas affected by the fire have high positive nTCB values and low negative nTCG
and nTCW values (where the prefix “n” stands for “normalized”). They show high
DI values. Conversely, unaffected areas should present low DI values [20]. DI
guantifies how close the pixel is to an area in the scene, characterized by the
highest TCB and the lowest TCG and TCW indices. When viewed in series, DI
images provide an immediate way to recognize the pixels of the forests affected by
the fire, different from those characteristics of the normal state of forests.

Conclusion

Aerospace remote sensing methods are a high-tech tool for reliable and
large-scale monitoring of recovery processes in forest ecosystems after a fire. The
study of the consequences of forest fires is determined by their large-scale and
long-lasting effects on the ecological situation of huge territories. For operational,
reliable, and large-scale research, remote aerospace methods and technologies are
vital. Incorporation of various remote sensing data with field data is able to
support the monitoring of post-fire effects and forest recovery.
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MOHUTOPHUHI' HA Bb3CTAHOBUTEJIHUTE INPOLHECH
CJEJ ITOXAP C U3ITIOJI3BBAHE HA IUCTAHIIMOHHU METO/M:
HPEI'JIE]

H. Cmankoea

Pe3rome

OTKpUBaHETO Ha 3acerHATH TEPUTOPHM M MOHUTOPHHI'BT Ha BbB3CTa-
HOBHTEITHUTE TIPOLECH CIIeA TOXap Ca JKU3HCHOBAXKHU 32 CKOJOTHYHHUTE
uscnenBanus. Ta3y CTaTHs MMa 3a [EN JIa HallpaBH OCHOBEH ITPErJIe Ha TEKYIIHUTE
W3CNE/IBAaHNS Ha MOHHMTOPHHIA 33 BH3CTAHOBUTEIHHTE MPOIIECH CIE] MOXKap BbH3
OCHOBAa Ha JIaHHH OT JMCTAHIMOHHO HaOmronmeHue. Thil KaTo € ycTaHOBEHA TACHA
BpB3Ka MEXJy BereTanmoHHuTe uHaekcu (BMN) u ¢pusnonornunnTe napamerpu Ha
pacturenHoctra, B ce mnpeBpbllaT B OCHOBEH HMHCTPYMEHT 3a OLEHKA H
MOHHTOPHHT Ha ChCTOSTHHETO Ha PacTUTETHOCTTA. M3cenBanus BbpPXY eEeKTUTE U
BBH3CTAHOBSIBAHETO OT IMOXKapuh ca MPOBEJACHU OT pEAWIia aBTOPH, KaTo B
METOJIOJIOTUUTe UM ce wusnoisBar riaBHo BUW. Meroasr Tasseled cap
tpanchopmanus (TCT) chio ce U3nosi3Ba 3a OleHKa Ha ChCTOSHUETO HA €KOCHUC-
Temara mpeau U cien noxap. Pasrnexaanu nocnenorareiano, DI n3oOpaxeHusTa
OCHUTYpSIBAT HAYWH 3a pas3lo3HaBaHe Ha IMHKCEJIWTE Ha TOPUTE, 3aCErHAaTH OT
moJkapa, pasjuaBallld Ce€ OT TE3W, XapaKTePHHW 3a HOPMAIHOTO CHCTOSHHE Ha
ropute. OOCIUHIBAHETO HA PA3jMYHH JAHHW OT JUCTAHIIMOHHO HAOIIOJCHHUE C
IMMOJIEBU JJaHHH € B CBCTOSAHHE Oa IMOJAINOMOTHE MOHUTOPHMHIA Ha IMOCIICACTBUATA
CITe/I TToKap, KaKTO M TOCIIEABAIIOTO Bh3CTAHOBSIBAaHE HA TOPHTE.
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New Books

REMOTE SENSING TECHNOLOGY IN ENGINEERING GEODESY

After nearly nine years of work, G. Milev and
I. Milev completed the series of 5 books on Applied
Geodesy - Part 1 Engineering Geodesy (2022). In its
essence, this work summarizes the modern problems of
construction, architecture, the organization of the
territory and the role and place of Engineering Geodesy.
Thus, for the first time, these activities and
characteristics of surveying are jointly considered from
an interdisciplinary perspective. Engineering geodesy
exists as an inseparable element of this complex
activity, in which various specialties and, especially,
geospatial technologies have an indisputable role.

The books reflect the views of the authors, their long-term research, teaching
experience and participation in research and construction of engineering objects with
original spatial-constructive solutions. The exposition is in accordance with the
current regulatory framework and the possibilities offered by modern digital devices,
tools, systems and technologies.

The series offers a number of original solutions: 1. A new concept is
introduced in the literature - System/s of monographs; 2. Three groups of matter are
distinguished; 3. An original, consistent multi-level (triple) four-level numbering of
the content (up to 3 levels), figures, tables, quotations is developed and offered for
use; 4. A large number of specific examples from the practice of the objects under
consideration are given; 5. The principles, exposition and general joint presentation
of construction, architecture, land use, engineering geodesy applied here are
prerequisites and fit into BIM, which is the desired perspective.

The bibliographic description of the books is as follows:

Milev, G., I. Milev. Applied Geodesy. Part 1, Engineering Surveying:

Book 1. Basics, Systems and Technologies in Engineering Surveying. Sofia,
USLMB. Avangard Publ. House. 2017. 498 p.;

Book 2. Design and Implementation of Physical and General Plans. Sofia,

USLMB. Avangard Publ. House. 2017. 330 p.;

Books 3. Construction of Linear Objects, Buildings, Structures and
Installation of Technological Equipment. Plans of Built Complex Objects. {Books
3(3.1), 2019. 524 p.; 3(3.2), 2022, 530 p.; 3(3.3), 2022, 466 p.}.
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Corr. Member Peter I. Y. Velinov
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In Memoriam

IN MEMORY OF LEV DORMAN
(01.05.1929-27.07.2022)

The world-famous Russian and Israeli space scientist Lev Isaakovich
Dorman left this earth at the age of 94. His life was spent in Russia, Israel (since
1992) and the USA (Princeton University). In fact, he was a citizen of all mankind.
It stood far above ordinary human understanding, above politics, above the storms
and struggles of this world. His motto was: science and only science, and that in its
purest and truest form. He remained a tireless and active scientist until the end.

In the 1950s, Lev Dorman laid the foundations for the study of cosmic ray
variations of atmospheric, magnetospheric and extraterrestrial origin. The main
discoveries he made in the early years of his scientific activity can be summarized
with the following significant discoveries:

- separation of the two types of plasma flows from the Sun. The first type of
flows have relatively weak frozen magnetic fields with an intensity roughly constant
during the solar cycle. Flows of the second type have about an order of magnitude
higher magnetic fields and their intensity is approximately proportional to the level
of solar activity, cause strong magnetic storms on Earth and Forbush- decrease with
the intensity of cosmic rays. Later, the first type of flows were identified with the
solar wind, and the second with coronal mass ejections and interplanetary shock
waves (1955-1957);

- the diffusion nature of the spread of solar cosmic rays in interplanetary
space (1957);

- the resonant scattering of cosmic ray particles during propagation in the
cosmic plasma (1959);

- the acceleration of the drift of cosmic rays by shock waves (1959);

- determining the size of the heliosphere from about 100 a.u. (1967) by CR
variations, many years before direct space measurements.

Lev Dorman has published over 1,500 original scientific articles and
32 fundamental monographs. He visited Bulgaria several times, making an
outstanding contribution to the development of space physics in our country.

Lev Dorman, sparing no effort and time, created the necessary organization
and scientific potential for cosmic ray research in Russia and Israel. Thanks to his
efforts, the results of these studies received wide international recognition and fame.
He trained many of his students who are successfully working in many countries
around the world.

We will forever cherish the wonderful memory of this bright man and
outstanding scientist-cosmonaut.

Corr. Member Peter I. Y. Velinov
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