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Abstract

Situational analysis deals with verifying conditions of a geometric or physical nature during
satellites’ movement in their orbits. This analysis is applied to determine time intervals optimal for the
execution of specific satellite operations. Situational problems are solved at various stages of the
preparation and operational phases of the satellite missions. The most interesting cases are when a
situational problem contains multiple conditions. Each situational problem is solved by sequential
verifications of the conditions involved. Verifications can be terminated when an unfulfilled condition
is detected (Horner's rule) to improve the efficiency of the analysis. Calculations are repeated for
subsequent time steps. Solving such a situational problem may be time-consuming when multi-variant
and multi-satellite simulations are performed.

A heuristic approach is proposed for the efficiency enhancement of situational analysis for
problems including multiple conditions. This approach is based on the reordering of condition
checks. The approach is algorithmized and incorporated into the situational analysis solver that was
previously developed. The efficiency of the proposed heuristic is evaluated based on examples with
different numbers of situational conditions. This approach shows better efficiency than applying
Horner’s rule.

Introduction

The rapid advancement of space technology has led to a significant
increase in the spacecraft population orbiting the Earth. Furthermore, satellites are
becoming increasingly smaller. Multi-satellite missions are designed and
implemented in various scientific and applied fields. These and other trends are
well-represented in the scientific literature [1, 2].

Limitations are imposed on the preparation time, cost, and reliability of
operational use when designing and preparing space missions, regardless of the
number and type of satellites. Computer programs are used at different stages from



the preparation to the realisation of space missions. Various aspects of space
missions are simulated to meet the ever-increasing requirements. It is important to
note that, in addition to well-known programs designed for commercial distribution
(STK?, FreeFlyer?, ASTOS® — or open source program GMAT?), some organisations
develop their own programs to meet specific needs. Some of these internal
programs extend beyond satellite dynamics simulations [3-6]. Wertz & Larson [7]
suggest using programs tested in numerous missions created and supported by
specialised companies. Nonetheless, he highlights that developing one's own
programs allows for a deeper understanding of the underlying problems. Chagas
[8] emphasises the importance of applying a comprehensive set of modelling and
simulation toolkits to develop complex space missions. Applying multi-physics
environments is crucial to tame the complex problems in space mission design [9].

The situational analysis deals with the determination of time intervals
optimal for the implementation of certain satellite operations (performing
measurements with various sensors, communication with ground stations, and
special or general satellite operations). The fulfilment of specific conditions is
verified for separate moments throughout the simulation time in the framework of
this analysis. This analysis examines the environmental conditions under which
satellites operate. We assume that the corresponding orbital event occurs when one
or a combination of several conditions is met. Situational analysis, along with
orbital analysis, satellite operations planning, and various
engineering/mechatronic-oriented analyses, plays a critical role in optimising
satellite missions. Applying this analysis is crucial at different stages of the
preparation and execution of space missions.

At the Space Research and Technology Institute, BAS, work is being done
on creating and improving the Parallel Situational Analysis Solver (PSAS) [10].
A reordered heuristic applicable to solving situational problems with several
conditions is proposed in the present work.

The rest of the paper is organized as follows: The second section describes
some types of missions and the specific situational conditions used in each of them;
The third section presents the idea of situational problems composed of several
conditions and their solution; The fourth section explains the approach for
efficiency enhancement; The fifth section tells about parallel situation analysis
solver; The sixth section shows application examples and an estimation of the
efficiency of the proposed heuristic; Some comments about algorithmic complexity
are presented in the seventh section and the eighth section concludes the article and
indicates some possible developments and applications.

! STK [Online]. Available at: https:/mww.ansys.com/content/dam/amp/2023/november/asset-creation/stk-
capabilities.pdf

2 FreeFlyer [Online]. Available at: https:/ai-solutions.com/freeflyer-astrodynamic-software/

3 ASTOS [Online]. Available at: https://www.astos.de/products/astos

* GMAT [Online]. Available at: https://gmat.atlassian.net/wiki/spaces/GW/overview
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Related Work

Determining the optimal time intervals for observation and measurement is
crucial at the initial stage of space mission preparation. Performing a situational
analysis is indispensable for assessing the feasibility and realism of any mission. At
the next stages, parameters related to various satellite subsystems and instruments
can be optimised. These time intervals are used as input resources when planning
and scheduling payload operations at the operation stage of a satellite mission [11].

The ability to make observations and measurements depends on the
platform's location in orbit and various other conditions that either allow or
prohibit them. These conditions are related to the visibility of the objects being
monitored (or from the disposition of in-situ measurement instruments to be in
suitable spatial areas) and any sources of disturbance or prohibitions caused by
other objects or phenomena.

Forecasting the optimal time intervals for observations in the frame of
astrophysical missions necessitates the assessment of various factors, some of them
related to the positions of the Sun, Moon, and satellite platform [12-17]. Additionally,
physical factors such as the satellite's position relative to the South Atlantic Anomaly and
polar cusps must also be considered [16, 18]. The presence of high levels of radiation
background in certain segments of the orbits above these areas is a significant issue, as it
can lead to electrical discharges, scientific instrument damage, and background
enhancement in images obtained by optical instruments with SSD detectors. Constraints
related to passing through radiation belt passages regarding XMM-Newton® and Chandra
missions are applied [19]. Thus, an analysis of geometrical and physical factors is
essential when selecting the appropriate observation intervals, especially when dealing
with sensitive scientific instruments and image acquisition systems. Bernacca et al. [20]
present examples of how to simulate star visibility and tracking by a telescope attached to
the main truss of the International Space Station. Additionally, to determine the visibility
of the studied stars, solar panels are considered as structural elements in this work.

Interesting and current tasks arise regarding space debris tracking with
space-based optical sensors. Scott and Thorsteinson [16] consider different
constraints regarding NEOSSat Space-Based space situational awareness. Mission
representing a microsatellite space telescope designed to track resident space
objects and perform asteroid astronomy. Orbital conditions related to constraints
related to the satellite platform and its orientation relative to the Sun and the Earth,
the observation objects, and the mutual position of the platform and the observed
objects (resident space objects) are considered in detail. Further constraints are
applied to the telescope's field of view — avoiding the galactic centre and

® »XMM-Newton Users Handbook”, Issue 2.22, 2024 (ESA: XMM-Newton SOC). Avalaible on:
https://xmm-tools.cosmos.esa.int/external/xmm_user_support/documentation/uhb/XMM_UHB.pdf
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containing background stars. Du et. al. [21] and Du et. al. [22] presented results
from computer simulations to evaluate the performance of multi-satellite space
debris cataloguing missions. In both cases, in addition to geometric constraints to
estimate visibility, an illuminance estimate is added, based on the shape and albedo
of the space debris. Li et al. [23] apply the same constraints in their analysis.

Experimental observations of the anomalous fluxes of fast charged
particles, disturbances of quasi-steady and ULF-VLF magnetic field components,
and thermal plasma ion fluxes have been considered using the data of the active
space experiment during electron beam injection in the frame of the Apex mission
[24]. A DOK-S charged particle spectrometer installed at the subsatellite measured
the differential fluxes of fast electrons and protons in eight energy intervals.
The conditions for executing the experiment are based on the angle between the
injection direction and the magnetic field vector, the characteristics of the
environment, as well as the possibilities of observations with instruments located
on a sub-satellite or on the Earth's surface.

In magnetospheric research missions, it is necessary to know when the
satellites pass through the different regions (polar cusp, polar oval, bow shock,
or/and magnetopause) for preliminary analysis and measurement planning. These
regions are described with geometric models of surfaces [25] and determine the
conditions for the operation of the instruments.

The visibility of objects and areas of the Earth's surface depends on the
parameters of the Earth's orbit and its rotation in remote sensing missions. The
ability to observe the Earth's surface depends on the spectral ranges of instruments.
For observations in the visible spectral range, the objects must be illuminated by
the Sun. Observations of the unilluminated part of the Earth's surface are carried
out in the infrared spectral range, as the satellite may be in the umbra [26].
Kosari et al. [27] involve additional considerations of conditions related to pixel
elongation and lighting (concerning the Sun) constraints.

Within the framework of the Korean space program, tools are being
developed to predict orbital events [3, 28] — satellite contact time in specific ground
stations, eclipses due to the Earth and moon, satellite pass time at the equator, pole,
apogee, and perigee, satellite earth sensor interferences due to the sun and moon,
Satellite attitude manoeuvre for imaging.

Concept of situation analysis

As pointed out above, situational analysis is applied to the space mission
analysis at the initial stages of its preparation. During the operational stage, this
analysis provides planning and scheduling for satellite operations, with appropriate
time intervals for their execution. Each situational problem SP is composed of one or
a conjunction of several situational conditions sc; of different types:

1) SP =scy Ascy A ... Asc, = N} sc,

10



Applying Horner's rule, we can write
2 SP = (. (.. (SCLASCINA . )ASCpy oo ASCp_q1)ASCp = AT sc; , (m < n)

where m is the index of the first unfulfilled condition among the ordered n
conditions of the situational problem. While the algorithmic complexity of
representation Eq. (1) is O(n), that of Eq. (2) is 0(m) (m < n). The conditions
themselves are predicate functions accepting values of true or false. They can be
generally represented as:

se; = sci({R}, (a3}, {8}, t)

where {ﬁ} is a set of radius vectors of satellites, {«} — is a set of parameters of the
mathematical model describing the situational condition, and {8} - is a set of
specific constraints. The sets of parameters {a} and constraints {8} are specific for
each situational condition. In some cases, they are explicitly entered when
composing the situational task (conditions 1 and 4 in Table 1). They are defined by
models in other cases. This is the case of conditions 2 and 3 in Table 1. The radius
vectors of the Sun and Moon are parameters of the geometric models of the
corresponding situational conditions, which are calculated based on models of their
movements. In this formulation, solving a situational problem represents a
verification of the feasibility of a logical function at appropriate moments.

Enhancement of situational analysis efficiency

Basics
Improving the effectiveness of situational analysis is important for the
following reasons:

- A large number of situational problems must be solved; the large number of
problems is a result of the number of satellites, scientific instruments,
objects to study, and scientific tasks to solve;

- Solving problems with several situational conditions each requires more
calculations;

- Multiple solving while varying different parameters (orbital parameters,
parameters of satellite subsystems) in order to optimise them;

- Running computer simulations over a long time horizon.

There are some standard ways to increase the efficiency of situational analysis:
- Optimisation related to mathematical models for verifying situational
conditions;
- Use of compilers generating efficient code;
- Application of parallel calculations.
In addition to the previously mentioned ways for enhancing the efficiency
of situational analysis, we will focus on one more.

11



Enhancing the efficiency of situational analysis by reordering the
heuristic

Heuristics are ways of solving problems based on practical or intuitive
assumptions about optimality. Unlike methods, they are not associated with rigorous
evidence. Here, a heuristic to enhance the efficiency of solving multi-condition
situational problems by reordering them is proposed — the reordered heuristic.

Instead of the direct problem SP to verify Eq. (1) or Eq. (2), let us consider
the opposite problem [29]:

€)) SP = sc(t);Asc(t),A ... Asc(t),,

According to (1) or (2), we look for time intervals when all conditions are
met. In the opposite task (3), we look for time intervals when at least one of the
conditions is not fulfilled. Applying de Morgan’s law, we can represent the
opposite problem Eg. (3) as follows

(3) SP=sc(t),Vsc(t),V..Vsc(t)yV..Vsc(t)y,

To solve the opposite problem SPit is enough that only one of the
conditions sc(t), is fulfilled. After finding the k" condition (sc(t), = true)
sufficient to solve the problem, one can proceed with verifications in the next steps
by applying the following heuristic:

SP=sc(t+At)gVsc(t+At)1V..Vsc(t+At) 1 Vsc(t+At) 41V -

) L Vsc(t+At)n

The meaning of reordering the conditions is related to the fact that the
situational conditions themselves are slowly changing functions with respect to the
time step with which the simulation model is discretised. In fact, moving the k="
unfulfilled condition in the first place causes verifications to interrupt already on
the very first condition for a large number of time steps.

Development of a situational analysis solver

Situational problems editor

A dialogue editor is developed for composing situational problems.
Depending on the type of satellite mission, a set of possible situational conditions
is proposed to choose from. With appropriate dialogue controls, situational
conditions are selected, and their parameters are entered to compose a situational
problem. With check control, it is indicated that the current problem will be solved
without or based on a reordered heuristic.

After compiling all situational problems, an actual solver is created to solve
them at each step of the system/simulation time. For this purpose, a special
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subroutine is used, which in turn calls system functions to create computational
threads. In addition, two objects of type event are created for each thread. These
events are used for synchronisation between the solver threads and a special thread
(parent thread) that manages the simulation process. Here, we briefly note that the
entire simulation process can include different types of parallel solvers. The
handlers of the threads and the mentioned events are stored in a two-dimensional
array and represent pool parameters.

When solving numerous situational problems (hundreds and thousands) it

is important to avoid overload. Managing the thread pool consumes computational
resources; therefore, taking only one task is inefficient. For this purpose, an integer
variable is created — “granularity”. It determines the number of situational
problems that are taken by the threads to solve at once. When these problems are
solved, the thread can try to take the next portion of the problems. One more object
of type “event” is created for all solver threads. It is used by each thread when
solving several situational problems (the number is specified with the parameter
"granularity"). When a thread needs to take on situational problems for solving, it
changes the state of this event and takes certain actions. Until these actions are
completed and the thread returns the previous state of the event, access to the
situational problems by other threads is forbidden. This prevents situational
problems from being solved by different threads. A situational problem counter is
also necessary for the thread pool to function. It counts the situational problems
taken for solving.
In addition to the situational problem descriptor, the coordinates of the satellites are
also needed to solve situational problems. Depending on the type of situational
conditions, the coordinates of other objects or environmental parameters may be
required. All necessary data, or their memory addresses, are obtained from the
Space mission dynamic solver descriptor (SMDSD) (Fig. 1a). This descriptor is
necessary for the interpreter of the simulation model to start the situational solver
at each time step. This is shown in Fig. 1b with the bidirectional connections
between "Interpretation thread of a simulation model" and “pool of threads control”
subroutine. The descriptor contains heterogeneous information about the pull of the
thread of the solver and situational problems. Information from this descriptor is
used when creating functional models of satellite subsystems.
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Parallel situational analysis solver

A parallel solver of situational problems was developed [10]. The “thread
pool” model is used for parallelisation [30]. “Parallelism across the situational
problem” is applied as the parallelisation approach. The solver threads are
synchronised for each time step with the parent thread (Fig. 1b). Depending on the
particular problems, the number of threads is selected, as well as the “granularity”,
i.e., the degree of fragmentation of the entire set of situational problems.
The number of threads for each individual solver should conform to the number of
processors/cores in the computer system. Within a simulation model, different
actual solvers (created with different parameters) can be created to solve specific
sets of problems.

Each solver receives the necessary control parameters and data via a buffer
subroutine. This buffer subroutine is the main one for the solver. It accepts the data
from the situational editor (mentioned above) via global data (common block in the
Fortran language) and then calls a thread pool supervising (management)
subroutine. Each buffer subroutine contains a specific name of the main subroutine
used in a particular solver. The thread pool management subroutine has
polymorphic properties and can be called from buffer subroutines of a variety of
parallel solvers.

Situational problem descriptor

Each situational problem is described by a descriptor — a one-dimensional
array of a derived type (Atanassov, 2016). The null element of the array contains
information about the situational problem (Appendix A). The following elements
describe the situational conditions, according to the order of their input by the
situational editor. The descriptors of all situational problems related to a specific
space (single-satellite or multi-satellite) mission are combined into a
two-dimensional array. The efficiency parameter, which indicates the efficiency-
enhancing approach in solving each situational problem is included in the null
element (Appendix A). The value of this parameter is determined at the stage of
composing the situational problem. At a value of 0, Horner's rule applies.
A reordered heuristic is used if the value of 1 is set. Other values of the efficiency
parameter can be used for other algorithms in the future.

Program implementation of the reordered heuristic

When an unfulfilled condition included in a situational problem is detected,
subroutine Conditions_reordering is called (Fig. 2). This subroutine reorders
some elements in the task descriptor. The null element does not participate in the
reordering. The element matching the detected unfulfilled condition is moved to
the first position, and all others before it are shifted to one position. The remaining
elements do not change their original positions.
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SUBROUTINE  Conditions_reordering (iadr_sci_task, max_cond,no_meet)

USE DFlib
USE RN,ONLY:SitCond,sit_task
type (sit_task) sci_task(0:max_cond)

type (SitCond) Sit _Cond,temp_Sit_Cond(no_meet-1)
POINTER(iadr_sci_task,sci_task)
AUTOMATIC Sit_Cond,temp_Sit Cond

IF(sci_task(0)%opt_level.EQ.1) THEN ! reordered heuristic
IF(no_meet.EQ.1) RETURN

Sit_Cond= sci_task(no_meet)%sit_cond

DO i=no_meet,2,-1
sci_task(i)%sit_cond= sci_task(i-1)%sit_cond

END DO
sci_task(1)%sit_cond= Sit_Cond

ELSEIF(sci_task(0)%opt_level. EQ.2) THEN ! other heuristic
IF(no_meet.EQ.1) RETURN
ENDIF

END SUBROUTINE ontimization

Fig. 2. The "optimisation™ subroutine implementing the “reordered heuristic"

Examples of applications

Situational problem compilation
Let's consider a situational problem composed of several types of
conditions (Table 1):

Table 1. Example of a situational problem

Numerical identifier Titles of the types of situational conditions that are used below

1 The satellite is in the Earth’s shadow

2 The Moon is below the horizon

3 The satellite passes over a circular area of Earth's surface with
geographic coordinates of its centre (¢,A) and angular radius 8.

4 A circular area on the Earth's surface (with geographic coordinates

of its centre (¢,A) and angular radius ) is fully illuminated

Such situational problems arise in remote sensing missions. The situational
conditions mentioned in Table 1 are included in the situational problem editor and
the situational solver.
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Evaluation of the efficiency depending on the order of the conditions

Three numerical experiments are conducted to evaluate the efficiency of
the proposed heuristic. Both experiments simulated the motion of a satellite in an
orbit with the following parameters: semi-major axis a = 7 000 000 m, eccentricity
e = 0.001, and inclination i of 5°. It is verified whether the satellite passes above a
circular area on the surface of the Earth with geographical coordinates of the centre
at (0°, 0°), and an angular radius of 6 = 10°. Additionally, it is verified whether the
satellite is in the shadow of the Earth [31], and if the Moon is below the horizon
[32]. The integration of the equations of motion of the satellite and the checks of
the conditions are performed within a time horizon of thirty days with a step
dt=10s.

Table 2 contains results regarding the number of verified conditions when
solving the situational problem based on a static ordering of the conditions
applying Horner's rule (2) and when applying the reordered heuristic.

Table 2. Number of condition verifications performed — first situational problem

Variants of the Verified conditions with ~ Verified conditions with  Efficiency

conditions ordering Horner’s role heuristic [%]
1-2-3 277 635 263919 4.94
1-3-2 277 588 263916 4.92
2-1-3 358 035 263918 26.29
2-3-1 389 388 263919 32.22
3-1-2 358 320 263915 26.35
3-2-1 389720 263920 32.28
3 -
2 A m3
2
14 m1l
0 ll 11
0 15000 30000 45000 60000 75000

time [s]

Fig. 3. Time diagrams of situational conditions are shown:
1 — the satellite is in the Earth's shadow, 2 — the satellite is in the shadow of the Moon, and
3 — the satellite passes over a circular region
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Fig. 3 shows a timing diagram of the situational conditions for the
considered time horizon. The three situational conditions are fulfilled
simultaneously in the following time intervals: (31 200, 31 410), (37 340, 37 670),
(43 580, 43 920), (49 840, 50 170), (56 100, 56 410), and (62 360, 62 430).

In the second experiment, an additional fourth condition is checked to see
if the entire above-mentioned area is unlit by the Sun. In one case, time intervals
are searched in which three conditions are met simultaneously, and in the other
case, four conditions are met.

Table 3. Number of condition verifications performed — second situational problem

Variants of Verified conditions with  Verified conditions with  Efficiency
the conditions ordering Horner’s role heuristic [%]
1-2-3-4 279 574 265 858 491
1-2-4-3 282 598 265 859 5.92
1-3-2-4 279 527 265 855 4.89
1-3-4-2 279 945 265 856 5.03
1-4-2-3 284 395 265 854 6.52
1-4-3-2 281 789 265 851 5.66
2-1-3-4 359 974 265 857 26.14
2-1-4-3 362 998 265 858 26.76
2-3-1-4 391 327 265 858 32.06
2-3-4-1 407 843 265 857 34.81
2-4-1-3 405 197 265 855 34.39
2-4-3-1 418 689 265 856 36.50
3-1-2-4 360 259 265 854 26.20
3-1-4-2 360 677 265 855 26.29
3-2-1-4 391 659 265 859 32.12
3-2-4-1 408 175 265 867 34.86
3-4-1-2 403 060 265 852 34.04
3-4-2-1 419 158 265 853 36.57
4-1-2-3 400 503 265 853 33.62
4-1-3-2 397 897 265 850 33.19
4-2-1-3 440 905 265 854 39.70
4-2-3-1 454 397 265 855 41.49
4-3-1-2 438 436 265 851 39.36
4-3-2-1 454 534 265 852 4151
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A simulation experiment was conducted with two satellites. The orbital
parameters are as follows: for the first satellite, the semi-major axis is
a; = 7000 000 m, eccentricity e; = 0.001, and inclination i; = 5°; for the second
satellite, a, = 7 500 000 m, e, = 0.005, and i, = 15°.

Table 4 shows the results of the checks performed for two cases of initial
orders of the situational conditions. The number of possible orders under six conditions
is 720 and cannot be shown. In these and other cases, the number of checks based on
Horner's rule varies significantly between cases. When applying reordering, much
fewer checks are performed, close to those shown in Tables 2 and 3.

Moreover, in this experiment, the conditions are more than those in the
second, and given the applied reordered heuristic, the probability of fulfilling more
conditions in one time step is smaller than that with fewer conditions. Therefore,
the number of checks performed decreases with an increase in the number of
conditions when applying this heuristic!

Table 4. The number of checks for problems, including three conditions for each
companion for an interval of one month, is shown

Variants of the conditions Verified conditions Verified conditions  Efficiency
ordering with Horner’s role with heuristic [%]
1(1), 2(2), 3(1), 1(2), 2(2), 3(2) 279 637 260 902 6.7
2(2), 3(2), 2(2), 3(2), 1(1), 1(2) 408 989 260918 36.20

In Table 4 and Table 5, the ordering variants are denoted by two numbers —
the first digit indicates the situational condition, while the second digit (in the
brackets) refers to the corresponding satellite.

Solving the same situational problem for three ten-day periods of the
selected time horizon and results for a randomly chosen order of conditions are
shown in Table 5. The differences in the efficiency in solving the situational
problem for the three time intervals are due to the irregularities related to changes
in the positions of the Sun and Moon.

Table 5. The number of checks performed for the second task from Table 4, but for a
consecutive ten-day period

Variants of the conditions Verified conditions  Verified conditions  Efficiency
ordering with Horner’s role with heuristic [%]

1-10 Apr 2022

2(1), 3(2), 2(2), 3(2), 1(1), 1(2) 145 520 86 931 40.26
10-20 Apr 2022

2(1), 3(2), 2(2), 3(2), 1(1), 1(2) 118 857 86 701 27.05
20-30 Apr 2022

2(1), 3(2), 2(2), 3(2), 1(1), 1(2) 140 428 86 897 38.1
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Effectiveness of the proposed heuristics

Let us note that terminating the verifications upon failure of the next
checked condition in (2) increases the efficiency of solving the situational problem
compared to initially solving all predicate functions sc; and computing the
situational problem as SP = Al sc;. Let us note that when solving situational
problems, applying Horner's rule as SP = A¥sc;, k < n, instead of checking all
conditions as SP = A" sc; improves the efficiency in obtaining the final result.
Applying (1) within a thirty-day simulation interval with a 10-sec step will lead to
777,600 and 1,036,800 checks for each of the first two situational problems,
respectively.

Table 2 and Table 3 show the performance when applying these two
approaches — Eq. (2) and Eq. (4), evaluated for different initial orderings of
conditions in the two situational problems. It can be seen that the initial order of
conditions affects the efficiency when applying Horner's rule. Applying the
proposed heuristic results in nearly equalising the number of checks.

Even with an increase in the number of conditions in situational problems,
the number of checks is decreasing. When applying Horner's rule, the number of
checks is sensitive to the order of situational conditions and the orbital parameters
of the satellite. The value of the orbital parameters of the satellites, as well as the
position of the Sun and the Moon, determines the geometric configuration with
which the situational conditions are associated. The reordered heuristic minimises
this and other irregularities.

Discussion

Solving a situational problem involving several conditions, for an extended
interval of simulation time, is not based on an exact algorithm, even when applying
Horner's rule. The number of verified conditions for different moments of time
t varies. Thus, the algorithmic complexity changes depending on the checked
conditions — 0 (m(t)). Only for the time interval when all conditions are fulfilled,
the complexity is 0(n(t)). Applying conditions reordering, the algorithmic
complexity is O(1) for long segments along the time axis!

Conclusion and outlook

The proposed approach for efficiency enhancement of the situational
analysis is implemented within the framework of the developed PSAS. The latest
version of the situational solver is designed for use in a multiphysics environment
for space mission simulations. The application of this approach turns the solver
into a powerful analysis tool, increasing the efficiency of simulations.

Future development of the parallel situational analysis solver involves
developing and including other types of situational conditions and algorithms to
enhance its efficiency. Given the formal nature of the presented approach for
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situational analysis, a search for other application possibilities is also foreseen. For
example, work is being done on applying the situational solver to problems related
to the self-shadowing of solar panels on structurally complex space platforms.
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Appendix A

type SitCond
integer sit_code ! Code of the situation condition type
integer sat_num ! The identification number of a satellite is concerned
I with this situational condition
logical begin_sit ! The situational interval begins

logical fl_rezults ! If .true. - end of the situational interval

real duration ! Duration of a current situational condition/event
real dt_sit I Accumulates duration of situational condition

union

map 1 Sit__1: Passing over circular region of Earth surface
integer reg_num I Number of regions- actual number
real lati_r, longi_r ! Geographic coordinates of the centre
real angle_r I Angular radius of the region

end map

map 1 Sit__ 6: Circular geographic region - day[/night] time
real lati_6,longi_6 ! Coordinates of the centre
real angle 6 I Angular radius

end map

map 1 Sit_76,77: The moon is under horizon
logical Moon_under I Moon's "umbra"
logical Moon_horizon ! Moon on horizon (rise/set)
logical Moon_over I Moon's light

end map

map 1 Sit_78/79: satellite in conic shadow
real num_sat_79
logical  umbra VIf .true. - <umbra>
logical penumbra LIf .true. - <penumbra>
logical sunligh 1 If .true. - penumbra=.false, umbra=.false.

end map

end union

end type SitCond
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type sit_problem

union
map I For the zero element; only for solving process control
integer  SP_type I Type of situation problem
integer max_cond I Maximum number of conditions in the problem
integer efficiency I Efficiency-improving algorithm: 0- none, 1/2/3
logical begin_sit
logical fl_rezults IIf is .true. - end of time window
real*8  tl1,t2 ! Time interval where the situation is satisfied
real duration,dt_sit ! Duration of the situational problem time window
real t_task total ! Accumulates total durations for the simulation period
end map
map
type (SitCond) sit_cond
end map
end union

end type sit_problem

References

[EN

. Abbasi, V., Thorsteinson, S., Balam, D., Rowe, J., Laurin, D., Scott, L. and Doyon, M.,
(2019), January. The NEOSSat experience: 5 years in the life of Canada’s space
surveillance telescope. In 1st NEO and Debris Detection Conference (Vol. 22).

2. Akhmetov, R., Filatov, A., Khalilov, R., Raube, S., Borisov, M., Salmin, V., Tkachenko,
I., Safronov, S. and lvanushkin, M., (2023), “AIST-2D”: Results of flight tests and
application of earth remote sensing data for solving thematic problems.
The Egyptian Journal of Remote Sensing and Space Science, 26 (3), pp. 427-454.

3. Ambrosio, A., Cardoso, P. and Orlando, V., (2006), Brazilian satellite simulators:
previous solutions trade-off and new perpectives for the CBERS program.
In SpaceOps 2006 Conference, p. 5916.

. ASTOS [Online]. Available at: https://www.astos.de/products/astos

. Atanassov, A.M., (2008), Enhancing the Efficiency in Checking Constraints Satisfaction
when Planning Ground-based and Space Experiments, Using an Alternative
Problem, Aerospace Research in Bulgaria, 22, pp. 51-58.
http://journal.space.bas.bg/arhiv/n%2022/Articles/4_Atanassov.pdf

6. Atanassov, A.M., (2016), Parallel satellite orbital situational problems solver for space
missions design and control. Advances in Space Research, 58 (9), pp. 1819-1826.

. Atanassov, A.M., (2024), Developing Situational Conditions and Program Codes for
Parallel Situational Analysis Solver based on Conic Umbra/Sunlit Models.
Aerospace Research in Bulgaria, 36, pp. 15-28. Available at:
http://journal.space.bas.bg/arhiv/n%2036/Articles/2_Atanassov.pdf

8. Atanassov, A., AN APPLICATION OF THE SITUATIONAL SOLVER TO

PROBLEMS CONTAINING CONDITION RELATED TO VISIBILITY OF THE

MOON BY A SATELLITE. Proceedings of SES 2022, Sofia, Bulgaria, pp. 62-67.

Available at: http://space.bas.bg/SES/archive/SES%202022_DOKLADI/

1 Space%20Physics/11_Atanasov.pdf

(G2l

~

22


https://www.astos.de/products/astos

9.

10

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24

Bernacca, P.L., Facchinetti, C. and Fantino, E., (2010), Star visibility and tracking from
the Space Station. Advances in space research, 46 (11), pp. 1354-1381.

. Chagas, R.A., de Sousa, F.L., Louro, A.C. and dos Santos, W.G., (2019), Modeling and
design of a multidisciplinary simulator of the concept of operations for space
mission pre-phase A studies. Concurrent Engineering, 27 (1), pp. 28-39.

Colagrossi, A., Prinetto, J., Silvestrini, S. and Lavagna, M., (2020), Sky visibility
analysis for astrophysical data return maximization in HERMES constellation.
Journal of Astronomical Telescopes, Instruments, and Systems, 6 (4),
pp. 048001-048001. doi: 10.1117/1.JATIS.6.4.048001

Du, J., Lei, X. and Sang, J., (2019a), A space surveillance satellite for cataloging high-
altitude small debris. Acta Astronautica, 157, pp. 268-275.

Du, J., Chen, J,, Li, B. and Sang, J., (2019b), Tentative design of SBSS constellations
for LEO debris catalog maintenance. Acta Astronautica, 155, pp. 379-388.

FreeFlyer [Online]. Awvailable at: https://ai-solutions.com/freeflyer-astrodynamic-
software/

Gaidarov, P., Sukhanov, A., Atanasssov, A., Rjazanova, V., (1989), Planirovanie
astrofizicheskih eksperimentov v proekte ’Shipka”, IKI — AN SSSR, Pr.-1534.

GMAT [Online]. Available at: https://gmat.atlassian.net/wiki/spaces/GW/overview

Kosari, A., Sharifi, A., Ahmadi, A. and Khoshsima, M., (2020), Remote sensing
satellite’s attitude control system: rapid performance sizing for passive scan
imaging mode. Aircraft Engineering and Aerospace Technology, 92 (7),
pp. 1073-1083.

Lee, B.S., Hwang, Y., Kim, H.Y. and Kim, J., (2006), An Integrated Mission Analysis
and Planning System for the KOMPSAT-2 Mission Operations. In SpaceOps 2006
Conference, p. 5728.

Li, Z., Wang, Y. and Zheng, W., (2020), Space-based optical observations on space
debris via multipoint of view. International Journal of Aerospace Engineering,
2020, pp. 1-12.

Miller, G., Rosenthal, D., Cohen, W. and Johnston, M., (1987), Expert systems tools for
Hubble Space Telescope observation scheduling. Telematics and Informatics,
4 (4), pp. 301-311.

Miller, G., Johnston, M., Vick, S., Sponsler, J. and Lindenmayer, K., (1988),
Knowledge based tools for Hubble Space Telescope planning and scheduling:
constraints and strategies. Telematics and Informatics, 5 (3), pp. 197-212.

Neto, V.V.G., Paes, C.E., Rohling, A.J., Manzano, W. and Nakagawa, E.Y., (2019),
April. Modeling & simulation of software architectures of systems-of-systems: An
industrial report on the brazilian space system. In 2019 Spring Simulation
Conference (SpringSim), pp. 1-12, IEEE.

Radice, G., Wuilbercq, R. and Cafiero, G., (2014), T-smad: a concurrent design tool for
space mission analysis and design. Frontiers in Aerospace Engineering, 3 (1),
pp. 1-6.

. Pandiyan, R., Subbarao, S.VV., Nagamani, T., Rao, C., Rao, N.H.P., Joglekar, H.,
Kumar, N., Dumpa, S.R.P., Chauhan, A. and Dakshayani, B.P., (2017), Planning
and scheduling of payloads of AstroSat during initial and normal phase
observations. Journal of Astrophysics and Astronomy, 38, pp. 1-20.

23


https://ai-solutions.com/freeflyer-astrodynamic-software/
https://ai-solutions.com/freeflyer-astrodynamic-software/
https://gmat.atlassian.net/wiki/spaces/GW/overview

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

24

Pemberton, J., Galiber F., (2001), A Constraint-Based Approach to Satellite Scheduling.
In E. Freuder and R. Wallace, editors, DIMACS Series in Discrete Mathematics
and Theoretical Computer Science: Constraint Programming and Large Scale
Discrete Optimization 57:101-114.

Poghosyan, A., Lluch, I., Matevosyan, H., Lamb, A., Moreno, C. A,, Taylor, C,, ... &
Camps, A., (2016), Unified classification for distributed satellite systems. In 4th
International Federated and Fractionated Satellite Systems Workshop, Rome, Italy.

Prech L, Ruzhin YY, Dokukin VS, Nemecek Z and Safrankova J., (2018), Overview of
APEX Project Results. Front. Astron. Space Sci. 5:46.
doi: 10.3389/fspas.2018.00046

Prohorenko V. 1., (1985), Situatsionnyy analiz orbit khvostovogo i avroralnogo zondov
v proyekte "Interbol”, IKI — AN SSSR, Pr.-1037.

Rabelo, L., Sala-Diakanda, S., Pastrana, J., Marin, M., Bhide, S., Joledo, O. and
Bardina, J., (2013), Simulation modeling of space missions using the high level
architecture. Modelling and Simulation in Engineering, 2013, pp. 11-11.

Rauber, T., Runger G., (2010), Parallel Programming: For Multicore and Cluster
Systems. Springer.

Scott, R, Thorsteinson, S., (2018), Key Findings from the NEOSSat Space-Based SSA
Microsatellite Mission. Available on:
https://amostech.com/TechnicalPapers/2018/Space-Based_Assets/Scott.pdf

Selva, D., A. Golkar, O. Korobova, I. L. I. Cruz, P. Collopy, & O. L. de Weck, (2017),
Distributed earth satellite systems: What is needed to move forward?. Journal of
Aerospace Information Systems, 14 (8), pp. 412-438.

Song, Y.J., Lee, D., Bae, J.H., Kim, B.Y., Kim, Y., Lee, E.J., Kim, H.J. and Park, S.Y.,
(2016), Preliminary design of LUDOLP: the flight dynamics subsystem for the
Korea Pathfinder Lunar Orbiter mission. In 14th International Conference on
Space Operations, p. 2311.

STK [Online]. Available at: https://www.ansys.com/content/dam/amp/2023/november/
asset-creation/stk-capabilities.pdf

Wertz, J.R., Larson, W.J., (1999), Space Mission Analysis and Design. Microcosm
Press, Kluwer Academic Publishers, third ed.

Williams, B.S. and Gage, K.R., (2006), June. The Chandra X-ray Observatory mission
planning process: managing and implementing constraints. In Observatory
Operations: Strategies, Processes, and Systems, Vol. 6270, pp. 726-737, SPIE.

”XMM-Newton Users Handbook”, Issue 2.22, 2024 (ESA: XMM-Newton SOC).
Avalaible on: https://xmm-tools.cosmos.esa.int/external/xmm_user_support/
documentation/uhb/XMM_UHB.pdf



INPUMEHEHUE NNEPECTABJEHHOM 3BPUCTUKH
JJIS1 HOBBIINEHUSA DOO®EKTUBHOCTHU CUTYALIMOHHOI'O
AHAJIN3A IIPU PEHIEHUU 3AJAY, COAEPKAIIIMX BOJIEE OJHOI'O
YCJIOBUSI, B AHAJIM3E KOCMUYECKUX MUCCHM

Amanac Amanacoe

Pesrome

CuTtyanroHHBII aHanu3 3aHUMAETCs MPOBEPKOU YCIOBHI
TreOMETPUUYECKOT0 HIIH (PU3NUECKOT0 XapaKTepa BO BpeMs ABHKEHHUS CITyTHUKOB T10
opbutaMm. DTOT aHATU3 MPUMEHSETCS AJs ONpeelieHNs] BpeMEHHBIX HHTEPBAJIOB,
ONTUMAJIBHBIX JJS BBIIOTHEHHA KOHKPETHBIX OINEpaluil CcO CIyTHHUKaMH.
CuTyallMOHHbIE 3aJayd pelIaloTCsl Ha pa3IMyHBIX 3Tanax IOATOTOBKU U
9KCIUTyaTalluy CIYTHUKOBBIX Muccuil. Hanbonee MHTEpEeCHBIMH SBISIOTCS CIy4au,
KOrZla CHTyallMOHHAs 3aJadya COAEP)KHT HECKONbKOo ycmoBuil. Kaknas
CUTyallUOHHas  3a/Jada pelaeTcss IyTeM IOCIEAOBAaTEIbHOM  MPOBEPKH
COOTBETCTBYIOIIMX ycnoBuil. [IpoBepkn MOryT OBITh MpeKpamleHbl IpH
0OHAapyXCHUU HEBBITOJHEHHOTO YCIIOBHA (MpaBHio XOpHEpa) AJSl MOBBIIICHHS
3¢ dexTUBHOCTH aHanu3a. BbIUKCIEHUS TOBTOPSIOTCS U MOCIEAYIOMINX
BPEMCHHBIX IMaroB. PemieHue Takoil CHUTYallMOHHOW 3a/ladyd  MOXKET OBITh
TPYJOEMKHM TIIpU MPOBEJCHUM MHOTOBAapUAHTHBIX H  MHOTOCITYyTHHKOBBIX
cumymsinuid.  Ilpemyaraercss  3BpUCTHYECKHMH — MOAXOX AN TOBBIICHHS
3¢ (GEKTUBHOCTH CHTYallMOHHOTO AaHajii3a 3a/]ad, BKJIOYAIOIIMX HECKOJBKO
YCIOBHM. DTOT MOJAXOJ OCHOBAaH Ha MEPEyHOPSA0YMBAHUU TPOBEPOK YCIOBUH.
[logxon anropuTMU3UPOBAH U MHTETPUPOBAH B paHee pa3pabOTaHHBIM peliaTesb
CUTYyallMOHHOTO  aHaimu3a.  O((EeKTUBHOCTb  NPEAJIOKEHHOW  ABPUCTHKU
OLICHUBAETCSl HAa NPUMEpaxX C Pa3iIMYHbIM KOJUYECTBOM CUTYALHOHHBIX YCJIOBHM.
3TOT TMOAXOH JeMOHCTpHpYeT OonblIyi0 3(QEeKTUBHOCTh, HYeM NpPUMECHEHHE
npasuiia XopHepa.
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Abstract

This paper considers the ionisation model CORIMIA (Cosmic Ray lonisation Model for
lonosphere and Atmosphere) in its two-interval 2+1 approximation with a charge-decreasing interval
of the ionisation loss function. Increasing the number of approximation intervals is the next step in
improving the model. The final stage will be the introduction of a 5-interval approximation of the
Bohr-Bethe-Bloch formula with a charge-decreasing interval. This version introduces integration
limits over an arbitrary energy interval.

Introduction. Particles with Charge Z. > 1

In [1], the case of cosmic-ray protons (Z = 1), which constitute the majority
of their composition [2—4], was considered (see Table 1 below). Particles with
charge Z > 1 can be divided into several groups according to their nuclei. This
classification is possible because experimental studies (Dorman, 2004) [5];
(Toptigin, 1985) [6] have shown that the fluxes of cosmic rays composed of nuclei
with similar charges are approximately equal. Table 1 presents the fluxes of the
different nuclear groups in the composition of cosmic rays. Experimental results
cited by Dorman [5] and Toptigin (in parentheses) [6] are shown.

Table 1: Groups of Nuclei in Cosmic Rays — The first column of the table
presents the different nuclear groups found in cosmic rays. The second column shows
the nuclear charge Z of the groups, and the third column provides experimental data on
the flux @ (m™-ster'-s™) for energies E > 2.5 GeV/nuc. Data without brackets are from
Dorman (2004), and those in brackets are from Toptigin (1985).

26


mailto:PeterIYVelinov@gmail.com
mailto:asenovski@gmail.com

Table 1.

Nuclear group from CR |Charge Z |Flux ¢ (m™-ster'-s™) for energies E > 2.5 GeV/nuc
Protons p 1 1300 (1300)

Helium nuclei o 2 88 (94)

Light nuclei L 3-5 1.9(2)

Medium nuclei M 6-9 5.6 (6.7)

Heavy nuclei H 10-19 2.5(2)

Very heavy nuclei VH |>20 0.7 (0.3)

Model approximation

In describing the model for calculating the rate of ion pair production due
to the passage of charged cosmic ray particles with Z > 1, a double integral
approximation of the ionisation loss function is used. Equation (2) [1] applies in
this case. However, besides the two characteristic energy limits of the integral,
there is another interval related to the charge reduction of the ionising particle:
[Fa; Eb][E a; E b], where the upper bound £, is defined as [7, 8]:

(1) E, =0.15 x Z2.

Here, E. is the initial energy at which the particle starts to reduce its charge.
E b is the lower bound of the charge reduction interval, when the particle has a
charge Z =1 and is described by:

() Ep = 0.15.
From equations (1) and (2), the effective charge of the incoming particle is

given by:

(3) 7= (0%)2 0.15 < E < E,.

Substituting this expression for the effective charge Z* into the ionisation
loss function (equation (2)) [1], we obtain:

4 19 _ 242 x 72 x E~3/* = 242 2 F~3/% = 1613.3EV4, 015 <E <E,.
p dh 0.15

The final form of equation (2) [1] becomes:

1613.3E1/4, 0.15 < E < E,, Interval 1*
1dE
() —oam =) 242Z°E7¥*,  E,<E<600MeV, Intervall
272, 600 < E <5x10°MeV, Interval 2.
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where Interval 1* represents the region of charge reduction of an incoming charged
particle in the Earth's atmosphere. The reason for this charge reduction is detailed
in Dorman (2004) [5] and is related to the process of electron attachment.

1 dE 1210 -\
= o | 34 _
o dh EI.(h)—(Ek T h)

e

o 4237522\
E ) =| -T2

,
/

/

015 E, =015z E,, 600 E,,

Egor E (MeV | nucl)

Fig. 1. Double-integral (2+1) approximation of the ionisation loss function
for charged cosmic ray particles with charge Z > 1

The figure shows the segmentation of energy losses into different intervals
El1x(h), E1(h), E2(h), as well as the segment boundaries at the respective energies
when the particle crosses between intervals: E11(h), E21(h), E31(h).

The first step in model development is to determine the energy loss
functions for the different intervals in equation (5). As in the case of particles with
charge Z =1, we will use the quantity of transferred matter /~.

The amount of transferred matter 4~ in Interval 1* can be expressed as [7]:

,—_ 1 (Ex AdE _ A 4(p3/4_ 3/
'™ 16133 fE(h)El/‘f T 161333 (Ek E (h))'

=

6) h=

where 4 is the atomic mass of the particle with charge Z. From equation™® (6), the
energy losses law in Interval 1* can be written as:

\4/3
(M Er(=(E/*-2CR) .

For the transferred matter in Interval 1, we have:

- = d
6 R=h = 5 i et = g (B — ).

17 242 E(R) z2E-3/4 T~ 722427

From expression (8), we can express the energy loss law in Interval 1 as:

\4/7
9 Ei(h) = (EIZ/4 _ 423.;522 h) .
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In a similar way, we can derive the energy losses law in the final interval —
Interval 2. The amount of transferred matter 4~ is given by:

-~ -~ A E
(10)  R=hy =25 [k dE =25 (B — Ey(h)).

The energy losses law in Interval 2 is:
272 ~
(11)  E,(h) = Ey _Th'

The next important step is to derive analytical expressions for the
atmospheric cut-off thresholds EAjE {Aj}EAj in the different intervals. The
transferred matter for Interval 1* can be expressed as:

= = A (Eg+(R) dE _ A p3/4 3/4
(12)  h=hy= 16133 fE(h)=0.15 El/4 ~ 1613. 33( (h) - 0.15 )

The atmospheric cut-off for Interval 1* is then defined by:

4/3

(13)  Eue(h) = (015%* +220) 7 < E,,

Similarly, the remaining two cut-off thresholds can be expressed. The
transferred matter in Interval 1 is:

- ~ A (E, dE A (Eny dE _A(3/4_
(14)  h=hy+hy =" Jors 7 + 2227 fEa g5~ oo \Fa

0’153/4) + 423,1;522 (EZ{4 N E7/4)

From equation (14), the cut-off threshold for Interval 1 can be expressed as:

2 4/7
(15)  Eay(h) = (423745 k- 0,352% (ES/* — 0,15%/4) + E./*) .

The transferred matter for the final Interval 2 is the sum of the transferred
matter across all intervals, and is given by:

~ = ~ ~ A (E; dE A 600 dE
(16) h = hl* + hl + h2 = 1613,3 f0r15 E1/4 24272 fEAZ(h) E—3/4- +
dE
A (Eaz(h) 7/4
E 600 = (E3/4 0,15%4) + —— (6007% —E;™") +
1210 423,7572

= (Eaz(h) — 600).

222

The final expression for the atmospheric cut-off for Interval 2 is:

2 _ 3 3 7 7
17) E ,(h) =2 Z—h - 0,00222 E* — 0,152 ) —0,005( 600+ — E* | + 600
A2 A a a
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The effective reflection threshold is determined by taking into account the
increase in the geomagnetic cut-off ER and atmospheric cut-off EA.

Upon entering the atmosphere, a cosmic ray particle with charge Z begins
to lose energy according to the energy loss laws for the different intervals in
equation (5). In other words, its kinetic energy Ek changes based on the loss
mechanisms and charge reduction processes, depending on the interaction it
undergoes.

When the particle crosses a boundary between energy intervals, it is
necessary to derive specific energy loss laws for each case. Using double integral
approximations of the Bohr-Bethe-Bloch ionisation loss function and accounting for
the charge reduction interval, the following boundary conditions are possible [7-9]:

e Ej+(h) — when the particle crosses the boundary between Interval 1 and
Interval 1* (at energy Ea);

e F5(h) — when the particle crosses the boundary between Interval 2 and
Interval 1 (at 600 MeV);

e FE5(h) — when the particle crosses both the boundary between Interval 2
and Interval 1 (600 MeV), and the boundary between Interval 1 and
Interval 1* (at FaE aFa).

To derive the energy loss laws at the interval boundaries, the transferred
matter h~ is used.

If the energy of the incoming particle crosses the boundary Ea, we have:

A (Eq dE A (Ex dE _ A 3/4
(18) h= hl + hl 16133fE11 (h) E/4 + 24272 fEa E-3/¢ T 1210 (Ea

E11*3/4) + 423,1;522 (E’Z/4 B E‘Z/4)'

The energy loss law in this case is:

(19)  Eyp(h) = (285 (E,Z/4—EZ/4) 1210}~l E3/4)

272

When the incoming particle's energy crosses the boundary at 600 MeV, the
transferred matter h~ can be expressed as:

A 600

- = = 7/4 _ g7/4
(20) h=hy +h; = 24272 sz1(h) 222 J-600 ~ 423, 7522 (600 Exn ) +
A
77 (E, — 600).

From equation (20), we can derive the energy loss law when the incoming

particle’s energy crosses the 600 MeV boundary:

423,752 4/7

Q1)  Ey(h) = (211,88(Ek — 600) — B+ 6004)
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If the kinetic energy Ek of the incoming particle crosses both boundaries —
at 600 MeV and at Ea = 0.15 x Z2 — then the total transferred matter is:

(22) E=E1*+El+ﬁz =
A (Eq dE 600 dE 3/4 _ . 3/4
1613,3 fEm(h) E 24222 f 222 600 ~ 1210 (Ea E2 ) +

- 7/4- 7/4 i _
423, 7sz2 (600 E, ) + o, (E, — 600).

The final energy loss law when both thresholds (600 MeV and Fa) are
crossed becomes:

4/3
(23)  E,p(h) = <E4 + @<6004 - E4> e (Ex — 600) — == h)

Based on the derived energy loss laws for each interval (equations (7, 9, 11)
4.33, 4.35, 4.37) and for cases when boundaries between intervals are crossed
(equations (19, 21, 23) 4.45, 4.47, 4.49), we can now express the ionisation loss
function from equation (5, 4.31) as follows:

For Interval 1%*:

1 (dE 1/4 _ p3/4 _ 12107 1/3
(24) ;(ﬁ) = 1613,36,/* = 16133 (E; 2Z2h)

(25)

(Z_fl)l = 24272E, " = 24222( E7/4 423,;522 E)_3/7

o (@), =%

D

~ 1/3
27) %(%)1 = 1613,3E,1* = 16133 (22 (E;/* — E/*) - 22 h + E5*)
28) (%) = 2422767 = 2422 (211,88(E - 600) — 2 LR
21
-3/7
6007/4)

(29) %(Z_i) = 1613,3E," = 1613,3 (223 (60074 — E;/*) - 22 (B, —

1/3
600) — 1210h E3/4)

Based on the previous considerations, we can express the explicit form of
the model for calculating the electron production rate q(h)q(h)q(h) — the general
formula [4]. When determining the form of the general formula, it is necessary to
account for different possible cases depending on the energy of the effective
reflection threshold, as well as on the differences in atmospheric cut-off energies
for the separate intervals.
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Case 1.
The energy of the effective reflection threshold is less than the upper
boundary of Interval 1*:

0.15 < EA1 < Eeff < Fa <Ewo <600 MeV.

In this case, the general formula (4) becomes:

(30)
(=W f @) (dE) dE, + f D) (dE) dE, + f @) (dE) dE
1 @ \Je,,, dn)y kT, dh)y T, dn), 7k
Ee00 dE o dE
+f D(E) (—) dE, +j D(E) (—) dE
600 dh)o 7 g, dh), ¥
1613,3p(h) (Ea 1210 \'/3
_ 1613.3p(h) D(E) (E,f/“ - —h) dE,
Q Eerr A
1613,3p(h) (Fax 2.85 1210
4 p( )j D(E)( . (E7* — E/*) - 5
e ) Z
1/3
+Ej/‘*) dE,
2427%p(h) (60 423,752% \ "7
+—p() D(E) <E,Z/‘*——h> dE,
Q Faco A
2422%p(h) (Eeoo 423,7572 _
= D(E) | 211,88(E; — 600) — ———}
Q 3 600 A
=3/7
2Z%p(h) [
+ 6007/4) dE;, + D(E)dEy
Es00
Where:

Ek is the energy at infinity (initial kinetic energy,
o Eais the energy threshold defined by the energy loss law for Interval 1:

7/4 | 423,75Z% &
G Eaw(h) = (E* + 275 R)
Egoo is the energy at infinity at the 600 MeV boundary, which follows from the

energy loss law for Interval 2 and is given in the expression [4, 7—11]:

2 _
(32)  Egoo =600 +=—h

Case 2a.

The energy of the effective reflection threshold is greater than the upper
boundary of Interval 1*, but less than the 600 MeV boundary. The energy at
infinity (initial energy) is less than 600 MeV:
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Ea < Eeff < Eco < 600 < E600 MeV.
Then the general equation [4] takes the form:

33 q) =22 ([n®) (5) . dEc+ [ DE) (57) dE+

Eerf 11 aco
Ee00 dE °° dE
+ f D(E) (—) dE, + f D(E) <—) dE, =
600 dh/z Feoo dh/,
1613.3p(h) [ Eaw 2.85 1210 /3
=—a D(E) (?(E,Z/4—EZ/4)—Th+E3/4> dE, +
Eerr 2
2427%p(h) [6°° 423.7572 _\~
+7p() D(E) <E,Z/4—7h> dE, +
Q Eaco 4
24272p(h) (Feo0 4237572 _ 37
+— D(E)(211.88(E, — 600) — —————h + 6007/* dE, +
) Q 600 A
222p(h) [
P (™ by dE,.
Eso00
Case 2b.

The energy of the effective reflection threshold is greater than the upper
boundary of Interval 1*, but less than the 600 MeV boundary. The energy at
infinity (initial energy) is greater than 600 MeV:

Fa < Eeff <600 < EFaco < E600 MeV.

Then the general equation [4] becomes:

_ p(h) ( (600 dE Eloo dE
G4 ) ="2 (e DE) (57), dEic + g DE (57) | . dEi

o]

Esoo dE dE
+ D(E <—) dE +J D(E <—) dE, =
. p@ (), o+ [ pe(G), @

600

1613.3p(h) [6° 423.757%2 \'/?
=Tp() D(E)(E,Z“—Th) dE, +

Eerf
1613.3p(h) (Fac 2.85
4 16133p(h) D(E) (—2 (6007/* — EJ/*) —
Q 600 A
605 1210 . 5\"°
— 2 (B = 600) = == + E; ) dE, +
24272p(h) [Fooo 423.752% _ 37
+Tf D(E) | 211.88(E, — 600) — — I+ 6007/4 dE, +
Eioo
272p(h) [
+% D(E) dE,

Ego0
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E; is expressed by the energy loss law of a particle crossing the boundaries at
600 MeV and Ea, and is given by [7-9]:

(35)  Eiw = 555 (127200 — 6007/4 + EJ/* + 423.75h).

Case 3.

The energy of the effective reflection threshold is greater than the
600 MeV boundary but less than E;,: 600 < Eeftf < Ej, < Egpo MeV. In this case,
we have:

_p(") ( rEaeo dE E, dE
B6)  a) = 2 ([ p®) (5)  dE+ [ DE) (5), dEi +

+J:o D(E) (Z—i)z dE, =

600
R [ D(E) (45 (6007 — B/*)

Q Eerf z?
605 1200 . 5\""°
— 7 (B = 600) - ——h + E] ) dE, +
24272p(h) [Fooo 4237572 _ » 3/
+TJ D(E) { 211.88(Ey — 600) — ————h + 600 dE, +
Efoo
2722p(h) [
L2 7 ey
Q Ego00
Case 4.

The energy of the effective reflection threshold is greater than the 600 MeV
boundary, as well as Egqq and Eggo: 600 < Ego < Egog < Egpp < 0.
The rate of electron production due to the passage of charged cosmic rays is:
272

_ph) (o az on) (oo
(7 qw) =22 [ DE) ( dh)2 dE, = 2L [ D(E) dE;

With these four cases, the model for calculating the rate of free electron
production due to the passage of charged cosmic rays is completed, using the
double-integral approximation of the ionisation loss function based on the Bohr-
Bethe-Bloch formula. Fig. 1 illustrates the double-integral approximations of the
ionisation loss function in the case of ionising particles with charge Z > 1.

Conclusion

The results obtained have been applied to the calculation of ionisation
profiles in the ionosphere, ionisation and electrical parameters in the atmosphere of
the Earth, planets and their satellites [12—14], in the propagation of radio waves [4],
in various geophysical events [15-21]. There are possible connections between
ionisation by cosmic rays in the atmosphere and some climatic parameters.
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MOJIEJTb HOHU3AIIMHU CORIMIA - 2+1 HHTEPBAJIBHOE
MPUBJIUKEHUE JJI51 SIAEP KOCMUYECKHUX JIYUEH (Z > 1)

I1. H. H. Benunos, C. Acenoscku, JI. Mamees

AHHOTAIMA

B npanHO#l crathe paccmarpuBaercs wmogenb uoHuzanuu CORIMIA
(Cosmic Ray Ionization Model for Ionosphere and Atmosphere) B ee
JIBYXUHTEPBaJIBHOM 2+1 MpUOMKEeHUH ¢ MHTEpBAJIOM YObIBaHUS 3apsiia QyHKLIUH
MOHM3ALIMOHHBIX MOTEPb. YBEIMYEHUE 4YHCIAa MHTEPBAIOB AaNNPOKCHUMALUU
SIBIISIETCS CIIEMYIOIIMM IIarOM B COBEPUICHCTBOBAHUM MOETH. 3aKIIOYUTEIHHBIM
ATAariOM CTAaHET BBEACHHME S-WHTEPBajbHOrO NpulOwkeHus dopmynsl bopa-bere-
Bbnoxa ¢ naTepBaioM yObIBaHMS 3apsaaa. DTa BepCHsl BKIIIOYAET BBEICHUE MIPEICIIOB
WHTETPUPOBAHMS B TPOU3BOJILHOM WHTEPBAJIEe SHEPTHH.
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Abstract

SUMMARY: We summarise the principles of thermodynamics. We present a new way of
describing time in physics — we consider time as a main manifold. We analyse its behaviour as a
basic state in spacetime thermodynamics. We develop the cascading concept in the thermodynamic
interpretation of the cosmological development of time and the spatial-temporal manifolds
originating in it, considering them as new thermodynamic states.

We discuss how the behaviour of entropy as a leading parameter is reflected in the
complicating evolutionary picture.

Introduction

There is no reason in the laws of physics that time moves only in one
direction. Most processes and interactions are symmetrical in a time reversal. The
only exceptions are the irreversible processes. They require a relaxation time until the
previous state is restored. This is the reason, although in principle, both direct and
reverse phenomena are permissible, they differ in the frequency with which they
happen. In reality, reverse phenomena occur so rarely that we can postulate/to
summarize, as time does not turn back and time has no closed curves anywhere. The
relaxation time in practice requires an additional path until the exact event is restored.
Therefore, one can never reach one's own past, only a neighbouring solution.

We will propose a thermodynamic interpretation that does not impose a
cosmic caesura in the cosmology, but predicts/suggests a priority direction in the
naturally universe/s development.

Thermodynamics (TD) considers the reversible and irreversible processes
that occur as a result of the energy change — the exchange, the connections, and
their transformation into other forms. At this time, the thermodynamics
conceptually unites quantum and relativistic physics. They have contact points in
the field of thermodynamics, and their mathematical physics manages, if not to
unite them completely, but to adequately fit them together for an appropriate
description of the natural processes and laws.
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Formulations of the TD-principles for a temperatureless medium

1. The Zero Principle — generalisation of the TD-Spacetime (TDST)

If two thermodynamic systems are in a (energetic) equilibrium separately,
with a third system, then they is also in equilibrium between them. All systems,
which are in TD-equilibrium with each other, have the same energetic
characteristics.

2. The First Principle — generalisation of the TD-Spacetime

The internal energy of a closed system is conserved.

The internal energy of an open system depends on additional factors, one
of which is the number change of the subsystems.

3. The Second Principle — generalisation of the TD-Spacetime

The entropy of an isolated thermodynamic system can only increase or
remain the same. Boltzmann gives a suitable summary: Nature moves from states
of lower probability to states of higher probability.

4. The Third Principle — generalisation of the TD-Spacetime

The entropy of a system tends to a constant value when the system state
tends to the (absolute) minimum energy level. The constant value is called the
residual entropy of the system. It/Entropy relates to the number of possible
eigenstates and may not be zero.

A more general form of the law exists for with more than one minimum
energy level: Example — the universe onto instanton-tor has at least two absolute
minimum energy levels!

The third law of thermodynamics applies only to equilibrium states.

Based on the second law, the minimum entropy can be determined only to
within an arbitrary constant. The third law of thermodynamics allows the
determination of the unknown constant, and thus the exact determination of the
minimum entropy.

Central hypothesis

Postulate 1. In a thermodynamic interpretation, we propose Time as a
basic fundamental TD-state [1]. In such quality, the Time represents an active
medium with its own energy and an unlimited number of dimensions, which has
nonlocal properties and spontaneous flexibility, does not obey rotational
symmetries (has no closed time curves anywhere and never), and can interact with
the objects within itself, if any.

1. Time as a thermodynamic object. Dual nature
Theoretical studies [2-4] and available observations indicate that the light
speed constant undergoes centuries-long variation over cosmological epochs. If the
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light speed varies, then time precedes the birth of our (and other) space-time
manifolds, is older than the Universe, and will remain after it.

o Then Time can be considered as a background, but also as a basic
(minimum) thermodynamic state — an analogue of absolute (true) vacuum®.

The time origin as a fundamental manifold without spatial dimensions is a
purely theoretical problem of abstract mathematics. Therefore, we will refer to
Gadel's First and Second Incompleteness Theorems, and we will accept that the
mathematical fundamentals are unprovable and leave this question open. We will
limit ourselves to a TD interpretation.

As a TD-object, Time can exist in two possible pure states, which belong
as regions to the general manifold:

o Ordered time — the dimensions in these sections are orthogonal and linearly
independent of each other; or

o Chaotic time where dimensions are randomly interwoven.

It is assumed that spatial manifolds arise only in the first type of time.

As a basic TD-state, time has a dual nature:

v it can be considered as a quantum environment with energetic
info-structures without a causal relationship;

v" but also as a continuous medium — an energy background, whose info-
structures freely pass through each other, and information is rearranged in them
without causing TD-recoil: E~(*)~information. Since info-structures are open
systems, they can be shifted in different degrees, in different directions of Time,
moving through each other without creating disturbances in the basic manifold.

The Time system is a two-sided open TD system: above to infinity, and
below to indeterminacy — each finite interval of time can be divided into countless
infinitely small intervals.

o In such an infinite-dimensional environment, any recoilless rearrangement
of information in the main manifold can create a new timeline (it is not an arrow,
has no cause-and-effect relationships), i.e., to release a new time dimension and
thus increase its infinity. Each newly emerged dimension appears but cannot
disappear. Because even if the timeline in question is erased, in the manifold,
instructions remain (information/energy is not lost), how to restore it again (hidden
dimensions).

2. Transition theory

As a basic state, time is in equilibrium. However, there is no reason to
consider this equilibrium sustainable. Time is very flexible. Time dimensions are
elastic, and most natural disturbances are smoothing out. However, there is a
possibility that a given disturbance is effective enough to cause self-intersection in
some time component. Then time transmutes — an instanton is born. This is a
particular solution of a standing wave in time and represents a region of
purely/only time dimensions covered with a spatial envelope (similar around the
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black hole horizon/ergosphere [5, 6]). Spatial dimensions are plastic. Plastic
deformation, unlike elastic deformation, is irreversible and leads to an irreversible
phase transition. Thus, through a phase transition in the thermodynamics of space-
time, a primary multiverse (local multiverse) arises —a new Universe.

o Every space-time system is bounded (or closed) below by the primary
instanton radius Ri. (The initial scale function of the manifold coincides with the
time scale at the moment of closure (here Ri, = 10™® cm = t;—10" s).
Subsequently, the lag/lead G-function [7] regulates centuries-long variation in the
light speed. The G-function acts in such a way that no rupture occurs in the
manifold.

o Local multiverses are self-contained systems that do not depend (have no
causal relationships) but interact with the environment. Resemble quantum
structures (particles in a vacuum) in time. Similar to the type | and type Il
populations of galaxies, which are interpenetrating systems, independent of each
other, but they interact gravitationally.

Time does not obey rotational symmetries, and this is the reason for
forming instantons upon self-intersection [8, 9]. In the sense of the TDST second
principle, the probability of the transition of pure time into space-time is infinitely
large since this is a transition from a state with zero entropy (absent) to increasing
entropy, and the entropy gradient is always positive. The entropy from the self-
intersection (the entanglement of freedom degrees [10-12]) can argue a basic
mechanism for the emergence of space-time. The loss of symmetry in the Time-
manifold leads to the emergence of classical connected space-times.

The time arrow direction in the manifold coincides with the direction of the
outer instanton normal at each moment of the expansion.

Surface gravity is constant throughout the instanton at the moment of
formation. This fact reflects the TDST Zero Law, which states that a system in
equilibrium has uniformly distributed energy characteristics.

The formation of instanton(s) through an irreversible phase transition
changes the configuration from the main state to a new TD-state in which the first
entropies arise. When an instanton is born, the surface itself is an entropy, and its
birth is an irreversible transition in the sense of the generalisation of the TDST
Second Law.

3. Consequences

By analogy with the event horizon of black holes, an instanton is also
formed, but here the environmental conditions create formation peculiarities. This
is a different type of instanton that arose not by nonlinearity in the space-time
fabric, but as a consequence of the transmutation of one type of dimension into
another. By analogy with the elements synthesis — the transformation of pure time
into space-time during the transition from the basic to the next TD-state,
encapsulates the remainder of the "energy of transmutation™ in the new structure.
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Consequence 1: The encapsulated energy has a small non-zero value:
It represents the locked-in instanton shell (minimal rotational surface [13]) spatial
fabric, which is essentially the dark matter [9] (DM) and corresponds to the
minimal entropy at the moment of its closure. Unlike ordinary matter, DM does not
obey rotational symmetries — DM-particles in the manifold walls do not have spin.

Consequence 2: As a consequence of the closure at about one [Planck]
time, gravity separates, and dark energy (DE) arises as a primary thermodynamic
recoil — the own dynamics of the manifold:

D af(A)
(2) a = const (A), (in our Universe); [8]

In [14], early dark energy is considered as a cosmological constant.
Moreover, [15] suggests that the scalar field potential that drives inflation would
act as a cosmological constant that decreases with time.

In our considerations, dark energy is a thermodynamic recoil, an inertia, a
consequence of the emergence. It represents its own manifold dynamics and, as
such, is assumed to be constant and corresponds to the cosmological constant in
general, and not only at the beginning. DE is a very small constant, and therefore,
in the early epochs, its action is negligible. In the following epochs, the particles'
materialisation (birth-annihilation) releases spatial density and illuminates it in the
manifold. The manifold surface tension weakens [16] and becomes more and more
difficult to resist the emergence of inertia. Therefore, although the dark energy is
constant, the expansion is accelerating (the Hubble constant undergoes a centuries-
long variation). The agreement of the processes with what we observe (in our
Universe) leads to the conclusion that the expansion is stable, a, = const, and the
expansion rate has a nearly parabolic growth function, with a very small correction
in the degree, far beyond the decimal point.

When the instanton is formed, it has m-number of unfolded spatial
dimensions, n-number of broken/compactified * and oco-number of time dimensions
(inside and outside). In the local multiverse, the folding fractal is characteristic
(Kaluza-Klein solutions [17]), and n is a finite number. The number of unfolded
dimensions m (= 3 here) is constant, since they belong to the spatial envelope of
the instanton formed in the transition.

Cascading construction of new TD-states

1. Primary and secondary manifolds

Primary manifolds arise through a phase transition in the TD-Space-time,
when a time component self-intersects and breaks the symmetry in the main
manifold. The born instantons (space-like manifolds) generate secondary manifolds
in the process of their evolution.
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A necessary condition for the emergence of a primary manifold is that it
does not rotate, because time dimensions do not obey rotational symmetries, but
this is not enough of a condition.

If a manifold tunnels to an absolute (true) vacuum, then it has no basic
spatial state. This statement is a possible candidate for a sufficient condition for a
given manifold to be primary.

Secondary manifolds are the result of a critical nonlinearity in some
dimension in a primary manifold. Then a pole appears in the primary manifold,
which is an embryo that forms an instanton [18]. A black hole (BH) is a formed
pole in the space-time manifold.

When a Universe rotates, it is a sufficient condition to conclude that it
belongs to a secondary manifold — a generated Universe.

2. Type of the manifold — Dynamic classification
According to whether and how the topology and spectra of the inner and
outer derivatives change at a fixed point of the local manifold, the manifold and its
structures can be classified into the following dynamical classes:
o Stationary manifold with static metric.
o A stationary manifold with a non-stationary metric is a contradiction.
A non-stationary metric implies dynamics in some time dimension. In addition,
even if it is external (oscillations of the horizon/surface of the instanton) to the
manifold, there is no way that the spectres of the derivatives can remain unchanged
to keep the manifold stationary.
o Dynamically flexible manifold with "static" topology and quasi-stationary
metric * — soft Swiss cheese (here).
o Dynamic manifold with non-stationary metric — (the only basic manifold — Time).

3. The complexity Levels — structuring and self-organisation

Time — basic level — infinite-dimensional dual manifold without spatial
dimensions.

I. Primary manifold — through a phase transition, by the transmutation of
time into space-time, a local multiverse is born. Every dynamic manifold evolves
and can stratify:

— The primary cleavage upon closure in rotationally mobile branches
(universes families) is a Secondary TD-recoil of the second type; Parallel are those
branches of the stratification whose external invariants do not change from point to
point [19].

The branches are not connected spatially-continuously along the
orthogonal timeline (may be tunnels between them, but they are rotationally mobile
and not glued together), so there is no violation of the stability condition of the
manifold for two or more time directions.
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— Each branch is copied into specific realities -> quantum cloning in layer-
alternatives (the Universes) — each primary branch is a kind of complex of
subspace trestles with its own spectrum of bifurcation points.

Il. Secondary manifolds — offshoots from the local multiverse — generated
Universes.
I11. Swarming — detachment from the Mother Universe.

4. The TD-recoils

The formation rearrangement and the secondary manifolds displacement
lead to TD-recoil in the main/primary manifold:

Primary TD-recoil is long-lasting, in the multiverse's own lifetime
~1 Planck time, the instanton is born, and dark energy arises as a reaction to the
closure of the instanton. The gravity separated.

Secondary TD-recoil of the first type is short-term. That is the inflation and
the y-boson appearance.

10%*-10* s — interrupts the cord with the mother universe and the
wormhole closes; follows a secondary TD-recoil of the inflation. The strong
interaction separated,;

10™°s — the y-boson breaks away from the manifold walls, and the particles
acquire mass. The last splitting in the force so far occurs: the weak and
electromagnetic interactions separated.

Secondary TD-recoil of the second type is caused by internal-structural
shifts in the local multiverse, such as:

The primary branches split upon closure, and

The rearrangement in the frequencies of a momentary reality™.

Entropy

In the sense of the Il principle of the TDST, the transition probability from
the main state to a state with non-zero to increasing entropy is always different
from zero [1].

In the new state, each subsystem space-time bounded (or closed) below by
the primary instanton radius. We will consider trees of space-time manifolds as
individual quantum objects. Each has its own dynamic "arrow of time"*. The
energy is grouped at another level through an irreversible transition — the new
structures are discrete, and they lose the properties of a continuum.

The loss of symmetry in the basic manifold is an irreversible process.
Irreversibility always reduces the amount of free energy. When an instanton is
born, part of it is encapsulated in the new structure, and the “transmutation energy”
will not be restored until the end of the local multiverse. An irreversible process
that changes the configuration from the main state. The attenuation of the
interaction in a particle system is an irreversible process. Entanglement is also a
form of attenuation, i.e., irreversibility. The entropy of a self-intersection [8-9]
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(the entanglement of freedom degrees [10-12]) is only a primary result in the
thermodynamic evolution of time. The irreversibility of the processes in the next
levels is mainly associated with two aspects:

In the local manifold, the emergence and displacement of the bifurcation
points relative to their initial location, due to the mobility of the space-time fabric,
is caused by the inherent dynamics (expansion) of a manifold.

Swarming from the universe's mothers leads to TD-recoil, but also expands
the population of the main manifold with secondary manifolds. In an open system,
such as time, which depends on the number of changes of its subsystems, this is
essential due to the following important circumstances:

The secondary manifolds can rotate. Primary manifolds are rotationally
mobile, but their momentum is zero because they arise from pure time, and time
dimensions do not obey rotational symmetries;

Also possible for them to be born together, observing certain symmetries
between each other, or

Too quickly die, if the primary TD recoil is so powerful, i.e., DE has too
high a value and the expansion is exponential:

3 a="T(A) # const,

Time as an open system should be able to self-structure itself in such a way
that entropy decreases. This raises the question: how much the entropy increase in
cascades is regulated by the number of short-lived local multiverses, whose demise
restores some of the lost symmetries in the main manifold. Also, can the regions'
chaotic time provide a buffer mechanism for regulating entropy in the orderly time
regions?

Conclusions and Discussion

In conclusion, we will note that the TD-hypothesis does not impose any
restrictions on m and n (except for being finite), the fractal shape, and its
compactification radius in the local manifold. Therefore, in this way, the TDPV
second principle guarantees the diversity of local multiverses, since the probability
that the unfolded dimensions are the same number or are arranged in the same
way —0! Moreover, the folding fractal in compactified volumes is different.

We will also note that it is extremely important to acquire the appropriate
tools and measurable physical quantities that allow adequate testing of the theory.

Spectra bifurcation points related to the universe's fundamental constants.
Types of symmetries are broken at bifurcation points. In different universes, they
are broken in different ways.

Spectra Frequencies of a momentary reality could be cosmological sources
of the gravitational waves included in the background cosmic noise. It has long
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been theorised that it consists of individual signals that are too weak to be detected,
but combined create a static background noise [20].

Information transferred through special points (regions) between the
manifolds is preserved, but has no memory of the initial state and therefore does
not impose a restriction on the initial conditions of the generated Universes. The
irretrievable loss of information contradicts one of the basic postulates of quantum
mechanics. According to the Schrddinger equation, physical systems that change in
time cannot create or destroy information — a property known as unitary. However,
the Laws are not violated because only the reflected information (Hawking
radiation) has degraded, and the direct information to the daughter manifold has the
potential to preserve its memory of the IC, albeit in an incomplete form
(distorted/deformed, but in a precisely defined way — a modulation from whose
signature additional concretisations about previous states can be extracted).

All of these tools are subjective, related to a local manifold, and can be
predicted theoretically within the framework of the mathematics developed for the
corresponding geometry of the local manifold.

The general mathematical framework of the basic manifold will require
continuous adaptation in relation to the fact that time is the fourth type by the
dynamic classification, and its geometry changes with the diversity of the
subsystems arising in the gradation of the levels.

Appendix

(*) — Without spatial dimensions, there is no mass expression for the
energy.

Absolute (true) vacuum — complete lack of space and spatial dimensions.

Compactified dimensions begin the transmutation (they are no longer time
dimensions), but they fail to complete it. They remain enclosed within themselves
(ordered  structures in  fractals) - the  Kaluza-Klein  solutions
[https://arxiv.org/pdf/hep-th/9906064].

Dynamic time arrow — the arrow direction coincides with the direction of
the instanton normal at each moment of the expansion.

Frequency of a momentary reality — the location, shape, and oscillations of
the brane-alternative compared to the other structures in the local multiverse, at a
particular moment in the expansion.

Quasi-stationary metric — the metric undergoes negligible changes, the
accumulation of which leads to noticeable physical effects that can no longer be
ignored.
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TEPMOANHAMMNYHA XUITIOTE3A B KOCMOJIOT'UATA
K. Auxoea

Pe3iome

O6o0maBamMe TpPUHIMNATE Ha TepMoamHaMuKkara. [IperncraBsme HOB
Ha4YMH 32 ONKCAHWUE Ha BPEMETO BBHB (hU3MKATAa — Pa3riIekKIaMe BPEMETO KaTo
OCHOBHO MHOTOOOpa3ue. AHaJIu3upaMe MOBEICHUETO My KaTO OCHOBHO ChCTOSTHHUE
B  TNPOCTPAaHCTBEHO-BpeMEBaTa TepMOJWHAMHUKAa. Pa3BMBamMe  KackajHaTa
KOHLCIIIIUA B TepMOI[I/IHaMI/I‘IHaTa I/IHTepHpeTaHI/I}I Ha KOCMOJIOTUYHOTO pa3BI/ITI/IC
Ha BPEMETO M MPOU3IU3AIIMTE OT HEro MPOCTPAHCTBEHO-BPEMEBU MHOT000pa3us,
pasriIexaaliKu T KaTO HOBU TEPMOJIMHAMUYHHU ChCTOSIHUS.

OO6cHKIaMe Kak MOBEJCHUETO HAa CHTPOMHITA KAaTO BOJCI] MapaMeThp Ce
0Tpa3siBa B yCIOXKHsIBAIIATA CE€ EBOIOIMOHHA KapTHUHA.
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Abstract

We analyse the B-band historical light curve of AF And (1918-19901) using our Structure
Eminence Function (SEF) method. It extracts and characterises repetitive structures (patterns)
responsible for quasi-periods (QPs) in time series. SEF is the dependence of structural eminence on
the structure length. The positions of the SEF peaks indicate QPs. An advantage of the SEF method is
its ability to represent the QP profile (the shape of the repetitive structure). The skewness of the
profile may hint at the QP's nature, e.g., "obscure" or "flash". In this study, we describe and apply
4 variants of the SEF method. We emphasise 2 QPs at 3.90 and 4.55 yr (+ 0.05 yr). The profile of QP
at 4.55 yr poses positive skewness. Compared to Eta Car, where in our recent work we found two
QPs, the SEF humps of AF And are about 1.5 times less prominent. For the present, we are unable to
associate some of these QPs with the established periodic phenomenon of AF And. However, the
similarity between pairs of QPS of Eta Car and AF And hints at the possible binarity of AF And.

Introduction

Recently, we analysed B- and V-band light curves (LCs) of the Galactic LBV
Eta Carinae over the time interval 1823-2023 (Georgiev et al. 2025, G+25). Using our
Structure Eminence Function (SEF) (Georgiev 2023, G23), we found two photometric
quasi-periods (QPs). We also applied the periodogram methods CLEAN and Lomb-
Scargle in a comparative framework. The well-prominent QP of 5.6-5.7 yr can be
linked to the established orbital period of 5.54 yr. While the mass loss rate of this
system is about 10° M, yr™, such a notable increase in the orbital period over a century
may be real. The less prominent QP of 4.9 yr may be explained somewhat with
emissivity in the optical that originates in a large volume (G+25).

The LBV AF And belongs to the most luminous stars in M31. The mass of
such a star is 50-120 M. Probably because of its dense stellar wind, its peculiar
emission line spectrum is very similar to the spectrum of Eta Car. In the last century,
AF And shows complicated variability in the B-band interval of 15.5-17.6 mag, as
well as more than 10 outbursts. In the quiescent state, the absolute magnitude is
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about — 8.2 mag and the spectral class is Of or WR (Humphreys et al. 2014). Then
the temperature is about 33 000 K and the mass loss rate is about 2.2 x 10 M, yr*
(Joshi 2019). During an outburst, the luminosity becomes about 10° L,. Gallagher et
al. (1981) maintained that "the evolution of a massive star to its core helium-burning
phase at AF And's position in an interarm region of M31 supports a binary
interpretation”. The radius of AF And as a single star is estimated to be 63 Ry
(Szeifert et al. 1996).

Earlier, we began testing our SEF method on the historical LC of AF And
(Georgiev et al. 2024, G+24). In this paper, we continue describing and applying
the method. This text contains: 1. SEF method and its 4 variants; 2. QPs in the LC
of AF And; 3. SEF profiles of QP structures; 4. Supplementary illustrations;
5. Summary. The abbreviations used are as follows:

AV — average value; QP — quasi-period;

BP — beat period,; RLC — residual LC;

dp — data point number; SD - standard deviation;

LC - light curve; SEF — structure eminence function;
PE — power exponent; TS —time step;

PGF — periodfgraph function; WS — window size of smoothing.

1. The SEF method in 4 variants

The SEF method (Fig. 1) reveals and characterises repetitive structures
(patterns) responsible for LC QPs. SEF is a dependence of the eminence
(amplitude) of the structure on the length of time of the structure. Any prominent
repetitive structure causes the maximum SEF “SEF build”). Further, our
Periodograph Function (PGF), a "derivative" of SEF, shows clearly the
SEF structure. The PGF is an SEF after subtraction of the SEF background and
normalization to this background (see ‘“PGF build”). The PGF humps are a
spectrum of the QPs, like the results of other periodogram methods.

Preparatory procedures ensure a dense and flat input LC for the SEF
build (if needed). Aiming for dense enough LC, we may perform resampling of the
original LC by linear interpolation with a suitable constant time step (TS) (Figs. 2a,
3a, 5a, 7a). The resampling procedure omits local noise peaks and produces a
somewhat smoothed LC. We may also perform the completion of the original LC,
adding interpolated data in the large LC gaps (Figs. 2b, 4a, 6a, 8a). This procedure
keeps the noise peaks. The output of the resampling or completing procedure is the
input LC for the detrending procedure (Fig. 1).

The SEF method requires flat (detrend) LC, i.e. LC with zero average
value (AV). We may perform local detrend (removal of short-scale trend). The
code smooths the LC "point-by-point” with a moving average. The code extracts
the smoothed LC from the input LC and derives residual LC (RLC) (Figs. 3b-6b).
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The smoothing window size (WS) is chosen to ensure good protrusion of the
humps in the initial part of the PGF (see also Fig. 12). We may also perform global
detrend (removal of long-scale trend). The code fits the LC by a low-degree
polynomial, extracts the fit from the LC, and derives RLC (Figs. 7a, 8a). The RLC
is characterised by zero AV and some standard deviation (SD). After local or
global detrend, the result RLC is a flattened version of the LC, which is the input
LC for SEF build (Fig. 1, Figs. 3c-8c).

SEF build is based on extracting and averaging RLC segments with length
L = Lnin ... Ly and deriving their signal and noise profiles. The relevant
SEF value is E. = A /D,, where A_ and D, are suitable AV and SD characteristics
of the signal and noise profiles.

Let's (t;, z;), | =1 ... N be a uniformly sampled RLC, dense and flat, with
TS 8t, zero AV, and relevant SD. For SEF', build our code to search for repetitive
structures, checking RLC segments with length L data points (dp) or time length
(QP) tL = (L — 1) x &t, between Lmin and L, as follows. For every current L, the
code pulls up the first L RLC data z;, | =1 ... L, and puts them into an initially
empty 1D set x; with cell numbers j = 1 ... L. Then, it adds over there the next
Ldataz, l=L+1..L+ L fromthe RLC. Later, it adds the next L data, etc. The
(integer) number of possible additions is k = N/L. In the end, for the current L,
every cell x; contains k adds and has relevant AVs a; and SDs d. Further, the code
continues with the next segment length L, etc. So, each structure with length L dp is
described by signal profile a; and noise profile d; (see also Fig. 10a). For the SEFs
in Figs. 3c-8c, we specify Ly, = 20 dp or tm, = 1 yr with TS &t = 0.05 yr. For
statistical significance of signal and noise profiles, we need at least k = 3 additions
of segments for every L. Therefore, the code extracts and adds segments of
maximum length L = N/3 dp. For example, the RLC in Fig. 5b has N = 932 dp. So,
in Fig. 5¢ we use Ly = 310 dp or ty = 15.5 yr. There, the segment with length
20 dp (1 yr) contains k = 932/20 = 46 additions.

Now, let (t;, z), i = 1 ... N be an arbitrary sampled RLC, dense and flat,
with zero AV and relevant SD. In the previous case, we used a 1D set x; with L
cells to accumulate uniformly sampled RLS segments. Now, a 2D area (x;, ;) with
N cells is necessary for collecting arbitrary sampled RC segments with their values
and times. The code checks the system of time segments t, = ti, ... tnax With a step
of increasing 6t. Similarly to the previous case, we supply tmin = 1 yr and dt = 0.05
yr. Again, for at least k = 3 additions, the code uses tmax = tric/3. FOr the extraction
of segments, the code derives the left bounds of the k-th positions of the current
segment with length t_ in the RLC, by = tyn + (k — 1) 6t. Then, for every t,, the code
pulls up the available n; RLC data starting with the time length t, and places them
in an empty 2D set at ;= 4— by, yi=z;, i =1 ... n;, with cell numbers j =1 ... n;.
After that, it transfers the next n, data from the second RLC position of the
segment to the 2D area: X, + | = ti— by, yi=z;, 1 = n;... Ny + ny, etc. For every t,, the
data in the 2D area has to be sorted by time xthtt. The sorted data covers a segment
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with length t_, and there is a "raw profile" of the structure with length t,_ Later, the
raw profile is smoothed by a moving average with TS 0.1 yr and WS 0.4 yr.
(Applying TS of 0.05 yr and WS 0.2 yr is not applicable here because of the low
density of the available completed RLC). The result is the signal profile a; and the
noise profile d;. Further, the code checks the next segment, with length t,.,, etc. As
in the case with resampling, every structure with time length t_ is described by a
signal profile a;and a noise profile d; (see also Figs. 10b, 10c).

Later, in both RLC cases, for every L or t,, the code derives average signal
AL = < |aj| >_ and average noise D, = <d;>_. Note that A_ gathers absolute values
lajl, i. e. A_ is a one-sided average signal of the structure. Every prominent
repetitive structure in the RLC produces a local maximum in the signal function A
and a local minimum in the noise function D (G23). Therefore, we ought to define
the dimensionless SEF (Figs. 3c-8c) as follows: E, = A /D, or E(t) = A()/D(t). In
this study, the division by D "increases" the signal by about 3.8 times (Fig. 9a).

PGF build is a transformation of the SEF by background removal, aiming to
better reveal the QPs. We consider the SEF background to be the curve that encloses
90% of the SEF data points from below. Generally, the SEF fit Er (Figs. 3c-8c,
dashed curves) is a power function and a linear function on the log-log scale.
Therefore, the background is easily derived by shifting the relevant SEF straight line
downward. Later, after transformation back into the linear scale, the SEF background
straight line becomes a power function Eg (Figs. 3-8c, solid curves), with the same
power exponent. So, we define the dimensionless PGF using the SEF values E and
SEF background Eg as follows: G, = (E-Eg)/Eg or G(t) = (E(t) — E(t)g)/E(t)s. The
PGF value characterises the relative height of the SEF value above the
SEF background. Each PGF value represents a form of signal-to-noise ratio.

Basic QP p may be suspected among QPs by (i) a high peak in the initial
part of the PGF and (ii) the presence of its large counterparts 2p, 3p, etc. But, in
this study, we find 3 prominent QPs (Figs. 3c-8c, 3d-8d). In Figs. 3c, 4c large
counterparts are visible up to 8p. In the cases of RLC with high resolution and low
noise, short counterparts p/2, p/3, etc. may be seen (in G23 — up to p/7). The
protruding of default short counterparts is especially modelled in G23.
Furthermore, (iii) the profile (shape) a; of the basic QP is single, i.e., it contains one
minimum and one maximum. Such are also the profiles of p/2, etc., but they are
faint (G23). However, the profiles of the large counterparts are double, triple, etc.
(G23, G+25; bottom panels in Figs. 3-8). Finally, (iv) the basic QP may be
recognised as a real period if its physical reason is clear. Unfortunately, in this
study, we don’t have such a true period.

Note that in the SEF build, the number of segment additions k is an integer
and a part of the RLC, near its end, becomes unusable. To suppress this effect, we
build SEF, QP profiles, and PGF twice, by direct and reverse processes of the RLC.
The average profiles and PGFs results are always regarded (Fig. 11).
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Fig. 1 presents a schematic overview of 4 variants (vl-v4) of the SEF
method. The variants are arranged in vertical succession, as follows.

v1 includes (i) resampling of the original LC with a constant time step, (ii)
local detrending by moving AV with a suitable WS, and (iii) SEF' build.

v2 includes (i) filling the gaps in the original LC to achieve suitable data
density, (ii) local detrending as in V1, and (iii) SEF" build.

v3 includes (i) resampling as in v1, (ii) global detrend by smoothing the
resampled LC using a low-degree polynomial, and (iii) SEF' build.

v4 includes (i) filling the gaps as in v2, (ii) global detrending of the
completed LC as in v3, and (iii) SEF" build.

Original LC (time series)

¥ ‘
Resampling = input LC Completing = input LC

with uniformly sampled data with arbitrary sampled data

£ v v v
Local Global Local Global
detrend detrend detrend detrend
> RLCvI 2> RLC V3 > RLC V2 > RLC v4

Build of SEF! over

uniformly sampled RLC

Build of SEF" over
arbitrary sampled RLC

v

v ) v
Profiles v1 Profiles v3 Profiles v2 Profiles v4

v v

Build of PGF

Y

~ » -
Periods v1 Periods v3 Periods v2 Periods v4

Fig. 1. Scheme of the procedures in the SEF 4 versions. See the text.

¢
o feoss 5 /
# N :\ % :
; . "
/ A BN
p s
% ’f\/\" W \ed F) g % ™= \
12 - X % 4 7 L
¥ Ng L A 2 W
Y ot P
e
1a
19 9 19
1
Left 1
I
a
2%,
\
; . ® : e
3 ) 3
C B
T, ey

Fig. 2. Historical LC of AF And with resampled (a) or completed (b) version. See the text.
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2. QPs inthe LC of AF And

Fig. 2 shows the B-band LC (1917.7-1989.4; 71.7 yr), collected by
Gantchev et al. (2017). The original LC (circles) contains 393 dp with an AV TS of
0.183 yr and a maximal data gap of 1.52 yr. In Fig. 2a, the original LC is resampled
by linear interpolation with a TS of 0.05 yr. The result LC contains 1433 dp (dots
only). In Fig. 2b, large gaps in the original LC are filled with interpolated data. The
result LC contains 483 dp (circles and dots). The AV TS is 0.15 yr, and the
maximal gap width is 0.4 yr. Further, the "Full LC" is analysed in Fig. 3, Fig. 4,
while the "Left LC", 54 yr long, before the eruptions in 1971-1973, is analysed in
Figs. 5-8. The rRight part of the full LC is too short for separate SEF analysis.

Figs. 3a—8a show by dots (1) the input LCs, resampled or completed from
the original LC. Their parameters are time episode T, number of data N, AV and
SD in magnitudes, as well as TS or average TS (<TS>). The dashed lines show the
levels of AV and AV = SD. The dots of the curves (2) are the smoothed input LC
according to the applied SEF variant, vl-v4.

Figs. 3b—8b show the RLC, derived as the difference between the input LC
and its smoothed version. Note that for convenience, when the brightness increases,
the RLC value must also increase. Therefore, working with input and smoothed LCs
in magnitudes, B, and Bs, respectively, we use everywhere the RLC with opposite
sign: AB(t) = -[By(t) — Bs(t)]. The RLC parameters, as in panel (a), are N, SD, and
time episode. The dashed lines show the zero level and zero + SD. In
Figs. 3b—6b, the local smoothing WS is shown by a bar. The choice of WS of 6.45 yr
or 129 dp is illustrated in Fig. 12. Due to the local smoothing, the edges of the input
LC, each of length WS/2, are lost, and the episode is shorter. In Figs. 7b, 8b, after
global smoothing (by a second-degree polynomial), the entire length of the input LC
is used. Due to the smoothing effect of resampling, the SD of the RLC (Figs. 3b, 5b,
7b) is about 0.03 mag lower than that of the completed RLC (Figs. 4b, 6b, 8b).

Figs. 3c-8c show SEF' derived from uniformly sampled RLC (Figs. 3c, 5c,
7¢) or SEF" derived from arbitrarily sampled RLC (Figs. 4c, 6¢, 8c). The curves Eg
and Eg represent the power fit models of the SEF and SEF background. Power
exponent (PE) is implemented. The suspected exemplary basic QP is p = 3.9 yr. Its
large counterparts, 2p, 3p, etc., are visible up to 8p in Figs. 3c, 4c, and. up to 4p in
Figs. 5¢c-8c. The SEFs begin from {tn, = 1 yr or Ly} = 20 dp and ends at
tmax = tric/K, Where k is the number of the segment added to the AV profile; here,
Kmin = 3. In Figs. 5¢, 6¢, the SEF length is 15.5 yr, and in Figs. 7c, 8¢, it is 17.5 yr,
respectively. Especially in Figs. 3c, 4c, for Ky, = 2, the SEF ty is 27.5 yr. The
reason is searching for beat periods (see below). The SEF increase F is due to
covering stronger LC variations. The PEs' values, 0.8-1.0, show that here the SEFs
are slightly convex.
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Figs. 3d-8d show the initial parts of the PGFs G(t), derived from the
relevant SEFs. The hump resolution of the SEF method may be estimated by the
half-width at half of the hump maximum. Here, for a QP of 3.9 yr, it is about 4 dp
or 0.2 yr. The relative hump resolution is about 5% of the QP value, as in G+24
and G+25.
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Fig. 4. SEF v2 analysis of Full LC. See the text.
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In Figs. 3d-8d, the widths of the PGF humps of the large counterparts 2p
are twice as large, but the relative hump width is again about 5%. However, the
QP resolution is higher than the hump resolution. In Figs. 3d-8d, the prominent
QPs are marked with dots. The QP value, measured by peak position or by the
centre of the hump, varies within + 1 dp or + 0.05 yr. So, the QP error is 0.05 yr.

In Figs. 3d-8d, we reveal 3 prominent QPs. The QPs at P, = 3.90 yr and
P, = 4.55 yr are present everywhere. similar to the QP pair of Eta Car (4.9 and
5.6-5.7 yr) (G+25). Here, the QP 4.55 yr profile poses positive skewness, similar
to the QP of 5.6-5.7 yr of Eta Car. AF And is known as a single LBV star, but the
found QPs hint that it may be a binary LBV, as maintained by Gallagher et al.
(1981). The orbital period should be about 4.5 yr. The QP at P, = 3.10 yr is absent
in the Full LC (Figs. 3d—6d) but is clearly visible in the Left LC (Figs. 7d, 8d). We
found additionally that the QP Pq is variable and strongly prominent in 1940-1960
yr. For the present, the origin of the prominent QPs in AF And is unknown.

Two prominent QPs must have "beat QPs". The beat period (BP) p, from
two periods p; and p, follows the formula 1/p, = 1/p; — 1/p, (p1 < p2). In Figs. 3c, 4c,
the possible BPs are marked by triads of dashed vertical lines, (1), (2), (3). Four
possibilities for py, p2, and po are considered. (1): 3.85, 4.60, 23.6; (2): 3.85, 4.55,
25.0; (3): 3.9, 4.55, 27.3; (4): 3.9, 4.5, 29.2. According to the QP values of P, and P,
in Figs. 3d, 4d, the realistic cases are (3) and (2). So, the BPs, marked by the middle
vertical lines, are 27.3 yr in Fig. 3c and 25.0 yr in Fig. 4c. The first BP coincides with
7P;. The second has a separate hump, but its prominence is weak. In Figs. 5¢-8c, the
BPs for the QPs P, and P; are marked by vertical dashed lines. They are close to the
large counterparts 4P;. So, the beat periods are not remarkable.

3. SEF profiles of QP structures

Figs. 3(e—j)-8(e—j) show QP profiles, i. e., profiles of SEF structures,
corresponding to the SEF peak values. For the visualisation, they are drawn twice.
The profile may provide a hint about its reason, e.g., "obscure” or "flash™. In spite
of the nosed LC, different SEF variants produce similar profiles. The bottom panels
in Figs. 3-8 show profiles a; (here as AB) and their parameters. The dots represent
raw profiles, and the curves show profiles that are smoothed through the AV of
5 neighbour points. P is the QP, i.e., the peak position in the PGF. k is the number
of segments added for the profile. E and G are the peak values of SEF and PGF of
the presented QP. A is the “one-side” AV of the profile aj. The vertical bar
represents the AV SEF noise D of the profile. The ratio R = AJ/|Az|, where A; and
A, are AVs of the positive and negative parts of the profile, characterises the
vertical asymmetry of the profile a;. Positive R shows that the profile maximum
(sometimes high and narrow) is more prominent than the profile minimum
(sometimes shallow and wide) (see Figs. 3f-8f). Horizontal lines correspond to the
Al, zero, and A2 levels.
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Fig. 9. Juxtaposition of profile parameters. See the text.

Fig. 9 juxtaposes parameters of QP profiles. The relevant linear fits with
slope coefficients b are shown. In Figs. 9a, 9d, only data about the basic QPs
(Po, Py, P,), 8 dp from v1 (after resampling) and 8 dp from v2 (after completion)
are used. In Fig. 9a, SEF values E are about 3.8 times higher than the average
signal A. The reason is the division of the average signal A by the average noise D.
In Fig. 9d, typical values of the ratio R for the QPs Pg, P4, and P2 are about 1.1,
1.0, and 1.3, respectively. The vertical asymmetries in these profiles differ slightly.
In Fig. 9b, the ratio of signals A(v2)/A(vl) for the basic QPs (1) and for 2p
counterparts (2) is aboutl1.6. The reason is that the resampling procedure in SEF v1
omits noise peaks and produces a slightly smoothed LC. In Fig. 9c, the ratios of the
vertical asymmetry R(v2) and R(vl) for basic QPs (1) correlate faintly.
Simultaneously, these ratios for 2p counterparts show no correlation. The reason is
probably the physical and photometrical noise in the LC.

In this study, the P, profiles show positive skewness (Figs. 3f—8f). Similar
positive skewness poses wholly different phenomena: LCs of RR Lyr, Delta Cep,
and Mira Ceti, even the sale of the solar Wolf cycle. Therefore, we can speculate
that P, is a display of some flashing, while P; may be a display of obscuration.
Similar suspects hint at the QPs of Eta Car, P, and P,, respectively (G+25). Note
also that the shapes of the odd and even components of the pairs of periods of
2p QPs (Figs. 3gh, 4gh, 5ghj—8ghj) are somewhat different. Such particularities of
2p are present in G+25. The reasons may be the noise in the LC.

4. Supplementary illustrations

Fig. 10 shows by large dots signal profiles a; and by error bars noise
profiles d;. There p, A and D are the QP and AVs of the signal and noise,
respectively. Small dots represent the used pair of raw profiles — from direct and
reverse RLC processing (for 2 SEFs build). In (a), the small dots fall just on the
positions of the resampled input LC. In (b) and (c), the small dot points have
arbitrary positions, where the profile sampling causes additional profile smoothing.
Depending on the beginning of the input LC, the pair of profiles has an arbitrary
phase shift. The profiles in the bottom panels of Figs. 3-8 averaged (after phase
shift) and drawn twice.
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Fig. 10. Basic types of SEF profiles, corresponding to the SEF versions
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Fig. 11. Results from direct (1) or reverse (2) processing of RLCs:
(a) — SEFs; (b) — PGFs; (c) — profiles. See the text.
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Fig. 11 juxtaposes the PGFs from direct ((1), solid curves) or reverse ((2),
dashed curves) processing of RLC. The differences between the curves are small.
In all cases, the average SEFs, PGFs, and profiles are used, though.
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Fig. 12. Choice of optimal detrending WS = 6.45 yr for resampled (a)
and completed (b) input LCs. See the text.

Fig. 12 shows the choice of WS according to the height of the PGF peak
P, (1), AV of the three neighbouring points of the peak (2), and SD of the RLC
after resampling (3) (v1, a) or completion (v2, b). The chosen WS of 6.45 yr
corresponds to the beginning of the plateau of RLC SD (3).
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5. Summary

We described and applied 4 variants of our SEF method for revealing
quasi-periods in LCs. The method includes preliminary resampling or completing
of the LC (if needed), as well as local or global flattening of the LC. Completing
and global flattening seem preferable. The results are very close.

In the full LC of AF And we found a QP pair of 3.90 and 4.55 yr, similar to
the QP pair of Eta Car (4.9 and 5.6-5.7 yr) (G+25). Here, the QP 4.55 yr profile
poses positive skewness, similar to the QP of 5.6-5.7 yr of Eta Car. AF And is
known as a single LBV star, but the found QPs hint that it may be a binary LBV, as
maintained by Gallagher et al. (1981). The orbital period should be about 4.5 yr.

In the LC before 1972, we found a QP of 3.10 yr, strongly pronounced in
1940-1960. The QP of 3.1 yr seems unexplainable.
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KBA3U-TIEPUO/U B KPUBATA HA BJISICBKA HA LBV 3BE3JIATA
AF ANDROMEDAE U35IBEHU YPE3 METOJA SEF

1]. I'eopzuee, I1. Heosankoe

Pesrome

Hue ananmsupame ucropuuecka B-kpuBa Ha Omsicbka Ha AF And (1918-1990)
TeCTBaliKM Hamms Meron Ha (yHKuMsATa Ha CTpyKTypHa wm3sBeHoct (DPCH, Structure
Eminence Function, SEF). MetoasT u3BIHYa 1 XapakTepH3HUpa MOBTAPSIIH CE CTPYKTYPH
(matepnu), otroBopHU 3a KBasu-nepuoau (KIu) B penose ot nanuu. ®CU e 3aBrcuMOCTTa
Ha pa3Maxa (aMIUTUTyaTa) Ha CTPYKTypaTa OT JbJDKHHATA Ha CTPyKTypara. [lo3ununre Ha
makcumymute Ha OCU unpukupatr KIlu. IlpenumcrBo Ha MeTona €, 4ye TOM MpPECTaBs
npo¢una Ha KII (popmara Ha moBrapsmiata ce CTPYKTypa). AcHMeTpHATa Ha Hpoduia
MOXe Ja noackaxe npuponara Ha KII, nanp. “3aTpMHsBaHe” win “npocBeTBaHe”. B ToBa
n3cieBaHe HUE onMcBaMe U npuiarame 4 Bapuantu Ha metona. Hue usrpkBame 2 KIlu, ot
3.90 u 4.55 rox (+ 0.05 rox). [Ipodunst Ha KII ot 4.55 rox uMa MOJIOKUTEITHA ACUMETPHSL.
B cpaBuenue ¢ Eta Car, y xosTo B Hama ckopomHa padora Hamepuxme 2 Bunnu KIlu,
makcumymure Ha ®CU y AF And ca okoio 1.5 mbTi mo HUCKH. 3a cera HHE HE MOXEM Ja
cBbpxkeM Hskoi Hamepenute KIIu ¢ ycranoseno mepuoanyo sisnenne y AF And. Obaue,
nogobuero Ha apoiikure KIlu na Eta u Car AF And moackassa, ue € Bb3moxuo AF And e
JIBOIHA cucTema.
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Abstract

Prediction of the level of solar activity is vital for all space programs, planning of space
missions, weather variability, and climatic changes. Various approaches are used to predict the
forthcoming solar cycle. In this paper, spotless days (SLDs) around the preceding minimum and the
geomagnetic index aamin are used as precursors to re-predict the maximum of the 25th cycle from
observed data sets. This method shows results that are quite acceptable, which gives the maximum
amplitude of solar cycle 25 using SLDs to be equal to Ry p = 108.58 and the time of rise
Tassip = 4.2 years. Using aamin, R25aamin = 111.6 and T25aamin = 3.98 ~ 4 years. Finally, the
predicted maximum for the upcoming cycle 26™ is found to be Ryss.p = 96.6.

Introduction

The periodic variations of solar activity cycles are considered a puzzle in
solar physics, since we are far from understanding all processes of the solar dynamo.
Deliberating on solar activity is a very important part of solar physics because of its
significant impact on Earth's technological systems, which induces both violent
short-term space weather and gradual long-term climatic changes. This emphasis is
motivated by the present surge of interest in precisely this area, prompted by an
unusually long and deep solar minimum and by sharply conflicting forecasts for the
maximum of the incipient cycle. Solar cycle prediction is an extremely extensive
topic of research, covering a wide variety of mathematical and physical forecasting
schemes that are designed to improve the forecast [1, 2] and references therein. Many
attempts have already been made in the past to predict the future strength of
upcoming cycles, [3] traditionally based on forecasting physical models, e.g.,
Precursor, which include polar magnetic field, geomagnetic indices, and spotless
days SLDs, and statistical forecasting, e.g., auto regression moving average [4, 5]. It
should be noted that regression techniques, which provide short-term exploration,
suffer from low performance during the transition from one cycle to another. An
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extrapolation model without considering the prediction starting point was utilised by
[6]. Nevertheless, some extrapolation methods may still be worth future study.
Model-based forecasts are quickly coming into their own, and despite not having
long proven records, their predictions are accepted with increasing confidence by the
community [7]. Geomagnetic variations during solar minima are caused by the solar
polar field in connection with the solar open flux [8]. According to dynamo theory,
the measurement of the Sun’s axial dipole gives more accurate results than the polar
field for the forecasting needed to carry out the prediction of the previous cycles [9].
The polar field precursor yielded predictions in the right range during the past few
solar cycles [7]. The historical measurements of geomagnetic records are used for
driving the interplanetary field [10, 11]. This makes aa-index such a good predictor
for the amplitude of the following cycle. Kane [12], Brown [13], Wilson [14], and
Leighton [15] have used this aspect for decades. Precursor indices give an estimate of
the amplitude of the next cycle one or two years before the previous cycle has ended
[16]. However, the geomagnetic aa index at its minimum is a good predictor for the
amplitude of the following cycle. The spotless days (SLDs) are noted along different
phases of solar cycles, including the maximum phase. The highest number of SLDs
has been used to define the minimum phase and the count of the events around the
preceding minimum for forecasting the strength of the forthcoming solar cycle
[17-19]. So, precursor method forecasting is the leading indicator of solar activity
through solar minimum and is the most common category of prediction. It is already
superior to extrapolation methods.

In this paper, we discuss verification of our early prediction of cycle 25th
using the observed geomagnetic indices aamin and SLDs around the preceding
minimum (deep minimum) of the 25th solar cycle as a precursor to re-predict the
maximum level of the present cycle 25. Also, using the spotless events (SLDs)
around the preceding minimum to predict the upcoming cycle on the 26".

Source of data sets

Here we consider two precursors — solar variables, which are: the observed
spotless days (SLDs) over two years around the preceding minimum
(deep minimum) between two consecutive cycles. The source of data comes from
the website: www.side.be/silso/datafiles

Secondly, the geomagnetic variable aa-index at minimum is taken from the
website: www.geomg.bgs.ac.uk/data_service/data/magnetic_indices/aaindex
[last accessed 19 July 2026].

Analysis and Results

In the present work, we are only concerned with the issue of re-predicting
the amplitude of early forecasting of solar cycle 25" [12] using two indices of sun
activities: spotless days SLDs and aa index as precursors.
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Prediction according to spotless days SLDs:

We first used the least squares method to find the empirical equation for
the ratio RM/Rm against Som/Semn:

L) In@EH=a+b™)

The correlation coefficient of the above relation is cc = 0.65

Where cc is the correlation coefficient, Ry and R, are the maximum and
minimum Wolf numbers of solar cycles, Sy, is the count of SLDs at about two
years around the preceding minimum, and Sy, is the count around the upcoming
solar cycle under test.

y=0.675x +2.277
5.0
4.5
4.0

£ s - hd
g 30 - * ry . *
g 25 *, &

2.0
13
10

Fig. 1 Represent the logarithmic formula

Fig. 1. Depicts visually Eq. (1) for solar cycles 7-24

Evaluation of the peak of the 25" cycle, depending on the observed SLDs,
can be given by Eq. (2)

(2 Ra2s somnt = 182.7 — 0.174Som, = 108.6

Where S, is the total predicted spotless days near the minimum, and the
correlation coefficient cc=0.68
The corresponding time of rise Tr

3 Tassomnt = 2.729 + 0.003S,mn = 4.3 years

Fig. 2 and Fig. 3 are the linear regression relationships on implicit
information.

For an odd cycle 7-23

Prediction of the strength of odd cycles between cycles 7-23 gives:
Rasodd = 114.99 and Taseqq = 4.27 years
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Predictions according to aan, index
The observed aa-index data is available from cycle 12 onward. Our

forecasts were dedicated to the estimation of the strength and timing for both total
and odd cycles, written as:

For total cycles 12-24:

(@) Rosaat =19.12 +8.115x11.4=111.6 where c¢c=0.86
(5)  Tosea = 4.838 —0.075 x 11.4 = 4.25 years
Fig. 4 exhibits linear fit variations of maximum Wolf number as a function of
Aamin.
Fig. 5 is the relation between the total time of rise T,5 and aamn
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Fig. 4 Variations of maximum Wolf Fig. 5 Variations of timr of vise
number with aamin (fotal) against aamin (total)

For odd cycles 13-23

Also, the results between aaminogq aNd BOth Rinaxzs0dd @NA Tasaaoqq @re given by:
RZSaaodd =995 T25aaodd =4.1 Years

The results show that cycle 25 will reach its maximum in late 2024.
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An early prediction of the upcoming 26" solar cycle

We employ the modern era of sunspot cycles starting from cycle 10
onward to forecast cycle 26 using the empirical formula of Eqg. (1) as follows:

(6)  Ln(3%)=2.380+0.611 (;-22) where cc = 0.63
m omn+1
Fig. 6 exhibits this relation.
However, we get:

(7) Roet = 177.60 — 0.160 x 457 = 96.6 where cc = 0.60

We notice that cycle 26 will attain less strength than the previous cycles.

Our results are comparable with NOAA and NASA (recent level) of 115 in 2025.

Fig. 7 shows the variation of the maximum Wolf number (RM) as a
function of spotless events around the following minimum. The linear fit is
represented by the corresponding equations.

* o
y=0.611x +2.380 180 y=-0.174x + 182
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= pry
=2 *e 80
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Som/Somn-1 Fig. 7 The relationship between R,
Fig. 6 Represent the logarithmic formula With (Sgpm-1)-

Comparison with the results of other authors

A number of forecasts, applying various techniques, have been published
recently for the peak of the 25th solar cycle. Table 1 represents the results for cycle
25; our results are in the lower tier of the table. It is clear that our results concur
with most other investigators in the sense that cycle 25 has lower amplitude than
cycle 24. On the other hand, there are a few authors who claim that cycle 25 may
be of similar or higher amplitude than 24.
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Table 1. Predictions of Solar cycle 25

Author & year Method Maximum amplitude
Javaraiah (2017) Cosine function + linear fit 30-40
Covas et al. (2019) Neural networks Spatiotemporal 57 +17
Kakad et al. (2017) Shannon entropy model 63+11.3
Labonville et al. (2019) Solar dynamo models 89 (+/- 29/14)
Attia et al. (2013) Neural networks Neuro-fuzzy 90.7+8
Gopalswamy et al. (2018) | Microwave imaging observations 89 and 59
precursor technique of spotless total | 108.6
odd 114.99
Recent work aamin total 111.6
aan odd 99.5
precursor technique of SLDs (26™) 96.6
NOAA and NASA Recent 115
Recent work precursor technique of SLDs (26™) 96.6
Conclusion

In the present study, we have used two major solar indices - spotless events

and aa;,. That has a better understanding of the variation of solar activity. The data
sets of both parameters are used to estimate and forecast the level of activity for
solar cycles 25" and the upcoming cycle 26™. Our work illustrates that cycle 25
will achieve a low amplitude in comparison to cycle 24.

Precursor techniques are major contributors to the consensus prediction of
the solar maximum phase, and they are the most successful ones dealing with such
a problem.

Large-scale discrepancy in the results is attributed to the large-scale variety
of methods of analysis and data sets.

It seems that the distribution of SLDs across the successive solar cycles is
responsible for the variety of their strength.

The more frequently and longer the record of SLDs, the smaller the values
of the maximum Wolf number.

The simultaneous results show the effectiveness of our proposed method of
analysis, which confirms our early prediction.

We can conclude with a sufficient degree of confidence that solar activity
22-26 will systematically decrease because of the increasing phase shift between
SLDs and the strength of the solar cycle, possibly leading to a noticeable reverse
relationship between SLDs and the maximum level.

Our results fall within the uncertainty of NOAA/NASA consensus
predictions (December, 2019).
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INPOBEPKA HA ITPOT'HO3ATA HA 25-us CIBHYEB IMK'bJI
BbH3 OCHOBA HA METOJIHU HA ITPEJIBECTHUIIUTE

P. Xenan, M. Cemeitoa, A. Aoynygha

Pe3rome
[Iporao3upaneTo Ha HUBOTO Ha CI'bHYEBA aKTUBHOCT € KU3HEHOBAXKHO 32
BCUYKH KOCMHYECKH IPOrpaMH, IUIAHUPAHETO HA KOCMHYECKH MHUCHH, MPOMEHU
BbB BPEMETO W KJIMMATUYHU HM3MEHECHHMs. V3MON3BaT ce pasiuyHMU MOJIXOAU 3a
MPOTHO3WpaHE Ha TMPEACTOSIUS CIBbHYEB IMKBI. B Tasu cratms nHuTe 06€3
cibHYeBd nietHa (SLD) 0koj10 mpenxoaHuss MUHHMYM U T€OMAarHUTHHSAT UHICKC
aamin ce w3MOJ3BAT Karo MPEIBECTHHK 3a IMOBTOPHO MPOTHO3UpPAHE Ha
MaKCUMyMa Ha 25-Usl CThHUEB IMKBI OT HAO0Op OT HaOIIomaTenHw JaHHA. 103U
METO/I TI0Ka3Ba J0CTa MPUEMIIMB PE3yJITaT, KOWTO J1aBa MaKCHUMalTHATa aMILTUTYIa
Ha 25-us CIBHYEB IIUKBI, n3noisBaiiku SLD, paBHa Ha Ryss p = 108.58, a BpemeTo
Ha mokauBaHe Togp = 4.2 romwuau. Msmomssaiiku aamin, Rosgamin = 111.6 u
Tos0amin = 3.98 ~ 4 roauHM, HaKpas ce YCTAaHOBSBA, Y€ TIPOTHOZUPAHUAT MAKCUMYM

3a MPEACTOSIIUS 26-TH UKD € Rogsp = 96.6.
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Abstract

Filament/prominence eruptions in the solar atmosphere are one of the most important solar
events that drastically affect space weather. The formation, evolution, and eruption of filaments are
directly linked to the Sun's magnetic activity. Herein, 159 filament eruptions that occurred during
1998-2011 have been statistically analysed to distinguish between the different types of filament
eruptions — confined or ejective. This is performed using the List of interplanetary (IP) Shocks
Observed during Solar Cycle 23 (May 1996 — January 2008) and their Source Information
Environmental Satellites (GOES) X-ray plots [1]. We have found that 69% of filament eruptions are
confined, while 31% are ejective. We have examined confined filament eruptions (110 events) during
the 23rd solar cycle (1996-2008) in Khaled et al. [2] and found that 21% are due to active filaments
and 48% to disappearing filaments. Here we present a statistical investigation of the ejective
filament/prominence eruptions. The relationships among filament eruptions, flares, and CMEs
(coronal mass ejections) for each type have been studied separately. We have found a significant
probability of CME occurrence in M and X flare classes. It has also been observed that the
predominant X-ray energy of ejective eruptions is M-class. We have found that the CME velocity
associated with active filaments ranges from 775 to 975 km/s, whereas that associated with
disappearing filaments is much higher (up to 1800 km/s). Finally, our study shows that 40% of the
events have an angular width of 360 degrees (Halo CME), indicating they can significantly impact
Earth's upper atmosphere and cause changes in space weather.

Introduction

Filaments are gigantic arcs of hot plasma that extend above the
photosphere of the Sun [3]. They are a collection of many threads that form an
apparent loop. In the solar disk, they appear as stretched, dark features, which
extend up to halfway across the solar disk. Because this plasma is slightly cooler
than the solar surface below, they appear dark against the hotter background. When
it is seen at the solar limb, it appears as a light, bright loop against the dark outer
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space behind hence it is called a prominence. So the filaments and the prominences
are two words that describe different perspectives of the same thing.

Decades of study have shown that it is very difficult to characterise
filament properties. Filaments show differences in morphology, lifetime, position
on the solar disk, complexity of their magnetic field environments, etc. The
formation of a filament is quite a slow process. It takes a few days, especially when
it is located far from an active region. Understanding the origin of such variety and
attaining better knowledge of these structures and their environment during the
different phases of their life can provide valuable information on the physics of the
solar atmosphere [4].

Many studies in the literature have shown that flares and filament eruptions
are the two main solar phenomena that may be associated with CMEs. Some of
these studies address the relationship between prominences, which could be easily
detected, observed, and measured against the dark sky background and CMEs.
Moreover, CMEs associated with prominences are not difficult to detect. Gilbert et
al. [5] examined 54 Ho events to identify characteristics of active prominences
(APs), eruptive prominences (EPs), and disappearing filaments (DFs) to study the
relationship between prominence activity and CMEs. They found that 94%
(17 of 18) of the EPs have an associated CME compared to only 46% (12 of 26) for
APs. Also, they found that 70% of the events (seven of 10) are DFs.

Mouradian et al. [6] showed that the sudden disappearance (SD) of the
filaments can be either dynamic (DSD) or thermal (THD). They showed that only
DSDs are associated with CMEs, while THDs are only local disturbances in the
lower corona.

We aim to investigate Filament/Prominence eruptions and their close
relation with CMEs and flares, and to study whether a clear signature X-ray flare
class could be associated with either confined or ejective eruptions. We classified
the Filament/Prominence list (for 159 complete observations of the filament
eruptions for the period 1998-2011) into two main categories: (1) confined
eruption and (2) ejective eruption. This period is in the frames of the 23rd Solar
cycle, which lasts 12.6 years, beginning in August 1996 and ending in
December 2008. The maximum smoothed sunspot number observed during the
cycle is 180.3. During the minimum transit from 23rd to 24th, there were a total of
817 days with no sunspots [7]. 23rd Solar cycle is medium in activity, but it is
interesting that it is the last cycle before the deep minimum after it. We have
conducted a statistical study of eruptions to identify precursors for each type of
eruption. The data set and method of research are described in detail in Khaled et
al. [2], where we consider only confined eruptions (69.2% of 159 filament
eruptions).

In this paper, we investigate the signature X-ray flare class associated with
ejective eruptions and some properties of CMEs (speed and angular width).
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Relationship between X-ray flares and CMEs associated with ejective
eruptions

Some properties of the X-ray flares and CMEs associated with ejective
eruptions are analysed and displayed in this section. Table 1 summarises the X-ray
flare classes associated with active and disappearing ejective filaments. It was
found that the dominant X-ray flare energy of ejective eruptions is that of M class
(15 events), or 30.6% from 49 data points selected. In addition, the number of X-
ray flares in class B, C, and M associated with disappearing filaments is always
higher than that associated with active filaments. On the other hand, A-class does
not produce any associated filaments [8], while the energetic X-class only produces
disappearing filaments. It was noticed that the percentage of M class in ejective
eruption (30.6%) is higher than the percentage of M class in the confined eruption
(18.2%) [2]. Additionally, disappearing filaments need more X-ray energy than
active filament activations: namely, M, X, and EP (defined as eruptive
prominence).

Table 1. Summary of the number of X-ray flares associated with active and disappearing
ejective filaments

X-ray Flare class Active filament type Disappearing filament type
A 0 0
B 2 3
C 2 11
M 4 11
X 0 5
EP 1 10

Fig. 1 shows the number of ejective eruptions associated with different
classes of X-ray flares, the distribution of ejective eruption events compared to
filament extent, and the distribution of ejective eruption events compared to flare
duration.

We have obtained that most of the ejective eruptions have a filament field
extent between 5 and 20 degrees. And in some cases, only one event has an extent
of more than 40 degrees, which represents about 4% of all the events. We have
noticed that as the filament length increases on the solar disk, the probability of
ejective eruption is higher (Fig. 1b)

Finally, we have also found that the most common X-ray flare durations
for ejective eruptions are between 33 min and 1 hour 40 min. About 73.3% of all
the ejective eruption events have a duration ranging between 33 min and 2 hours.
And there is a duration of more than 3 hours, which represents about 11.8% of all
data (Fig. 1c).
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Fig. 1. @) Number of ejective eruptions associated with different classes of X-ray of flare;
b) Distribution of ejective eruptions compared to filament extent, and c) Distribution of
ejective eruptions compared to flare duration that result from ejective eruptions

CMEs properties (speed and angular width) resulting from ejective
eruptions from active and disappearing filaments

Fig. 2 shows the histogram plot of CMEs speed resulting from ejective
eruptions and the histogram plot of the angular width of CMEs associated with
gjective filaments (Disappearing and Active filament eruptions).

Fig. 2a displays the distribution of CMEs speed of all ejective filaments
used. It was found that the maximum speed reached 1800 km/s, while the
minimum speed detected was about 300 km/s. This difference in speeds may be
due to the amount of energy that the CME gained to be ejected.
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From Fig. 2b one can see that CMEs speeds, which are associated with
ejective eruptions, are in the range from 200 to 1800 km/s. Maximum speed with a
value of 1600 km/sec is recorded for 3 events out of a total of 40 events, which
represents 7.5%. Another 7.5% have a speed of 1200 km/s. This means that about
15% of the disappearing eruptive filaments have high speeds.

For eruptions resulting from active filaments, as shown in Fig. 2c, we see
that each event (only 5 events found) in the data has its own distinct velocity.
Speed ranges from 775 to 975 km/sec. It should be noted that CMEs with higher
speeds are more likely to be formed due to disappearing filaments, not active
filaments.

A histogram plot of the angular width of CMEs associated with ejective
filaments (Disappearing and Active filament eruptions) is shown in Fig. 2d. One
can see that the angular width of the CMEs associated with ejective filaments lies
in the range of 60-360 degrees. About 40% of the events have an angular width of
360 degrees (Halo CME), which indicates that most CMEs resulting from ejective
filaments have a high probability of reaching the Earth (they are geoeffective).

S rrY~r-rvrrTrTTTrT T TTTTTT

No. of Ejective ervption events
N

600 800 1000 1200 1400 1600 1800
CMEs speed (Km / sec)

No. of eruptive Ssappearing ament events

200 400 600 800 1000 1200 1400 1000 18500
CME s Speed (Km | Sec)

Fig. 2. a) Distribution of CMEs speed resulting from ejective eruptions;
b) The Distribution of CMEs speed of ejective eruptions in the case of disappearing
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Regression analysis

Using regression analysis/curve fitting, we tried to find any relationships
between the different parameters of confined and ejecting eruptions to use in
forecasting.

Fig. 3 shows the weakness of the pairwise relationship among the
considered variables (flare duration vs filament extent, eruption duration vs
filament extent, and eruption duration vs flare duration). The maximum Correlation
coefficient between any pair is always less than 0.4. So, we rely on the previous
analysis to predict the behaviour of flares and CMEs ejections based on
filament/prominence eruptions.
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both confined and ejective eruptions (a, b) for confined eruption and (d, e) for ejective
eruption. The relation between the eruption duration and flare duration in minutes for

confined and ejective eruptions (c, f, respectively) is also shown.
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Conclusion

In this work, we statistically examine ejective eruptions during the 23rd
Solar cycle (1996-2008). They are 31% (49 events) of 159 filament eruptions that
occurred in the period 1998-2011. Nine events (6%) are active filaments, and the
other 40 (25%) are disappearing filaments.

The dominant X-ray flare energy of ejective eruptions is that of M class
(15 events) or 30.6% from 49 data points selected. It is higher than the percentage
of M class in the confined eruption (18.2% or 20 from 110 selected events).
Additionally, disappearing filaments need more X-ray energy to be activated than
active filaments: namely, M, X, and EP classes. This means that the M and X flare
classes are highly likely to have CME ejection.

The distribution shows that the most common filament field extent is
located between 5 and 20 degrees. We can use filament length as a good Predictor
parameter. The shorter the filament length on the solar disk, the higher the
probability of confined eruption [2], while the longer the filament length on the
solar disk, the higher the probability of ejective eruption.

The most common flare duration is between 33 minutes and 2 hours for
ejective eruption. It should be noted that besides filament/prominence eruptions,
high-energy (relativistic) particles of solar and galactic origin, i.e., protons and
heavier nuclei of galactic and solar cosmic rays, are important for space weather
and space climate [9-11]. They cause complex nuclear-electromagnetic-lepton
cascades in the Earth’s atmosphere, which lead to ionisation of the surrounding air
and the entire environment. Cosmic ray-induced ionisation is associated with
effects on atmospheric chemistry and physics and is principal for radiation safety in
spaceflight [12-15].

Studying properties of the CMEs (speed and angular width) resulting from
gjective (active and disappearing) filament eruptions, we have found that:

1) CMEs speeds detected from the selected data range from 200 to a
maximum of 1800 km/s.

2) About 15% of the disappearing eruptive filaments have high speeds —
from 1200 km/sec to 1600 km/sec.

3) We have obtained that the CME velocity associated with active
filaments varies between 775 and 975 km/s, and the CME velocity associated with
disappearing filaments is much higher (up to 1800 km/s).

4) Finally, our study shows that 40% of the events have an angular width
of 360 degrees (Halo CME), which indicates that they are geoeffective and can
influence space weather.

The results of this work are essential for the analysis and prediction of
processes in solar-terrestrial relations and space physics [16—20].
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CTATUCTHYECKO U3CJIEJIBAHE HA
MN3XBBHPJIAIIU U3PUT'BAHUA HA HUHIKW/TIPOTYBEPAHCH
110 BPEME HA 23-Us1 CIBHYEB LHUK'BJI

C. Xaneo, A. Ilumeuc, M. Xroceurn, M. Cemeiioa, I1. Cmoeea, A. Cmoes

Pe3rome

W3zpurBanmsara Ha Hukw/mpotyoepancu (filament/prominence) B crbHYEBaTa
arMocdepa ca elHU OT Hali-BaKHUTE CITHHUCBU CHOMTHSI, KOUTO APACTUYHO BIHSSAT HA
KOCMHUUYECKOTO Bpeme. DopMupaHeTo, €BOJIONUATA U M3PUTBAHETO HAa HUIIKHUTE ca
NPSIKO CBBP3aHM C MarHUTHaTa akTWBHOCT Ha CirbHIETO. B Hactosimata pabota ca
CTATUCTUYECKUA MpoydeHU 159 wu3purBaHus Ha HUILKH, CIyYWIM CE€ B MEpHOAA
1998-2011 1., 3a ;ma ce pasrpaHHYaT Pa3zIMYHHUTE BHIOBE M3PUTBAHWS HAa HUIIKH —
OrpaHMYEHH WM HM3XBBpJIBAIlM. ToBa € W3BBpIIEHO C momomra Ha Cruceka c
MexaymanetHy (interplanetary IP) mokoBe, HaOmromaBaHu 1Mo BpeMe Ha 23-ms
CITbHYEB IUKBI (Mait 1996 r. — suyapu 2008 T.) ¥ TEXHUTE PEHTTEHOBH JUarpaMy OT
n3xonHara uHpopmalus 3a okoHara cpena (GOES) [1]. YceranoBuxme, ye 69% ot
W3PUrBaHUATA HA HUIIKU Ca OTPaHMYEHH M3pUrBaHus, Aokato 31% ca M3XBBPISILT
m3purBanus. M3cnenBaxme orpaHudeHr m3purBanus Ha Humkd (110 cwOutms) mo
BpeMe Ha 23-ust cirbHYeB nukbi (19962008 r.) B Khaled et al. [2] u ycraHoBHXME, Ue
21% or TIX ce ABKAT Ha aKTUBHU HUILKH, a 48% — Ha n3ue3BalyM HUMIKU. Tyk
NpelcTaBsIMe CTaTHUCTUYECKO M3CIIEBAaHE Ha W3PUTBAHMATA HA M3XBBPILILU
HUIIKKH/TIpOTyOepaHcu. Bpb3kaTta Mex Iy W3pUrBaHUsTA HA HHIIKW, U3PUTBAHUITA U
CBOICTBATa Ha M3XBBPJLIHUSA Ha Maca oT koporata (CME) 3a Bceku THII € U3ciIeiBaHa
MOOTAETHO. YCTAaHOBUXME, Y€ MMa 3HaduTenHa BeposiTHocT 32 CME c kiacose Ha
m3purBanrss M u X. Chbliio Taka ¢ HaOJr0maBaHo, e IpeodiiaaBaiiara PpeHTIeHOBa
€HEeprusi Ha U3XBBpJEHUTE u3pHurBaHus € or kiac M. Ilomyuuxme, e ckopocTTa Ha
CME, cBbp3aHa ¢ akTHBHHUTE HUILLIKH, Bapupa Mexay 775 u 975 km/s, a ckopoctTa Ha
CME, cBbp3aHa ¢ W34e3Ballld HUIIKH, € MHOTO T0-Brcoka (1o 1800 km/s). Hakpasi,
HaIleTo Mpoy4yBaHe TMoka3Ba, 4de 40% orT crOuTHATa WMAT BIJTIOBA IMPHHA OT
360 rpagyca (Halo CME), koero moka3Ba, 4e T€ MOTaT Jia OKaKaT 3HAYUTEITHO
BB3JICHCTBUE BHPXY TOPHUTE CJIOEBE Ha 3eMHATa arMoc(epa 1 Ja NPHYUHSIT IPOMEHH
B KOCMHUYECKOTO BpEME.
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Abstract

The current article focuses on the Z-Helios refractor solar optical telescope as a critical
component within a novel, automated spectroheliograph system developed at the Space Research and
Technology Institute — Bulgarian Academy of Sciences. The telescope is specifically engineered to
provide a stable, high-resolution solar image to the spectrographic apparatus. This paper details the
telescope's optical, mechanical, and electronic specifications, its integration into the
spectroheliograph system, and the specific features and design that enable high-resolution,
narrowband solar observations over the wavelength range of 360 nm to 830 nm.

The benefits of the proposed instrument are evident in system mobility, low hardware
acquisition and maintenance costs, and ease of use — the telescope and the whole optical system
require minimal operator involvement during observation, data acquisition, and data processing.

Introduction

Detailed observations of the solar disk in narrowband light across the
visible, near-infrared, and ultraviolet spectrum are essential for scientific studies of
the Sun. The aim is to observe, research, and analyse the processes taking place in
the solar atmosphere. The latter extends from the end of the convection zone to the
inner boundary of the heliosphere. The solar atmosphere consists of three layers:
the solar photosphere, the solar chromosphere, and the corona. The photosphere is
made of convection cells called granules and is slightly less opaque than air on
Earth. The layer below the photosphere is opaque to visible light. The higher
region of the photosphere is not as hot as its lower part. Hence, an image of the Sun
disk becomes visually brighter moving from the limb to the centre. This
phenomenon is known as limb darkening. The photosphere is only partially ionised
— about 3%, thus having most of the hydrogen in atomic form. Extending to about
500 km above the photosphere, there is found the coolest layer of the Sun — a
temperature minimum region at about 4100 K. In this layer, the low temperature
allows for the existence of carbon monoxide, water, and other simple molecules.
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Above the temperature minimum layer, we find the chromosphere — a layer about
2000 km thick having inherent spectrum emission and absorption lines. Its name is
derived from the Greek ‘chroma’, meaning colour, due to its visible colored flash
at the beginning and end of total solar eclipses. The temperature of the
chromosphere increases with altitude and reaches 20000 K near its top. In the
highest region of the chromosphere, helium gets partially ionised [1].

At the end of the chromosphere, just before the corona, there is a thin layer
(200 km thick). This layer is a transition characterised by a pronounced
temperature gradient — temperature rises from 20000 K in the top chromosphere to
1000000 K at the beginning of the corona. At the start of the corona, we observe
full ionisation of helium that significantly decreases radiative plasma cooling. The
transition region is not smooth, but acts as a nimbus around chromospheric
irregularities such as spicules and filaments, thus being in continuous chaotic
motion [2].

The solar magnetic field bears various effects collectively called solar
activity. For example, solar flares and coronal mass ejections often occur at
sunspot groups. High-speed streams of solar wind are slowly changing. They are
emitted at the surface of the photosphere from coronal holes. Both high-speed
streams and coronal mass ejections of the solar wind carry plasma outward into the
Solar System. The solar activity affects Earth, invoking auroras at moderate to high
latitudes, and stronger activity may induce disruption of radio communications and
electric power [3, 4].

Solar activity changes according to the 11-year solar cycle. The sunspot
number is correlated to the solar cycle [5]. In history, there were periods during
which the solar cycle stopped completely for a few decades (during the 17"
century). This period is known as the Maunder minimum. It is characterised by an
era known as the Little Ice Age. Then, Europe lived through abnormally cold
temperatures.

The first technology to offer capabilities for observing the solar atmosphere
was the spectroheliograph instrument (SHG), developed concurrently and
independently in 1892 by two scientists: the prominent French astronomer Jules
Janssen's colleague Henri Deslandres at the Meudon Observatory and George Hale
in Kenwood, USA [6, 7]. Deslandres later became the Director of the Meudon
Observatory from 1907 to 1909. He developed two primary types of spectrographs:
the spectrohéliographe des formes, a narrow-bandpass instrument which revealed
structures in the chromosphere such as filaments and active regions, and the
spectrohéliographe des vitesses, used to record line profiles of cross sections of the
Sun to measure Doppler shifts of dynamic features. Deslandres finished his large
quadruple spectroheliograph in 1908, initiating systematic observations of the
Ca Il K line that continues to this day, with Ha observations following in 19009.
This continuous data collection has accumulated over 100 000 observations
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spanning more than 10 solar cycles. Optical and mechanical redesigns were carried
out in 1989, and digital technology was implemented in 2002 [8].

The spectroheliograph system is primarily utilised today to observe the
Fraunhofer lines in the solar spectrum. These absorption lines appear as dark
spectral lines within the Sun's continuous spectrum (Fig. 1) and were first observed
in 1814 by the German physicist Joseph von Fraunhofer [9, 10]. The lines are
formed when specific elements in the cooler solar atmosphere absorb light emitted
by the hotter underlying photosphere. The SHG delivers super-high contrast with
an ultra-narrow bandpass. While a top-notch etalon filter may achieve around
0.5 A (Angstrom) per-pixel spectral resolution, SHG easily reaches 0.06 to 0.1 A.
Etalons with 0.3 A have prohibitive cost in most scenarios. SHG delivers
exceptionally high contrast images without parasitic light leaks originating from
the photosphere innate to single stack etalons.
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Fig. 1. Sun spectral irradiance measured with a calibrated spectrometer (Flame S-XR1-ES,
Ocean Insight). The measurement was made on a sunny day on the 13th of June 2022 at
noon from Hauterive, Switzerland (47°01'N 6°58'E). For photometry and colourimetry,

standard measurements are usually carried out in the range 360-830 nm (highlighted
area). Correlated colour temperature (CCT): 5470 K. Image Author: Cyamahat (on
wikipedia.org) licensed under the Creative Commons Attribution-Share Alike 4.0, CC BY-
SA 4.0 (https://creativecommons.org/licenses/by-sa/4.0/deed.en).
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The Spectroheliograph

The spectroheliograph is an optical instrument that comprises an optical
telescope (refractor or reflector), a narrow slit located on the telescope focal plane,
a collimator lens, a prism or diffraction grating, an imaging lens (camera lens), and
an imaging screen, photographic plate, photographic film, or camera.

The whole instrument is mounted on an astronomical telescope mount in order
to be directed towards the Sun [11]. Another approach with large and heavy
spectroheliograph devices is to utilise a mirror system that directs the solar beam towards
the instrument instead of rotating the latter. The telescope focuses the solar image onto
the focal plane, where the slit is placed. The circular image of the Sun covers the slit, and
only a single line (a stripe) passes through the slit at a time. By scanning the solar disk
stripe by stripe, the device is later capable of reconstructing, either on a photographic
plate or digitally using a camera and a computer, the whole solar disk image.

After passing through the slit, the light enters a collimator lens. The purpose
of the latter is to make the light rays parallel. These parallel light rays reach the prism
or diffraction grating and are dispersed in relation to their wavelength. The dispersed
light is focused by means of a camera lens onto a photographic plate or digital
camera sensor. When a camera is used, the image of a single stripe of the solar disk
is digitised and recorded by the computer controlling the camera. Then the next
stripe is stored, and so on. The final image is reconstructed from the stored stripes.
Due to the light dispersion, only a narrowband light is recorded at the desired
wavelength. General optical lenses and telescopes are used for the light spectrum
between near-infrared light and low-frequency ultraviolet light. For wavelengths
outside this region, special optics are needed.

Innovative Spectroheliograph

The described telescope within the current paper is part of an innovative
spectroheliograph being under development at the Space Research and Technology
Institute — Bulgarian Academy of Sciences. It is expected to be tested soon. The SHG
component and functional diagram are shown in Fig. 2. The instrument relies on a
refractor optical telescope with an absolute aperture in the range of 80 mm to
125 mm. A telescope with a smaller aperture would yield low angular resolution,
while a larger aperture beyond 125 mm would render the telescope too heavy and
cumbersome for portable applications, while yielding unnoticeable improvement in
resolution. Larger telescopes are useful in situations with low atmospheric distortions
— not the general case when observing from low to medium altitudes. The slit is
within 7 to 10 microns of width — either made of quartz glass or stainless steel to be
able to resist the significant heat dissipated in it from the projected sunlight. Suitable
slits may be readily purchased from optics vendors. The employed collimator lens is
a photographic objective lens. This approach delivers much better resolutions and
minimises aberrations in comparison with simple achromatic doublets. The
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spectroheliograph employs a reflecting diffraction grating — those are available from
optics manufacturers. The camera lens used is a high-quality photographic lens,
either the standard component for the implemented camera or a general-purpose
photographic lens. The requirements for the camera are lower in comparison with
tasks in astrophotography — there is enough light and the resolution is significantly
restricted by the seeing conditions to a few megapixels (2 megapixels in most
scenarios). The apparatus also comprises a filter wheel installed in front of the
camera lens. Its goal is to eliminate the dispersion of other wavelengths from higher
diffraction orders. The innovative SHG is computer-controlled.

Telescope Specifications and Optical Design of Z-Helios

Refractor telescopes have a long history, dating back to Galileo's first
astronomical uses in the 17" century. A refractor uses a primary objective lens at
the front of the tube to collect light and bring it to a point of focus. A second lens
system then magnifies this image for observation or projection onto a sensor. This
design is robust and seldom requires collimation, in contrast to reflector telescopes.
Key parameters of refractor telescopes are aperture, focal length, number of optical
elements, focusing mechanism, etc.

Sunlight screen actuator motor
Sunlight blocking screen
Telescope focusing mechanism
Telescope focusing motor
Solar photocell

Telescope

Slit

Collimator lens

Collimator lens focusing motor

——— Camera

___—— Cameralens
Camera lens focusing motor

T Filter wheel
K Filter wheel motor
Grating actuator motor

-i i ice

Fig. 2. Innovative computer-controlled refractor optical telescope Z-Helios as part of a
spectroheliograph system. The components of the system not part of the telescope are
shown in grey shades.

The Z-Helios telescope was specifically developed to be implemented in the
innovative spectroheliograph. As mentioned above, the absolute apertures suitable for
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portable spectroheliograph systems range from 80 to 125 mm in diameter. Z-Helios
was chosen from these numbers with a 100 mm aperture. Thus, a compromise between
portability, cost, weight, and resolution was achieved. Because the spectroheliograph
instrument performs monochromatic, very narrowband imaging (less than 0.3 A
bandwidth), the telescope does not require the complex multi-element apochromatic
design typically used in broadband imaging telescopes. The Z-Helios telescope is
based on an objective lens, achromatic, doubled with maximum diffraction-limited
resolution in the centre of the image and minimal corrections near the end of the image
circle for aberrations due to the high magnification required. The instrument involves
solar protection — a motorised sunscreen actuator motor. The sunscreen is
automatically opened only when direct sunlight is registered by an external optical
sensor, thus preventing damage to internal parts from angled solar rays (Fig. 2). The
telescope focusing mechanism and the sunscreen function are controlled by the main
computer of the spectroheliograph system. In Fig. 2, the reader may observe the
components of the whole spectroheliograph system and the telescope in particular. The
parts belonging to the telescope are shown in colour while all other components of the
spectroheliograph are visualised in grey shades. The solar photocell is also part of the
telescope and is directly connected to the computer governing the functions of the
spectroheliograph system.

Conclusion

The Z-Helios telescope is part of an automated spectroheliograph system
controlled by a computer module. The computer component controls all actuator
motors, receives data from all sensors, and carries out the data acquisition process,
then processes the data and creates the images. The Z-Helios telescope provides the
necessary optical stability and resolution for the innovative spectroheliograph
developed at the Bulgarian Academy of Sciences. Its robust design, suitable
aperture, and automated focusing mechanisms make it an ideal front-end for a
small-scale, mobile, and highly versatile solar observation system. The system
design ensures minimal operator involvement in the acquisition process, freeing its
users to engage with different scientific tasks.
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Z-HELIOS CIBHYEB OIITUYECKH TEJECKOII 3A U3ITOJI3BAHE
B CIIEKTPOXEJIUOT'PA®

C. 3aoynos, I Mapoupocsan

Pe3ome

Hacrosmata cratusi paskpuBa JA€Taiild OTHOCHO WHOBATUBHUS CITHHUYEB
ontuyecku pedpaktopen Teneckon Z-Helios. Tlociemnusat ce sBsBa BakeH
KOMITOHEHT OT aBTOMAaTH3HMpaH crekTpoxenuorpad, paspadoren B MHctuTyTa 3a
KOCMHYECKH W3CIIEABAaHVA W TEXHOIOTMH TpU bbiarapcka akajgeMusi Ha HayKuUTe.
TeneckombT € KOHCTPYyHMpaH 3a Jia OCHI'YPH CTaOMJIHO M SICHO H300pakeHHE Ha
CIIbHYEBUS JUCK. B crarusta ca TOKa3aHU JETAWINTE OTHOCHO OITHYHHTE,
MEXaHWYHUTE W EIEKTPOHHUTE OCOOCHOCTH Ha Teneckora. ChI0 Taka ce pa3KpuBa
obmara (yHKIMOHATHOCT M CXeMa Ha CIeKTpoxenrorpada, oT KOHTO TENECKOIbT €
Hepa3zmenHa dacT. ONUCaHd ca  XapaKTEPUCTHUKMTE Ha TEJIECKOIa, KOWTO ca
OIPEACIIAIIM 33 YCHEHUIHOTO (PYHKIIMOHUpPAHE Ha CHEKTpoXeluorpada B YeCTOTHHS
JINANa30H Ha €IEKTPOMArHUTHUTE BBJIHU ¢ IBIDKUHU OT 360 nm 1o 830 nm.

IIpenumcTBaTa Ha MpemyIoKeHusT 9TesIecKoN ca PasKpUTH TI0 OTHOILICHUE Ha
CTaOWJTHOCT Ha CHCTeMara, LieHa Ha xapjyepa 3a MpuaoOMBaHe W MOAAPHKKA, HHUCKA
CIIOKHOCT Ha EKCIDIOATAIWs M HAMAJICHA aHTKUPAHOCT Ha MepCcoHaNia ¢ (PYHKIIMHUTE Ha
crcTemara 1o HaoroeHre Ha CITbHIIETO, CHOMpaHe Ha IaHHU U TSXHATa 00padoTKa.
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Abstract

This study presents a quantitative assessment of the fractal characteristics of the spatial
distribution of surface slopes within Mercury using a variogram-based fractal dimension (FD)
approach applied to the global MESSENGER DEM. The obtained results reveal a clear fractal
pattern of Mercury’s slope distribution, with mean FD values of 2.127 in the Northern Hemisphere
and 2.107 in the Southern Hemisphere, supported by very high coefficients of determination
(R2 > 0.99). A statistically consistent, though moderate, hemispherical asymmetry is observed, with
higher fractal dimensions and greater spatial heterogeneity in the Northern Hemisphere, particularly
in regions dominated by large impact basins and limited volcanic smoothing. In contrast, the
Southern Hemisphere exhibits more homogeneous fractal properties, consistent with spatial
differences in surface roughness and morphological complexity. These findings provide new insights
into the geological evolution of Mercury’s hemispheres and highlight the applicability of variogram-
based fractal analysis as a methodological tool for comparative studies of planetary topography.

Introduction

Prior to the Mariner 10 spacecraft mission, the scientific community had
very limited knowledge of the topographical features of Mercury, the planet closest
to the Sun. In 1975, [1] produced the first geologic map of Mercury’s surface,
identifying various geological features. Mercury’s surface is densely covered by
impact craters. More than 30,000 craters with diameters exceeding 5 km have been
catalogued from spacecraft imagery. The largest of these structures is the Caloris
basin, approximately 3.9 billion years old and about 1,550 km in diameter. Owing
to Mercury’s proximity to the Sun, impactors typically strike the planet at
significantly higher velocities than those affecting other terrestrial planets. These
high-impact velocities enhance ejecta production and contribute to the formation of
an unusually large number of secondary craters across Mercury’s surface [2]. In
addition to impact craters, Mercury’s surface comprises a variety of other
geological features, including heavily cratered plains, smooth plains, as well as
hilly and mountainous regions (Fig. 1).
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Fig. 1. Digital Elevation Model (DEM) of Mercury showing the main characteristics
of its terrain. The surface is dominated by impact craters and elevated regions.
Notably, the polar areas are largely characterised by negative elevations,
whereas the equatorial regions predominantly exhibit positive elevations.

Subsequent missions, particularly MESSENGER [3], have significantly
advanced our understanding of Mercury’s surface. The global topography of
Mercury varies from approximately — 5365 m to 4457 m (Fig. 2). About 60% of
the surface corresponds to negative elevations, while positive elevations account
for roughly 40%. In the northern hemisphere, negative landforms dominate,
whereas in the southern hemisphere, positive elevations are more prevalent.

In recent decades, the continuous acquisition of new data on planetary
bodies within the Solar System has facilitated the development and application of
innovative analytical and interpretative methods. Among them, fractal analysis
occupies an important place. Fractal geometry provides a scientific framework for
describing complex shapes and surfaces [4], making it a suitable methodological
tool for investigating planetary topography.

Regarding Mercury, the application of fractal analysis remains limited.
Only a few studies addressing this topic can be found in the literature. [5] applied
fractal methods to analyse asteroid craters on the planet. [6] explored spatial
variations of Mercury’s terrain and gravity field based on fractal dimension. In a
conference paper, [7] demonstrated that Mercury’s topography exhibits scaling
fractal properties, transitioning from monofractal behaviour at scales below 10 km
to a multifractal regime at larger scales.

This scarcity of such studies highlights one of the main objectives of the
present work. Unlike previous studies focusing on elevation and gravity field, the
present work applies variogram-based fractal analysis to slope gradients, which
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represent first-order derivatives of topography. By applying the variogram-based
fractal dimension approach, the current study aims to comprehensively characterise
the spatial patterns of slope distribution across Mercury’s surface, providing new
insights into its geological evolution.

Distribution of Planetary Surface Area by Elevation
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Fig. 2. The bimodal distribution of Mercury’s topographic elevations. Negative elevations
are more extensive than positive ones, reflecting the dominant influence of impact events
that have shaped the planet’s present-day surface morphology. The highest peaks are
another characteristic dominating the positive elevations.

Methods and Data
Preprocessing, Noise Reduction, and Slope Calculation of the Mercury DEM

The global Mercury Digital Elevation Model (DEM), derived from
MESSENGER/USGS data at 665 m spatial resolution, was pre-processed to
mitigate high-frequency orbital noise and striping artefacts prior to morphometric
analyses. The original DEM values were provided with a scale factor of 0.5; all
raster values were multiplied by this factor to convert digital numbers into metric
elevations (meters). This step ensured that subsequent slope calculations were
physically meaningful.

To suppress high-frequency noise while preserving primary geological
features, the scaled DEM was subjected to Gaussian smoothing with a standard
deviation (o) of 1 pixel (~ 665 m). This approach attenuates small-scale striping
and random measurement noise without significantly altering surface morphology.
The Gaussian-filtered DEM retained the original georeferencing and projection and
served as the input for slope computation and subsequent variogram-based fractal
analysis. This preprocessing strategy ensures that the derived slope values reflect
genuine geomorphic variability rather than instrumental or orbital noise.

Slope (Table 1) was calculated using the Terrain Analysis — Morphometry
— Slope module in SAGA GIS, which implements the algorithm of [8, 9] for
estimating slope derivatives. The method employs a 3 x 3 moving window to
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approximate the partial derivatives of elevation in the x- and y-directions

(dz/dx and dz/dy) and computes slope as the magnitude of the local gradient vector.

The slope angle theta (0) is calculated as:

(1)  theta = arctan (sqrt((dz/dx) ? + (dz/dy)?))

where dz/dx and dz/dy represent the first derivatives of elevation along the x and y

directions, respectively. In this study, slope values are expressed in degrees.
Although the classical variogram-based formulation of FD is defined for

topographic surfaces, its application to slope fields is justified here as a measure of

spatial roughness of gradient magnitudes rather than true geometric fractal dimension.

Table 1. Global slope distribution of Mercury’s surface. The results indicate that nearly
97% of the total surface area has slope values lower than 1.5°.

Class Slope Interval (Degrees) Distribution (%)
1 0°<0.72° 57.06%
2 0.72° < 1.44° 39.88%
3 1.44° < 2.16° 2.03%
4 2.16° < 2.88° 1.09%
5 2.88° < 3.60° 0.63%
6 3.60° < 4.32° 0.40%
7 4.32° < 5.04° 0.28%
8 5.04° < 5.76° 0.20%
9 5.76° < 6.48° 0.14%
10 > 6.48° 0.29%

Fractal Analysis of Mercury’s Topography Using a Variogram-Based Method

To investigate the fractal nature of Mercury’s surface, a local fractal analysis
was conducted on the global Mercury DEM at 665 m spatial resolution. Given the
large size of the dataset (11520 x 23040 pixels), the DEM was divided into two
hemispherical tiles (Northern and Southern ones) to reduce computational load and
facilitate memory-efficient processing within the Python environment of QGIS.

Local fractal dimensions were computed using a variogram approach
[10, 11] implemented in a Python script executed within the QGIS environment.
A moving window of 64 x 64 pixels with a 32-pixel step was applied to each tile.
Within each window, the semi-variance was estimated for a limited number of lag
distances (up to five pixels), using horizontal and vertical offsets only, rather than a
fully isotropic variogram:

Q) gamma (h) = 1/2 * mean [(z(x) - z(x+h))’]
where z(x) represents the elevation at position x, and h is the lag distance.

The slope of the log-log relationship between semi-variance and lag
distance was then used to derive the local fractal dimension:

2 FD=3-(m/2), 2<=FD<=3
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where m denotes the regression slope. The coefficient of determination (R?) from
the linear regression in log-log space was also recorded for each window as a
measure of fit quality.

The computed FD and R? values were assigned to the corresponding pixels
within each moving window and written to separate GeoTIFF files. Prior to
analysis, elevation values were normalised to zero mean and unit variance to
ensure numerical stability and comparability across windows. Each hemispherical
tile was processed independently, after which the outputs were merged to obtain
global maps of local fractal dimensions and R® This tiling strategy ensured
memory-efficient processing without compromising the spatial consistency of the
DEM and, at the same time, constituted a prerequisite for a comparative analysis
between the two planetary hemispheres.

Data and software

The analysis of Mercury’s topography was performed using digital elevation
data from the Mercury Global Digital Elevation Model (DEM) v2 [12], derived from
observations by the MESSENGER spacecraft mission [3]. The DEM provides global
coverage of Mercury’s surface at a spatial resolution of 665 x 665 m per pixel,
representing topographic variations across the entire planet. Elevation values are
expressed in meters and were scaled according to the original data specifications.

Raster data processing and analysis were conducted using open-source
geographic information systems (GIS). The primary platforms employed in this
study were SAGA-GIS (System for Automated Geoscientific Analyses; [13]) and
QGIS. This software environment enabled the extraction of slope values, the
implementation of variogram-based fractal dimension analysis, and the spatial
visualisation necessary to support the objectives of the study.

Results and Discussion

The results of this research are quantitatively summarised in Table 2 and
graphically illustrated in Fig. 3 and Fig. 4. The interpretations are presented below.

Table 2. Fractal Analysis of Slope in the Mercurian Hemispheres

Northern hemisphere Southern hemisphere
FD min 2.005 2.000
FD max 2.773 2.876
FD mean 2.127 2.107
FD StdDev 0.0639 0.0527
R’ min 0.805 0.589
R? max 0.999 0.999
R’ mean 0.997 0.998
R’ StdDev 0.0034 0.0071
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The results presented in Table 2 clearly demonstrate that Mercury’s slope
distribution exhibits a pronounced fractal behaviour. The mean fractal dimension
(FD) is 2.127 for the Northern Hemisphere (NH) and 2.107 for the Southern
Hemisphere (SH). The high coefficients of determination further confirm the
variogram-based fractal model, with mean R? values of 0.997 for the NH and 0.998
for the SH.

The visual analysis of Fig. 3 and Fig. 4 reveals that the highest latitudes,
particularly the polar and peripolar regions (> 50° N and S), are characterised by
the largest spatial variability in FD values. This pattern indicates a more complex
and heterogeneous terrain marked by sharper topographic transitions. Several
factors may contribute to this behaviour. On the one hand, Mercury’s equatorial
regions experience extreme diurnal temperature variations (approximately -170°C
to +430°C) and may contribute to differences in slope smoothing. In contrast,
temperature contrasts at higher latitudes are less pronounced, favouring the
preservation of steeper relief elements.
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Fig. 3. Spatial distribution of slope fractal dimension (FD) within Mercury’s
Northern Hemisphere (NH)
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Fig. 4. Spatial distribution of slope fractal dimension (FD) within Mercury’s
Southern Hemisphere (SH)

Additional explanations are rooted in Mercury’s geological evolution. As
shown in Fig. 3, the highest FD values in the Northern Hemisphere are
concentrated around deep impact structures in the polar regions. In the Southern
Hemisphere, at comparable latitudes, FD variations are generally weaker and
spatially more restricted. This hemispherical asymmetry likely reflects differences
in volcanic resurfacing intensity. During Mercury’s early history, extensive
volcanic activity in equatorial regions resulted in partial infilling and flattening of
pre-existing impact craters. Consequently, although large craters are present, their
present-day depths are reduced. The Caloris Basin represents a prominent example,
having likely been significantly deeper prior to volcanic resurfacing.

Volcanic processes also affected the polar regions, but to a lesser extent.
As a result, a subtle hemispherical dichotomy is observed. The Northern
Hemisphere exhibits sharper topographic contrasts and higher FD values compared
to the Southern Hemisphere (Fig. 3 and Fig. 4). Craters in the north tend to be
steeper, consistent with differences in impact preservation state. In contrast, craters
near the south pole generally display gentler slopes, implying earlier cessation of
volcanic and tectonic activity.

The results indicate that Mercury’s two hemispheres experienced distinct
geological histories and fractal characteristics of slope distribution in the Northern
Hemisphere relative to the Southern Hemisphere. This provides a comparative
framework for assessing hemispherical differences in topography complexity rather
than direct constraints on absolute geological age.
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Conclusion

This study demonstrates that the slope distribution of Mercury’s surface
exhibits a well-defined fractal nature, quantified using a variogram-based fractal
dimension approach. The obtained fractal dimension values (mean FD = 2.127 for the
Northern Hemisphere and 2.107 for the Southern Hemisphere), supported by very high
coefficients of determination (mean R2 = 0.997 for the Northern Hemisphere and 0.998
for the Southern Hemisphere), indicate that Mercury’s slopes are organised in a scale-
invariant manner. This spatial organisation reflects the cumulative influence of long-
term geological processes acting on the planet’s surface.

Comparative hemispherical analysis reveals a clear, though moderate,
asymmetry. The Northern Hemisphere exhibits a slightly higher mean fractal
dimension and greater spatial variability, characteristics that are spatially
associated with large impact structures and regions that experienced limited
volcanic smoothing, particularly at high latitudes. In contrast, the Southern
Hemisphere displays more homogeneous fractal properties, suggesting earlier or
more extensive surface modification.

The spatial patterns of fractal dimension further indicate that higher FD
values correspond to areas with pronounced topographic gradients, such as deep
basins and relatively well-preserved cratered terrains, whereas lower FD values
dominate smoother plains affected by volcanic resurfacing. This confirms that
slope-based fractal metrics are sensitive to variations in morphological complexity
and the degree of surface modification.

The results support the interpretation that Mercury’s hemispheres
underwent distinct geological histories, marked by differences in impact
preservation and volcanic resurfacing intensity. The variogram-based fractal
analysis of Mercury’s slope provides new opportunities for future comparative
studies of Mercury in particular and other terrestrial planetary bodies more broadly.
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OPAKTAJIEH AHAJIN3 HA MOP®OMETPUSATA HA HAKJIOHUTE
HA MEPKYPHUI HA BA3ATA HA BAPUOTPAMA

P. Hnuee, b. Panzenos

Pesrome

W3cnensanero mpwiara BapUOrpaMeH IIOAXOJ 3a OIpeneNsHe Ha
¢pakrannata gaumercus (®J]) Ha pasmnpemeieHMETO HAa HAKIOHWUTE Ha
MOBBPXHOCTTA Ha MepKypHii Bb3 ocHOBa Ha riodaiaus [IMP (DEM) ot mucusra
MESSENGER. Pesynrature mokas3Bar SICHO ()pakTalHO NOBEACHHUE C BHCOKH
koeunueHTn Ha Aerepmurupanoct (R? > 0.99). Cpexnute croiiHoctn Ha DJ] ca
2.127 3a CeBepHoro nonykbia6o u 2.107 3a FOxHOTO, Kato CeBepHOTO MOIYKBIOO0
JeMOHCTpHpA MO-TOJIsIMa MPOCTPAHCTBEHA XETEPOreHHOCT U MO-BUCOKA CIIOXKHOCT,
0co0EHO B paliOHM C TOJIEMH HMMIIAKTHU OaceHH M OrpaHUYEHO BYJIKaHUYHO
narnaxgane. FOXHOTO  TONYKBIOO TMOKa3Ba IMO-XOMOTEHHHM  (paKTalHH
XapaKTePUCTUKH, KOETO OTpa3siBa pa3iMKH B HMHTEH3MBHOCTTA Ha BYJIKAHUYHO
npeogopMsHe M 3apaBHsBaHe Ha peneda. Tesn ymepeHH, HO CTATHCTHUECKH
3HAYUMH PA3JIUKU TOJKPENAT UAESTa 3a pa3iuyHa TeoJI0KKa E€BOJONMS Ha JIBETE
MONTyKbJI0a Ha MepKypuii W MOTBBPXKJIABaT IOJE3HOCTTa Ha BapHOTPaMHUS
(pakTaneH aHanu3 3a CPAaBHUTEIIHY IJIAHETAPHH U3CIICABAHNS.
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Abstract

The presented study provides a spatial-temporal analysis of the development of a municipal
waste landfill located near the town of Ihtiman, focusing on the processes and factors that led to the
emergence and expansion of an unregulated landfill after the recultivation of the main landfill. This
article is a continuation of a 2020 study that analyzed the main municipal waste landfill. At this stage,
the focus is broadened to track the subsequent processes and changes that occurred after
recultivation, including the emergence and development of illegal landfills.

Introduction

At the beginning of the 21st century, waste management remains one of the
most serious challenges to sustainable development. Despite scientific and
technological progress and the existence of regulatory mechanisms, there is a
global trend towards increased waste generation, which puts pressure on both the
environment and the institutional capacity to manage it effectively. The
organization and management of municipal waste is the direct responsibility of
local authorities, which should provide the necessary infrastructure for the
collection, transport, treatment, and final disposal of household waste. However, a
number of developed and developing countries are experiencing serious difficulties
in maintaining landfills in a sustainable condition. The main challenges stem from
inefficient management, often due to social, institutional, and technical constraints,
including a lack of coordination between the responsible authorities, insufficient
financial support, and outdated technological solutions. According to global
estimates, the amount of waste generated has doubled over the last decade, and
forecasts indicate that it will reach 2.5 billion tons per year by 2025. This negative
trend is the result of the combined impact of accelerated urban development and
increased consumption by the population [1].

The growing availability of open and spatial data sets has significantly
improved opportunities for timely and informed decision-making, not only in the
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business sector and decentralized administrations, but also in municipalities and
local communities. This trend is particularly important in the context of the
pronounced shortage of highly qualified specialists.

Financial constraints and limited institutional capacity in smaller
settlements have necessitated the adoption of research approaches that could be
implemented by a relatively small number of well-trained professionals. Given the
wide availability of valuable administrative data, such as open and spatial data sets,
satellite information from the Copernicus and Landsat programs, and data from
continuous environmental monitoring provided by the Ministry of Environment
and Water, it is imperative that these resources be used systematically to generate
significant economic benefits and added value [2].

Unregulated landfills for household and construction waste pose a
significant environmental and social challenge. lllegal waste accumulation is
increasingly observed in various spatial contexts, including peripheral
neighborhoods, suburban areas, and even central public spaces. Although
population growth and urban expansion contribute to this phenomenon, the main
factors for the formation and persistence of such illegal waste dumps remain
inadequate monitoring and enforcement mechanisms [3].

Study area

The landfill for municipal waste in Ihtiman is a former municipal facility
located in the area of “Swamp”, near the road to the village of Muhovo and the
“Trakia” highway. The facility ceased operations in October 2016 due to non-
compliance with the current waste management regulations [4, 5].

In the period prior to its final closure, a number of problems were reported,
including the occurrence of combustion processes and the risk of contamination of
environmental components, which necessitated control activities and the
implementation of preventive measures to limit unauthorized activities. In 2018,
the Regional Inspectorate for Environment and Water — Sofia carried out an
inspection, which did not find any exceedances of the permissible standards for air
pollution, but additional instructions were issued for enhanced monitoring and
control [4, 6].

The process of closing and recultivating the landfill was carried out in
stages, with the municipality of Ihtiman conducting public procurement procedures
and market consultations. The technical recultivation of the site was finally
completed in 2020 [6].
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Fig. 1. Map of the area of interest

Materials and Methods

The satellite data used in this study were obtained from the European
Space Agency (ESA) Sentinel-2B and Sentinel-3B missions and from the Landsat
8 and 9 OLI/TIRS sensors operated by the National Aeronautics and Space
Administration (NASA) (Table 1). Sentinel satellite images are freely available
through the Copernicus Data Space Ecosystem, and all Landsat 8 and 9 products
are available free of charge through the Earth Resources Observation and Science
(EROS) Center of the US Geological Survey (USGS) [7-10].

The selection of images was limited to scenes captured during cloudless
weather over the study area to ensure data quality and reliability of the analysis.
The capture dates of the satellite images used to monitor the study sites, along with
the corresponding sensors, are presented in Table 1.
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Table 1. Satellite data

Satellite Date
Sentinel-2B 30.08.2020
Sentinel-2B 10.08.2025

Sentinel-3B LST 23.07.2023
Sentinel-3B LST 08.11.2023
Sentinel-3B LST 30.12.2023
Sentinel-3B LST 27.09.2024
Sentinel-3B LST 13.08.2025
Landsat 8 OLI/ TIR 11.07.2016
Landsat 9 OLI/TIR 04.072022
Landsat 9 OLI/TIR 27.07.2022
Landsat 9 OLI/TIR 23.07.2023
Landsat 9 OLI/TIR 08.11.2023
Landsat 9 OLI/TIR 27.09.2024
Landsat 9 OLI/TIR 13.08.2025

Two optical indices were used in this study: Normalized Difference
Greenness Index (NDGI) and Modified Soil-Adjusted Vegetation Index
(MSAVI2).

MSAVI2 is an adapted version of the soil-adjusted vegetation index
(SAVI). It was developed to reduce NDVI inaccuracies in areas with exposed soil

surfaces [11]:
(2*NIR+1—‘/ (2*N1R+1)2—8*(N1R—RED)>

(1)  MSAVI2 = 5

The quasi-synchronous assessment using LST data from two satellite
platforms, combined with vegetation and greenness indicators, provided a more
comprehensive characterization of surface conditions and improved spatiotemporal
stability. Verification and validation of the satellite images were performed using the
Tessellated Cap Transformation (TCT) model in combination with the Normalized
Difference Greenness Index (NDGI). The analyses focused on pre-selected test areas
covering waste disposal sites outlined by high-resolution optical images.

All Sentinel-2 MSI bands are used for TCT calculation, Kauth and Thomas
(1976) [12], Crist and Cicone (1984) [13]:

Brightness (Br), Greenness (Gr), Wetness(W)
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2 nW = (W — E{W})/St. Dev(W)
(3) nBR = (BR — E{BR})/St. Dev(BR)
(4)  (nGR=(GR-E{GR}))(St.Dev(GR) )
Derived from the Greenness component of TCT-applied Sentinel-2

imagery, NDGI quantifies vegetation state variations over time. With values
ranging from +1 to -1, it serves as an indicator of vegetation development [14]:

GRp (t2)—GRp(ty)

(3)  NDGI = e FIGRa (e

To achieve the main objective of the study, temperature changes associated
with thermal emissions from landfills were monitored over different time periods.
For this purpose, satellite data from Landsat missions 8 — 9 were used, calculated
from thermal infrared data by applying the following formula:

b
cxQ+d 1)

(6) Ty =axin™"(

where a,b,c,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 bands of
Landsat (4-9). After the georeferencing procedure of the thermal images,
rectangular sections are cut out in each image, covering the area around the

geographic coordinates. The time series {Q1, Q2, . . ., Qn} of the images in the

thermal channel of each waste disposal site is extracted. The data from the image is

converted into the surface temperature {T1, T2, ..., Tn} using the transformation:
_ -1 b _

(7) T[oc] = a* lTl (C*Q+d + 1) 27315,

where

a is the K, = Thermal -conversion constant for the band

(K2_CONSTANT_BAND_n from the metadata);

b is K; = Thermal conversion constant for the band (K1_CONSTANT_BAND_n
from the metadata);

c is M; = 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 [10].
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The other data used are from Sentinel-3A and Sentinel-3B (Table 1), and
the SLSTR thermal bands used to extract SST (the three infrared channels S7, S8,
and S9 at 3.74 um, 10.85 um, and 12 um) are also used to extract LST in SLSTR
Level 2 products. The algorithms for extracting LST using split-window radiation
are sufficiently sophisticated to achieve an accuracy of 1 K, especially at night
when there is no differential heating of the surface [15].

Results and Discussions

Fig. 2 shows images from Google Earth, where the old landfill is marked
with a green polygon and the new landfill with a blue polygon. Fig. 2a shows an
image from September 23, 2020, and Fig. 2b shows an image from 2021, when the
recultivation process began, according to data from the municipality of Ihtiman.

Fig. 2. a) Image from Google Earth from 23.09.2012;
b) Image from Google Earth from 20.09.2020

With regard to surface temperature (LST), data from Landsat 8 for
08.11.2013 were found (Fig. 3a). The figure shows an increase in surface
temperature from the old municipal waste landfill (outlined in green), with a
temperature of 17° C within the boundaries of the landfill, which is higher than the
rest of the surface (+12°C — +14°C). In the northeastern part of the landfill, there is
also a photovoltaic park, which further affects the surface temperature in the area.
Several heat islands can be observed north of the landfill and the photovoltaic park.
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Fig. 3. @) LST Landsat 8 from 08.11.2013;
b) LST Landsat 8 from 11.07.2016

South of the landfill (newly formed after 2020), no increase in surface
temperature is observed. Fig. 3b shows the LST from July 11, 2016, where a heat
island is located, again within the boundaries of the old landfill. The maximum
temperature in the center of the landfill is +32°C, and several additional heat
islands are observed to the west of the landfill itself.

Fig. 4. a) Image from Google Earth from 13.03.2023;
b) Image from Google Earth from 11.01.2025

Fig. 4 again shows images from Google Earth for a clearer visualization of
the studied area in the visible spectrum. Fig. 4a shows an image from March 13,
2023, which shows that the old household waste landfill has been reclaimed.
However, a new unregulated landfill is forming within the boundaries of the blue
polygon. Fig. 4b shows an image from January 11, 2025, which reveals that the
waste has already spread throughout the newly formed unregulated landfill.
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Fig. 5. @) LST Landsat 9 from 30.12.2023; b) LST from 23.07.2025,
) LST Landsat 9 from 13.08.2025; d) LST from Sentinel-3 from 13.08.2025

Fig. 5a—c shows surface temperature data from Landsat 9. To verify the
results, LST from Sentinel was also used, with a spatial resolution of 1 km, while
Landsat has a spatial resolution of 30 m. Fig. 5a shows data from December 30,
2025, where the local island that has formed again is within the boundaries of the
old (already recultivated) landfill. The temperature reaches +3°C, while for
comparison, within the boundaries of the new island, it is +0.5°C. For the rest of
the surface, it varies from -1.5°C to +0.5°C. Fig. 5b shows the LST values for
July 23, 2025. Here, a large heat island has formed, which is within the
boundaries of both the old (reclaimed landfill) and the unregulated landfill. The
surface temperature reaches +32.5°C, exerting a strong influence on the
northwest. The formation of local heat islands is the result of the combined effect
of the deposited waste and the photovoltaic panels, which change the albedo and
heat balance of the surface located east of the landfill. The same can be observed
in Fig. 5¢ and Fig. 5d, which are from the same date — 13.08.2025, but from
different satellite platforms. The data from Landsat 9 again show the spread of
local islands due to the combination of the nearby photovoltaic park and the
reclaimed landfill, in combination with the unregulated one. Based on the data
obtained from Landsat and Sentinel-3, it can be clearly concluded that the studied
objects have a strong impact on the surrounding area, which is located to the
northwest.
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b)
Fig. 6. a) TCT from 30.08.2020; b) TCT from 30.08.2025

TCT is the surest method of identifying municipal landfills, as they are
colored in a color that is out of character for the other components — soil,
vegetation, moisture. Fig. 6a shows the TCT model as of August 30, 2020, which
shows purple coloration entirely within the old municipal landfill and purple
coloration in the northeastern portion of the unregulated landfill. For 2025, the
model indicates that the waste that is again colored purple is entirely within the

Fig. 7. a) MSAVI2 from 30.08.2020; b) MSAVI2 from 10.08.2025

The Modified Soil-Adjusted Vegetation Index (MSAVI2) is an enhanced
version of the Soil-Adjusted Vegetation Index (SAVI), designed to account for soil
brightness effects more effectively. The index is calculated using reflectance values
from the near-infrared and red spectral bands, which are commonly available in
satellite imagery. MSAVI2 is particularly sensitive to variations in vegetation
density and provides a more accurate representation of green vegetation cover
compared to other widely used indices, such as the Normalized Difference
Vegetation Index (NDVI) [16].

MSAVI2 is widely applied in agricultural, forestry, and ecological studies,
as well as in land cover mapping and classification. It is commonly derived from
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satellite imagery acquired by sensors such as Landsat, MODIS, and Sentinel-2. In
this study, MSAVI2 was calculated using Sentinel-2 data. The index provides
valuable information on vegetation distribution and density [17], which can be used
to monitor land cover dynamics, assess the impacts of land-use change, and support
informed decision-making in land and natural resource management [18].
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Fig. 8. NDGI 30.08.2020-10.08.2025

In general, the NDGI index shows insignificant changes in vegetation
cover in the area of the waste disposal site during the period 2020-2025. The
observed patterns indicate localized but clearly pronounced changes in vegetation
dynamics, probably related to surface disturbances and waste disposal processes.

Furthermore, images from the Tasseled Cap Transformation (TCT)
(Fig. 6b) reveal significant variations in surface moisture, represented by light blue
tones, which may be associated with the presence of infiltrate and altered soil
conditions characteristic of waste disposal sites.

Conclusion

Some of the key reasons for the need for regular and interim monitoring of
municipal waste landfills are as follows:

» Monitoring the spread of harmful substances — hazardous materials such as
heavy metals, chemicals, and electronic waste are increasingly finding their way
into landfills, posing a danger if not controlled in time.

 Preventing soil and water pollution — improper waste treatment can lead to
the release of toxic substances that can seep into the soil. Over time, these toxins
contaminate groundwater and surface water, which are sources of drinking water,
agricultural needs, and ecosystems. Regular monitoring of landfills can prevent
such contamination.
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» Control over the spread of heat islands and biochemical processes that can
cause long-term damage to soil and surrounding water sources — Biochemical
processes occurring within landfills generate methane and carbon dioxide, which
are greenhouse gases and contribute to climate change. A local microclimate often
forms around landfills, which differs from the rest of the surface. Methane, for
example, is the main cause of spontaneous combustion in landfills. Monitoring
these emissions is necessary in order to control air pollution.

* Improving waste management through informed and timely decisions
based on up-to-date remote and field data.

It has been proven that land surface temperature (LST) is an important
climate indicator and provides valuable information about the processes of thermal
radiation from municipal waste landfills. It is these processes that contribute to the
formation of localized microclimatic zones, which can lead to a number of adverse
environmental and climatic consequences both in the immediate vicinity of
landfills and over wider areas. Such changes may include an increase in local
temperatures, changes in soil and air moisture, and a negative impact on
biodiversity and agricultural productivity in neighboring areas.
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CIIEKTPAJIHO KAPTUPAHE HA JIEIIA 3A BUTOBU OTIIAABIIN
B BJIM30CT 1O UXTUMAH

A. lanuesa, T. Cnacosa, A. Cmosnnos

Pesome

B mpencraBeHOTO wu3cienBaHE € M3BBPIIEH IPOCTPAHCTBEHO-BPEMEBU
aHaJM3 Ha Pa3BUTHETO Ha JIETIO 32 OMTOBH OTHAJIBIIN, PA3IIOJIOKEHO B OJIU30CT JIO
rpax MxTumaH, Karo akUEHTHT € IOCTaBEH BBPXY INpolecuTe H (aKTOpHTE,
00yCIIOBIIJIM Bb3HUKBAHETO U Pa3pacTBaHETO HA HEPETIIaMEHTHPAHO CMETHIIIE CIIE
pEeKyJATHBAIMsITa Ha OCHOBHOTO Jiemo. Hacrosmarta cTaTtusi TpencTaBlisiBa
MPOJBIDKEHNE Ha H3ciiefBaHe, mposeneHo mpe3 2020 r., B paMKuUTe Ha KOETO €
aHaJM3UPAHO OCHOBHOTO JIENO 3a OMTOBM OTHaabLM. B HacTosmus eran GOKyChT
ce pasmupsBa C Ied NpocielsBaHe Ha TMOCIEIBANIUTE TPOIECH M TPOMEHH,
HAaCTBIIMIIN CJIEA PCKYJITUBALUATA, BKIIIOYUTCIIHO IIOsIBaTa W PpPa3BUTUETO Ha
HeperijaMeHTHPaH! ACTTOHUPAHHSL.
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Abstract

Heatwaves represent an increasingly critical challenge for European cities, particularly in
regions with ageing populations and complex urban structures. This study examines the spatial
variability of surface temperatures in Sofia, Bulgaria, using a combination of high-resolution
ECOSTRESS thermal imagery and detailed land-cover data from Urban Atlas 2018. Two contrasting
ECOSTRESS acquisitions were analysed: an evening scene from 14 July 2024, captured during an
intense heatwave, and a morning scene from 2 July 2025, representing the baseline thermal state
after nocturnal cooling. Zonal statistics were used to extract Land Surface Temperature (LST) metrics
for each Urban Atlas polygon, allowing a detailed comparison of thermal behaviour across
functional land-cover types. Results show strong diurnal contrasts, with evening mean LST exceeding
morning values by approximately 9—10° C, and the highest thermal loads occurring in compact urban
fabric, industrial zones, and transportation infrastructure. Natural and semi-natural areas, as well as
mountainous terrain, consistently exhibited lower temperatures, confirming their cooling function
within the urban environment.

Introduction

Under more frequent and longer heat waves, the urban environment
responds in a particularly sensitive way. Different data sources consistently show
that the spatial distribution of surface temperatures mirrors the structure, density,
and functional characteristics of underlying land cover. Sofia is a city located in an
intermontane basin with a highly heterogeneous urban fabric, in which different
surface types accumulate, retain, and release heat in different ways, leading to
significant intra-urban temperature contrasts. These processes are particularly
pronounced on days with increased heat stress, when night cooling is incomplete,
and the day begins on already heated urban surfaces.

Classical meteorological observations in-situ provide valuable information
on air temperature, but do not capture the direct contact of humans with the urban
surface and do not reveal the spatial logic of thermal anomalies across different urban
zones. Satellite observations in the thermal infrared range, which allow for the
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measurement of Land Surface Temperature (LST) at high spatial resolution, are
particularly useful for providing insights. In this context, the ECOSTRESS
instrument located at the International Space Station provides daily imaging with a
resolution of 70 m, which makes it possible to map urban heat and its distribution at
the level of neighbourhoods and even individual functional areas.

Research on heatwaves and their consequences for the human population
has emerged only in the past few decades. Today, the availability of freely
accessible satellite products, such as MODIS, Landsat & Sentinel-3 LST products,
or the International Space Station’s ECOSTRESS data, has accelerated the growth
of studies dedicated to this topic. Over the last five years, analyses based on these
datasets have been conducted across diverse regions of the world [1-3]. There are
also a variety of studies [4, 5] using satellite data in the country consistently
demonstrating the substantial impact of extreme heat on urban environments. There
is also a noticeable increase in publications focused on population structure, urban
ecology, and extreme events in Bulgaria. A portion of these works is directly or
indirectly linked to the challenges posed by climate change in urban settings [6-9].

According to the National Institute of Meteorology and Hydrology’s
monthly bulletins [10, 11] in the summer of 2025 during the periods of 30 June
2025 and 09 July 2025, and between 19 July 2025 and 29 July 2025, the country
was experiencing a heat wave, which meets the criteria defined for the presence of
more than 5 consecutive days with a maximum air temperature above 32°C.
In 2024, an intense heatwave affected the country between 06 July 2024 and
24 July 2024. Monthly temperatures exceeded climatological norms by +1.4°C to
+3.9°C, and July 2024 was nearly as warm as July 2012, which was the warmest
July since 1930. The highest temperatures in urban areas, ranging from
32°C to 42°C were registered between 14 and 18 July.

Bulgaria is among the fastest-ageing countries in Europe, with a steadily
increasing share of the population over the age of 65 and a significant decline in
the working-age segment. This demographic structure elevates the country’s
vulnerability to extreme heat because older adults are physiologically more
sensitive to extreme temperatures and often have limited adaptive capacity. In this
context, studying heat exposure and thermal risks becomes particularly important,
as it supports urban planning interventions and public health measures that aim to
protect the most vulnerable segments of society.

This paper aims to examine the spatial variability of surface temperatures
in Sofia by combining ECOSTRESS morning and evening thermal observations
with Urban Atlas land cover data. Through a comparative analysis of morning and
evening ECOSTRESS acquisitions during a heatwave, the study assesses the
thermal load of different functional urban areas and identifies the land cover types
that contribute most strongly to heat accumulation and retention during periods of
elevated thermal stress.
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Methods and Data
Data sources

ECOSTRESS (Ecosystem Spaceborne Thermal Radiometer Experiment on
Space Station) is a multispectral thermal infrared (TIR) instrument mounted on the
International Space Station (ISS) [12]. It was designed to measure the temperature of
the Earth’s surface with high spatial and temporal detail. ECOSTRESS provides one
of the most precise satellite-based Land Surface Temperature (LST) datasets
currently available for environmental and urban studies. Because ECOSTRESS is
hosted on the ISS, it does not follow a sun-synchronous orbit like other satellites used
for urban studies & Earth observation. As a result, its overpass times are variable,
allowing acquisition of surface temperature data at different moments of the diurnal
cycle, for example, early in the morning, mid-day, or nighttime scenes. This
characteristic of the data is highly advantageous for studying surface heat dynamics
as it captures temperature states that are often missed by conventional sensors.

The research is based on two ECOSTRESS Land Surface Temperature
(LST) scenes acquired over Sofia City Province during periods of elevated summer
heat (Fig. 1). The first dataset represents an evening observation captured on
14 July 2024 at 20:53 local time, and the second corresponds to a morning
observation taken on 2 July 2025 at 07:13 local time. Both scenes were selected as
the only cloud-free or minimally impacted acquisitions available for the region
during the respective summer seasons and captured during officially recognised
heatwave periods by the National Institute of Meteorology and Hydrology’s meteo
bulletins.

Each ECOSTRESS scene provides surface temperature at a spatial
resolution of 70 m. Prior to the analysis, both datasets were inspected for
cloud-related pixels. In the 2024 scene, pixels affected by clouds were excluded
entirely to ensure the reliability of the temperature statistics. They were located
outside the city centre, which allowed further analysis without extracting important
parts of the studied territory. The 2025 morning scene did not contain cloud-
contaminated areas within the study extent.

To characterise the functional structure of Sofia’s urban landscape, the
study uses the dataset of Copernicus Land’s product Urban Atlas 2018 V1 [13], a
Copernicus dataset offering harmonised, high-resolution land-cover and land-use
information for European cities. Urban Atlas polygons provide detailed
classification of artificial surfaces, green urban areas, industrial zones,
transportation infrastructure, agricultural land, forests, and water bodies.
This spatial framework allows for a fine-grained assessment of thermal patterns
across functionally distinct urban zones and is widely used in many studies and
urban planning activities.
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Fig. 1. ECOSTRESS data captured during heatwave periods used in the study

The combination of ECOSTRESS LST data with Urban Atlas polygons
allows for a robust assessment of thermal load across different urban surfaces and
supports a more nuanced interpretation of observed temperature patterns,
particularly in complex and heterogeneous cities such as Sofia.

Zonal Statistics and Data Harmonisation

The surface temperature statistics of the rasters were converted from
Kelvin to Celsius and then were derived using the Zonal Statistics tool in QGIS.
For every Urban Atlas polygon, key descriptive indicators of the LST distribution
were computed — minimum, maximum, mean, and median temperature values.
These statistics were calculated separately for the 2024 evening and 2025 morning
scenes. All statistics were harmonised to a unified naming scheme to enable
consistent comparison between the two datasets. Polygons with zero pixel coverage
were removed. To support comparative analyses, an additional “broad land cover
group” attribute was created based on the hierarchical structure of Urban Atlas
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codes, grouping polygons into categories such as Artificial surfaces, Agricultural
areas, Natural and semi-natural areas, Wetlands, and Water bodies.

The harmonised datasets were merged into a single analytical table,
preserving for each polygon its land-cover classification, area, and population
(sourced from the layer Urban Atlas 2018), and LST statistics for both time
periods. The comparison focuses on the overall temperature distributions in
morning vs evening conditions, the differences in thermal load across broad Urban
Atlas groups, detailed contrasts between specific land-cover classes, and the
magnitude of evening—morning temperature differences for each class (Fig. 2).

il

ECOSTRESS
02 July 2025
07 h13 min

Maps (QGIS)
Zonal Statistics Data Visualizations
(Jupyter Notehook)

Clip, recalculation
ofKto C

ECOSTRESS
14 July 2024
20 h 53 min

Urban Atlas

Fig. 2. Data processing steps & outputs of the study

Data exploration, descriptive statistics, and visualisations were performed
in a dedicated Jupyter Notebook using Python libraries like pandas, matplotlib, and
seaborn. The notebook and data analysis are publicly available on GitHub.

Results

Comparative Surface Temperature Patterns —
Morning 2025 vs Evening 2024

The two ECOSTRESS acquisitions shown in Fig. 3 reveal distinct thermal
patterns that reflect the different stages of the diurnal heating cycle during periods
of elevated summer temperatures. The evening scene from 14 July 2024 on the
right shows a persistent retention of daytime heat across Sofia’s built-up areas.
Median LST values remain elevated, with artificial surfaces displaying the highest
thermal load and forming a pronounced warm core within the urbanised territory.
Natural and semi-natural areas appear noticeably cooler, though the thermal
gradient between land cover types is still moderate, indicating that the urban fabric
has not yet undergone significant nocturnal cooling.
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Fig. 3. Median LST of Urban Atlas polygons for the morning and evening ECOSTRESS data

The morning scene from 2 July 2025, acquired at 07:13 local time, depicts
the city at the start of a new heating cycle. Surface temperatures are substantially
lower across all land cover groups, and the overall distribution is narrower and
shifted toward cooler values. Vegetated and mountainous areas exhibit the lowest
LST, while artificial surfaces remain comparatively warmer, but with a
considerably reduced thermal contrast relative to the evening dataset. This suggests
that built-up areas retain higher residual heat overnight, yet early-morning
conditions still allow clearer differentiation between surface types before solar
heating intensifies.

In both scenes, the city centre forms the warmest and most spatially extensive
hot spot, with the highest median surface temperatures in the evening and still clearly
elevated values in the morning compared to the rest of the municipality. The area
around Sofia Airport shows intermediate conditions that are warmer than the vegetated
western and southern parts of the city, yet generally cooler than the compact central
districts, reflecting a mixture of paved surfaces, runways, and open grassland.

Iskar Dam appears noticeably warmer than the surrounding mountainous
terrain in the morning scene, forming a local warm patch within an otherwise cool
landscape. In the evening scene, however, the dam becomes hotter, but not as much
as in the morning, relative to its surroundings.

A Jupyter Notebook & Python libraries such as matplotlib, seaborn, and
numpy were used for further statistical analysis of the data. Fig. 4 shows the
density distributions of mean LST for the two ECOSTRESS acquisitions. It reveals
a pronounced thermal contrast between morning and evening conditions. The
morning scene (2 July 2025) is characterised by a compact, unimodal distribution
centred around 14-18°C, reflecting the cooler state of the urban surface at the start
of the day after partial nocturnal cooling.
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Mean LST Distributions — Marning (2025) vs Evening (2024)
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Fig. 4. Mean LST distributions in the evening and morning data capture

The evening scene (14 July 2024) exhibits a distinctly warmer and broader
distribution, with values concentrated between 24°C and 30°C, indicating substantial
heat storage throughout the day during a period of intense heat. The evening curve
shows a slight bimodality, likely reflecting different thermal behaviours of dense
built-up areas versus more vegetated or open surfaces. The two distributions show no
overlap, illustrating that even the coolest evening surfaces remain significantly
warmer than the warmest morning surfaces. This strong separation confirms the
magnitude of diurnal temperature variability in Sofia during summer heat events and
highlights the persistent thermal load in the city’s built-up areas.

Fig. 5 is a data visualisation of a boxplot comparison of mean LST across
broad Urban Atlas land-cover groups. It highlights consistent thermal differences
between morning and evening conditions, as well as clear contrasts among surface
types. In all categories, evening temperatures are significantly higher and exhibit
wider variability, reflecting the accumulated daytime heat during the July 2024
heatwave. Artificial surfaces show the highest evening medians, surpassing 28-30°C,
and display the broadest spread, indicating strong intra-group heterogeneity typical of
dense urban fabric. Agricultural areas and natural & semi-natural surfaces form
intermediate evening ranges, while wetlands and water bodies remain relatively
cooler but still elevated compared to morning values.

The morning scene from July 2025 presents a more compressed temperature
range across all land-cover groups, with medians clustering around 14-18°C.
Although absolute temperatures are lower, the relative ranking of land-cover types
remains similar, with artificial surfaces consistently warmer than vegetated
categories, indicating persistent residual heat in built-up zones even after nocturnal
cooling. Water bodies show a distinct pattern: cooler than surrounding areas in the
evening but comparatively warmer in the morning, reflecting their slower diurnal
response compared to land surfaces.
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Mean LST by Land Cover Group — Morning vs Evening

ime_of_day
Il Evening
20 e — [l Moming
) 25
E o] i
=
m
s
g (o]
o]
10
o
S a\ nd® o5
ga® o P e wod
o r? X o e \atet
pat “'B““a

Fig. 5. Mean LST by land cover groups —a comparison between evening and morning data capture

The ranking of Urban Atlas classes by evening—morning LST difference
reveals the land-use categories that retain the most heat during the day and release
it the slowest overnight (Fig. 6). Continuous urban fabric (S.L. > 80%) exhibits the
highest thermal contrast, with evening temperatures exceeding morning values by
nearly 10°C, highlighting the strong heat storage capacity of dense, highly
impervious surfaces.

Top 15 UA Classes with Highest Evening—Morning LST Difference

Continuous urban fabric (S.L. : > 80%)

Airports

Green urban areas

Industrial, commercial, public, military and private units
Railways and associated land

Sports and leisure facilities

Other roads and associated land

Land without current use

Urban Atlas class

Construction sites

Discontinuous low density urban fabric (S.L. : 10% - 30%)

Mineral extraction and dump sites

Pastures

(=]
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Evening — Morning Mean LST (°C)

Fig. 6. Top 15 Urban Atlas Classes that have the highest evening-morning LST differences
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Airports and green urban areas also demonstrate substantial differences,
reflecting extensive paved infrastructure in the former and complex vegetation—soil
interactions in the latter. Industrial and commercial units, along with
transportation-related categories such as railways and associated land and other
roads, show similarly large evening-morning temperature gaps, indicative of large
asphalted and concrete surfaces with high thermal inertia. Among residential
categories, discontinuous dense urban fabric (50-80% sealing) stands out with a
substantial thermal range, suggesting that areas combining built-up patches with
limited vegetation also accumulate considerable heat.

Lower-density settlement types, construction sites, and permanent crops
(e.g., vineyards and fruit trees) appear in the lower portion of the top 15 but still
exhibit differences of 7-8°C, reflecting moderate but significant heat retention.
Even natural and semi-natural categories such as pastures appear in the list,
although these show the smallest contrast among the top-ranked classes.

The summary statistics in Table 1 highlight the substantial diurnal contrast
in surface temperatures captured by the two ECOSTRESS acquisitions. The
evening scene registers a mean LST of 26.51°C, with maximum values
approaching 33°C, reflecting the strong heat accumulation characteristic of late-
afternoon and early-evening conditions during a summer heat event. The morning
scene shows lower temperatures, with a mean of 17.09°C and a maximum of
22.59°C, indicating that overnight cooling significantly reduces surface heat,
although residual warmth remains in certain areas.

Table 1. Summary table for pixel statistics in °C

Time of day Mean LST Median LST Min LST Max LST
Evening 26.51 26.453 11.827 32.977
Morning 17.09 17.090 8.938 22.588

Minimum temperatures also differ notably, with the evening recording
11.83°C compared to 8.94°C in the morning.

The magnitude of evening-morning differences varies substantially across
land use types, with the highest thermal amplitudes occurring in compact
residential fabric, transportation infrastructure, and industrial zones. Natural and
semi-natural surfaces exhibit more moderate fluctuations. These findings confirm
that during summer heat events, Sofia’s urban core functions as a persistent heat
reservoir, whereas peripheral vegetated areas and higher altitudes show
significantly lower thermal loads. The combined use of ECOSTRESS and Urban
Atlas thus provides a detailed and coherent view of the spatial structure of urban
heat, forming a solid basis for interpreting the drivers of these patterns.
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Discussion

The results of this study demonstrate the clear potential of combining
ECOSTRESS thermal data with detailed urban land cover classifications to gain
meaningful insights into the spatial structure of urban heat in Sofia. Despite the
contrasting acquisition times and seasonal conditions, both datasets consistently
capture the strong influence of land cover on surface temperature, revealing coherent
and interpretable thermal patterns across the city. The observed alignment between
Urban Atlas classes and LST behaviour, such as the systematically higher
temperatures in compact built-up areas and the pronounced cooling signature of
natural and higher-elevation zones, shows that even a single high-quality morning or
evening scene can provide valuable information about the functioning of the urban
thermal environment. These findings confirm that open satellite data, when
integrated with harmonised urban classifications, offer a robust and accessible
foundation for understanding heat dynamics in complex metropolitan settings.

A key limitation of the present analysis arises from the spatial resolution of
the ECOSTRESS data. Although the nominal pixel size of approximately 70 m is
well suited for regional assessments of surface temperature, it restricts the level of
detail achievable in dense urban environments. Fine-scale features such as individual
streets, narrow green corridors, small parks, or internal temperature variability within
residential blocks cannot be fully resolved. As a result, thermal contrasts may be
smoothed, and the heterogeneity of urban microclimates, especially in compact and
mixed-use areas, can be partially obscured. Despite this, the integration with Urban
Atlas polygons helps mitigate some of these limitations by aggregating pixel values
within meaningful urban units, allowing broader functional patterns to emerge even
when fine-grained details remain beyond the sensor’s capability.

The study also underscores the essential role of open geospatial data in
advancing urban heat research. Both ECOSTRESS surface temperature datasets and
the Urban Atlas land-cover layers are freely accessible, enabling high-quality,
reproducible analyses without financial or institutional barriers. The ability to
combine remote sensing products with harmonised European land-use classifications
significantly enhances the interpretability of thermal patterns and supports robust
cross-city comparisons across the EU. Open data availability thus not only
democratizes access to advanced analytical tools but also strengthens policy-oriented
research, allowing municipalities, planners, and researchers to collaboratively
evaluate the thermal behaviour of cities in a consistent and comparable manner.

The findings further highlight the urgent need to deepen the understanding
and communication of heatwave impacts on public health, especially in rapidly
warming urban environments. Bulgaria’s ageing population, combined with
increasing frequency and intensity of heat extremes, positions heat-related risks as a
growing public health concern. The observed strong thermal load in densely built-up
areas suggests that large segments of the urban population may be exposed to
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sustained heat stress, particularly during evenings when cooling is limited.
Strengthening early-warning systems, improving public outreach, and conducting
interdisciplinary research that links surface temperature patterns with demographic
vulnerability, morbidity, and mortality data will be essential for developing effective
adaptation strategies. In this context, remote sensing products such as ECOSTRESS
can play an important role in informing targeted interventions and communicating
risk in an accessible and spatially explicit manner.
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KAPTOI'PA®UPAHE U BU3YAJIM3ALINA HA JTAHHHU
3A IUHAMUKATA HA ITIOBBPXHOCTHATA TOIIVIMHA
HA 3EMHOTO IIOKPUTHUE B CO®Us, BbJIT'APUSA

E. Capadposa, K. Haiioenos

Pesrome

B mHacrosmata  cTaTMsl  TPOCTPAHCTBEHOTO — paslpefielieHHe  Ha
MOBBPXHOCTHUTE TemIiepaTypH B Copus e aHaIM3UPaHO uYpe3 KOMOMHUPaHE Ha TaHHU
ot censopa ECOSTRESS wu xnacudukanmsta Ha rpagckure (QyHKIMOHATIHU 30HH
Urban Atlas 2018. 3a menute Ha W3CiIeIBAHETO Ca M3MOJI3BAHU [[BE TCPMAJIHU CLICHU
OT pa3IMYHH €Tamyd Ha JCHOHOIIMETO — BEYepHO 3acHeMane oT 14 tomm 2024 r. u
cyTpetrHo 3acHeMane oT 2 1o 2025 1. Ha Ga3ara Ha Te3u JaHHH 32 BCEKH TIOJIUTOH OT
Urban Atlas ca W3uucleHM CTaTUCTUYECKH TOKa3aTeldd (MHHAMYM, MaKCHMYM,
MeJlriaHa ¥ CpelHa CTOMHOCT) ToCcpeIicTBOM MHCTpyMeHTa Zonal Statistics B QGIS. 3a
na ObJe OChIIECTBEHA CpPaBHMMA OLICHKA, JAHHUTE ca XapMOHM3HPAaHU B €AWHHA
CTPYKTYypa M aHAIM3UPaHU U By3yanusupanu B Jupyter Notebook ¢ momorra Ha e3uka
Python. Pesynrathte moOKasBaT SICHO W3pa3eHH pa3IMKK MEXIY CYTPEIIHOTO U
BEUEPHOTO TEPMHUYHO CHCTOSIHUE HA IPaJICKaTa cpefia, KAKTO M OTYETIIMBA 3aBUCUMOCT
Ha TeMIepaTypHUTe CTOWHOCTH OT BHJa Ha 3€MHOTO MOKpuTHe. Haii-Bucoku
TEPMUYHM HATOBApBaHUSl CE YCTAHOBSBAT B 30HWTE C IUTBTHA YypOaHU3aIMd,
WHJYCTPUAJIHU TEPUTOPUH M TPAHCIIOPTHA MHPPACTPYKTYPA, IOKATO ECTECTBEHHUTE U
MONYNPUPOAHUTE  IUIOMIM  3ala3BaT  3HAUUTENHO  MO-HUCKH  TEMIIEpaTypH.
[IpencraBenurte pe3ynratd JEMOHCTPHPAT MOTEHIMATa HA OTBOPEHUTE CATEIUTHH
JaHHW 32 OIIEHKa Ha TOIUIMHHWTE TIPOIlECH B TpajJicka cpena W Iox4epraBar
HEOOXOAMMOCTTa OT I0-33JbJI00UEHN M3CIEABAHNUS BbPXY BIMSHHUETO Ha TOpEILHTE
BBJIHU BBPXY OOIIECTBEHOTO 31paBe.
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Abstract

This study presents the development and analysis of a geospatial database of forest fire
events across the territory of Bulgaria for the period 2020-2024. The database was compiled from
satellite-derived active fire detections, incorporating geographic coordinates, acquisition date and
time, signal intensity, and satellite platform of origin (Terra or Aqua). Organised in shapefile format,
it enables direct integration into Geographic Information Systems (GIS) for spatial analysis,
visualisation, and correlation with other geospatial datasets. The results include both spatial and
temporal assessments, with statistical summaries revealing interannual variability and a notable
increase in recorded events in 2024. Kernel Density estimation was applied to identify high-density
clusters of fire occurrences, providing insights into spatial patterns and potential hotspots. The
dataset offers a robust foundation for risk assessment, supports targeted forest fire prevention and
mitigation strategies, and contributes to data-driven decision-making for sustainable forest
management in Bulgaria.

Introduction

Forest fires represent a significant global challenge with profound
implications for the sustainable management of forest resources. This issue is of
particular relevance to Bulgaria, where approximately one-third of the national
territory is covered by forests, making the integrity of forest ecosystems a matter of
strategic environmental concern.

In recent years, the wildfire situation in Bulgaria has become increasingly
severe, particularly during the summer months of July and August. A substantial
portion of these fires occur in agricultural landscapes and are often caused by the
accidental or deliberate burning of stubble. Such practices are a major driver of
forest fires, accounting for an estimated 40% to 60% of cases and frequently
leading to the spread of fire into adjacent areas, including pastures, meadows,
firebreaks, and field margins. Beyond vegetation loss, these fires often result in the
destruction of entire habitats and their associated biodiversity, many of which fall
within the Natura 2000 ecological network [1].
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Over the past 15 years (2010-2024), more than 7,000 forest fires have been
recorded in Bulgaria, according to data from the Executive Forest Agency and the
Ministry of Interior [2], covering over 110,000 ha (over 1.1 million decares) of
territory. The year 2024 marked a particularly critical point, with Bulgaria ranking
second among European countries in terms of the number of forest fires, with the
regions of the Rhodopes, Strandzha, Pirin, and Sakar being among the most
severely affected. These incidents are not only increasing in frequency and
intensity, but the ecological damage they cause is becoming more severe and
widespread, posing a growing threat to biodiversity and forest sustainability at the
national and European level.

Given the increasing frequency and severity of forest fires, there is a
growing need for accurate, timely, and spatially comprehensive monitoring tools.
Aerospace remote sensing methods represent an advanced technological approach
for monitoring natural disasters [3-7], including forest fires [8, 9]. These methods
provide the foundation for building a reliable and large-scale forest fire database,
which supports the effective tracking of post-fire recovery processes in forest
ecosystems [10].

Several studies have demonstrated the effectiveness of satellite-based
approaches in compiling large-scale forest fire datasets, such as the MODIS burned
area product [11] and the Landsat-derived global burn severity dataset [12], which
have significantly contributed to fire monitoring and post-fire assessment at
regional and global scales. While global forest fire datasets based on MODIS [11]
and Landsat imagery [12] provide valuable insights, there remains a need for
high-resolution, country-specific databases that reflect local fire dynamics and
landscape characteristics.

In response to this need, the present research aimed to develop a
comprehensive forest fire database for the territory of Bulgaria, covering a five-
year period from 2020 to 2024. The database is based on satellite data and is
intended to serve as a reliable tool for analysing fire dynamics, identifying
high-risk areas, and supporting forest management and conservation efforts. Its
development contributes to the implementation of data-driven strategies for
mitigating the impact of forest fires and enhancing the resilience of forest
ecosystems in Bulgaria.

Data and methods

For the purpose of developing the database, the following steps were
undertaken: thermal anomaly data were selected for the entire territory of Bulgaria
over a five-year period; areas covered by forest vegetation were filtered in order to
exclude agricultural and grassland fires from the dataset; and all thermal anomalies
were systematically verified (Fig. 1).
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Fig. 1. Workflow diagram of the methodological framework for
Forest Fire Database development (2020-2024)

Thermal anomaly data selection

Thermal anomaly data were selected for the entire territory of Bulgaria
over a five-year period (2020-2024). For this purpose, data were extracted from the
Moderate Resolution Imaging Spectroradiometer (MODIS) sensor [13], mounted
on the Terra and Aqua satellites, which provide regular observations with moderate
spatial resolution and a broad spectral range. These characteristics make MODIS
highly suitable for the detection and monitoring of thermal anomalies associated
with forest and field fires.

In the first stage of database development, thermal anomalies were
retrieved from the official archive of NASA’s Fire Information for Resource
Management System (FIRMS) [14], which offers access to pre-processed,
geospatially referenced fire hotspots detected by MODIS. FIRMS automatically
aggregates, filters, and publishes high-temporal-resolution data, enabling near real-
time fire activity monitoring with high detection reliability.

The extracted data were structured and adapted to meet the requirements of
the forest fire database being developed for the territory of Bulgaria for the period
2020-2024. Key attributes included the geographic coordinates of the thermal
anomaly, date and time of detection, signal intensity, and the satellite platform of
origin (Terra or Aqua). The downloaded data were integrated into a Geographic
Information System (GIS) environment for further processing and analysis.
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Filtering the forest vegetation

Areas covered by forest vegetation were filtered in order to exclude
agricultural and grassland fires from the database. To further refine the dataset and
eliminate irrelevant thermal anomalies such as those caused by field fires or
industrial heat sources, the Corine Land Cover 2018 (CLC 2018) classification [15]
was applied. CLC 2018 is a homogeneous pan-European land cover database
developed under a unified methodology by the European Environment Agency
(EEA). The classification includes more than 40 land cover categories and provides
a reliable geospatial framework for ecological and territorial analysis at both
national and regional levels.

At the time of the analysis, CLC 2018 represented the most recent
officially available land cover classification for Bulgaria, offering standardised and
comparable data for the entire national territory. Through spatial overlay of thermal
anomalies with the updated land cover layers, areas classified as forest, namely
broadleaved, coniferous, and mixed forests, were extracted. This step enabled the
analysis to focus exclusively on forest ecosystems, in alignment with the research
objectives.

Following this filtering and verification process, the resulting data were
incorporated into the Forest Fire Database for Bulgaria (2020-2024) under
development.

Verification of the thermal anomalies

Each thermal anomaly was individually examined to determine whether it
was caused by a forest fire or by another source. The selected MODIS-detected
hotspots may originate from active fires, fire-related smoke plumes, agricultural
activity, or other heat sources. To verify the nature of each anomaly, optical
satellite imageries were utilized from the following sources: Landsat 5 TM,
Landsat 7 ETM+, Landsat 8 OLI, and Landsat 9 OLI-2 sensors, obtained via the
USGS Earth Resources Observation and Science Center (USGS-ERQOS) [16], as
well as data from the European Space Agency’s Sentinel missions (ESA) [17],
made available through Bulgaria’s status as a cooperating state since 2015.

The satellite images from Landsat and Sentinel were used to visually
inspect each hotspot and validate whether it was the result of a forest fire. If no
evidence of fire was present in the corresponding Landsat or Sentinel-2 imagery,
the thermal anomaly was excluded from the database. This verification process
effectively filtered out false positives, thermal anomalies not associated with
wildfires.

Although labour-intensive, this approach significantly enhanced the
accuracy of the forest fire database by ensuring a high level of reliability in
identifying true fire events. The combined use of high-resolution multispectral
satellite imagery and thermal anomaly data from MODIS enabled an efficient
mechanism for filtering out false detections. As a result, a consistent and reliable
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geospatial dataset was created, suitable for spatial analysis, risk assessment, and the
formulation of forest fire management policies.

Upon completion of the thermal anomaly verification process, the forest
fire database has been finalised and is ready for further analysis and application.

Results and discussion

In the following section, the results derived from the database are
presented, including its visualisation within a GIS environment (Fig. 2), the
structure of the attribute table (Fig. 3), and the key spatial and descriptive
parameters associated with each recorded forest fire event.

The database is organised in a shapefile format (Fig. 2), which enables its
direct use and visualisation within GIS, facilitating spatial analysis and integration
with other geospatial datasets. This format ensures broad compatibility across GIS
platforms and allows for efficient querying, layer integration, and spatial analysis,
making it a practical tool for researchers, policymakers, and forest management
authorities.
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Fig. 2. Forest Fire Database in Bulgaria (2020-2024) organised as a shapefile format
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EID LATITUDE LONGITUDE BRIGHTNESS ACQ DATE ACQ TIME SATELLITE
» Q 427168 241778 300.5(4.1.2020 r. 0920 Tera |
1 43.5883 22.9505 301.4(23.1.2020 r. 1133 Agqus (
2 43.8425 26.3209 304.6125.1.2020 r. 0932 Tema
3 41.877 25.7948 302.4|1.2.2020 r. 1126 Agua
4 42,2058 25.82349 303.4(1.2.2020 r. 1128 Aqus
5 43.2189 25.2204 316.2(1.2.2020 r. 1127 Agqua
[<] 43.6521 25.8878 200.8(1.2.2020 r. 1127 Agqua
7 42.8882 22.8685 208.5({1.2.2020 . 1127 Aqus
8 42.6822 24.5977 2302.613.2.2020 r. 1114 Agus
9 42.0481 24,4408 2308.7(2.2.2020 r. 1114 Agqus
10 42.0817 2433 312.5|18.2.2020 r. 1210 Agus
11 42,4971 229269 300.718.2.2020 r. 1210 Agqus
12 43.4955 22.9441 311.2124.2.2020 r. 1132 Agqua
13 42.9758 27.8753 307.1{11.3.2020 r. 1133 Agua
14 429741 27.8584 308.2(11.3.2020 r. 1133 Agqus
15 427178 24.1788 306.7112.3.2020 r. 0857 Tems
1€ 43.6313 22.9399 217.9(13.2.2020 r. 1121 Agqua
17 42.7172 24.1801 208 [17.2.2020 r. 0915 Ters
18 42,9414 24.5002 308(20.2.2020 r. 1127 Agus
19 42.9298 243786 304.1121.3.2020 r. 0850 Temrsa
20 42.8291 247386 208(21.2.2020 r. 0850 Ters
L 21 42,8242 247528 307.1]21.3.2020 r. 0850 Tera

Fig. 3. The attribute data: geographic coordinates, acquisition date,
acquisition time, signal intensity, and the satellite platform of origin (Terra or Aqua)
for the Forest Fire Database in Bulgaria (2020-2024)

In addition to the spatial representation of the data, the database enables the
extraction of statistical summaries that provide insights into the temporal
distribution of forest fire events. Such analyses help identify interannual variability
and potential trends within the study period. Fig. 4 presents the total number of
recorded forest fires for each year from 2020 to 2024, providing a quantitative
overview of the temporal dynamics in the dataset.
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Fig. 4. The total number of recorded forest fire events in Bulgaria
for the period 2020-2024
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The temporal dynamics of recorded forest fire events across the study
period indicate distinct fluctuations that merit detailed examination. In 2020, a total
of 76 events were documented, representing the baseline for subsequent
comparisons. The following year, 2021, shows a moderate increase to 86 events,
which may be associated with variations in meteorological conditions or shifts in
land use and vegetation patterns. In 2022, the number of forest fires rose further to
100, marking the highest value observed up to that point in the study period, and
possibly reflecting a combination of prolonged dry spells and elevated summer
temperatures.

A decline is registered in 2023, with 80 events, suggesting either more
favourable climatic conditions for fire prevention, the effectiveness of fire
management strategies, or natural variability in ignition sources. However, 2024
exhibits an exceptional surge to 168 events — more than double the previous year’s
figure — which may be indicative of extreme weather phenomena, such as
heatwaves and droughts, compounded by human activities. This substantial
increase underscores the necessity for targeted investigation into the underlying
drivers and for the implementation of adaptive management measures to mitigate
future risks.

| Sy 8 v

Kernel Density Map
e

- Low

Fig. 5. Kernel Density estimation of forest fire events for the period 2020-2024,
displayed using a stretched yellow-to-red colour ramp to indicate a continuous increase
in density values (events/km?)

To further explore the spatial distribution patterns of the recorded forest
fire events, a Kernel Density estimation was applied to the dataset. This method
generates a continuous surface representing the concentration of events per unit
area, allowing for the identification of high-density clusters and spatial trends that
may not be evident from raw point data alone. The Kernel Density map (Fig. 5),
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visualised using a stretched colour ramp from low to high density values,
highlights several distinct hotspots of fire occurrence. These spatial clusters
provide a valuable basis for examining potential correlations with environmental
variables, land cover characteristics, and proximity to anthropogenic features,
thereby supporting more targeted prevention and mitigation strategies.

The finalised database provides a consistent, high-confidence dataset of
forest fire events across Bulgaria for the period 2020-2024. This structured
geospatial resource serves as a solid foundation for subsequent spatial analyses,
risk assessments, and the development of data-driven forest fire management
strategies.

By integrating both spatial and temporal dimensions, the dataset facilitates
the identification of patterns, trends, and high-risk zones, thereby supporting more
targeted and effective prevention measures. The methodological framework
applied in this study ensures broad compatibility of the database with other
geospatial resources, enabling its use in multidisciplinary research and operational
contexts. Ultimately, the presented resource has the potential to contribute
significantly to evidence-based policy-making, enhance preparedness, and
strengthen adaptive management in the face of evolving forest fire dynamics.
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BA3A JAHHU I'OPCKH ITOKAPU HA TEPUTOPUSITA HA BBJT'APUSA
3A IIEPUOJA 2020-2024 T'. 10 CHBTHUKOBU JTAHHH

H. Cmankoesa, /. Aéemucsan

Pesrome

Hacrosimoro wu3cneaBane mpeacTtaBs pa3pabOTBAaHETO W aHalmW3a Ha
reONpOCTPaHCTBEHA 0a3a JaHHU 3a FOPCKH MOXKAapH Ha TEPUTOpHSTA Ha bbiarapus
3a mepuoga 2020-2024 r. ba3aTta JaHHM € ChCTaBEHA OT CITBTHUKOBH HAOIIOICHUS
3a aKTUBHHM OTHMINA, KAaTO BKIIOYBAa reorpadcku KOOpIMHATH, JaTa WM 4Yac Ha
perucTpupane, MHTCH3UTET Ha CHTHajla M U3X0AHA cIbTHHKOBA miatgopma (Terra
wm Aqua). Opranmsupana BbB ¢opmar Shapefile, TS mo3BomsiBa gUpekTHA
unTerpanys B ['eorpadeku Mudopmannonnun Cuctemu (I'MC) 3a mpocTpaHcTBEH
aHanM3, BU3yalM3alus W KOpeJalusi ¢ JOPYrd TeOoNpOCTPaHCTBEHHW HAOOpH OT
naHHU. PesynTatuTe BKIIIOUBAT IPOCTPAHCTBEHM M BPEMEBU OLICHKH, Karo
CTaTUCTUYECKUTE OO0OOLIEHHS IOKa3BaT MEXKIYTOAMIIHA H3MEHUYHUBOCT H
3HAUUTENIHO YBEIMYCHHWE Ha perucTpupaHure cwoutus mpe3 2024 r. 3a
WACHTU(QHLMpPAaHE HAa 30HU C BICOKA IUIBTHOCT HAa TOYKAPHUTE € MPUIIOKEH METOIBT
Kernel Density, koeTo Mo3BOJIsIBA OTKPHBAHETO Ha MPOCTPAHCTBEHH MOICIH U
MOTEHLMAIHN TOpeuy Touku. ba3ara gaHHM mpenocTaBs HaleXJHa OCHOBA 3a
OlIEHKa Ha pHCKa, TOJIOMara LeJeHAaCOYEHUTE CTpaTeruyd 3a MPEBEHLUS HU
OrpaHNYaBaHe Ha TOPCKUTE MMOXKapu M AONPUHACA 32 B3EMAHETO Ha PpEIICHUS,
OCHOBAaHM Ha JaHHH, B IOJAKpeNa Ha YCTOMYMBOTO YyNpaBJIEHHME Ha TOPHUTE B
brirapust.
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Abstract

The present study deals with the application of the Vegetation Condition Index (VCI).
The main aim is to calculate it to distinguish fire-prone areas. The object of research is Breznik
Municipality, located in the western parts of the country. Landsat 8 images were derived, and Corine
Land Cover classes were used as a basic territorial unit for the analysis. The main focus was the
month of June for the years of 1990, 1994, 1996, 2000, 2007, 2011 and 2021. The results of the study
varied with VCI across the different years. Non-irrigated arable land stood out as the land cover type
most under threat.

Introduction

Climate change is altering the environment. Drought and rising
temperatures are among the consequences of it. This leads to the emergence of
more susceptible areas to natural hazards. Fires are one of the types that are
expected to have an increased occurrence. Nowadays, we possess more
sophisticated technology that allows us to make better predictions. Landsat 8 and
Landsat 9 possess the Operational Land Imager (OLI) optical sensor and Thermal
Infrared Sensor (TIRS) [1-3]. An advantage of satellite images is that they contain
a combination of bands with different wavelengths that can be used for imagery
analysis, including ones on vegetation [4, 5]. The most notable among them is the
Normalised Difference Vegetation Index (NDVI), which has its pros and cons.
By studying its flaws, Kogan [6] created a modified NDVI, which he called the
Vegetation Condition Index (VVCI). The author offered a concept and technique for
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the elimination of NDVI’s imperfections, using Advanced Very High Resolution
Radiometer (AVHRR) data for the 1984-1987 seasons in Sudan. He began by
studying the climate impact on different areas with non-homogeneous vegetation.
The author noted that a problem stands out when it comes to considering
differences between vegetation and other geographical features, such as climate,
soil, topography, etc. So VCI offers better dynamics in terms of precipitation
compared to NDVI and allows not only the description of vegetation, but also the
assessment of spatial and temporal changes in it.

The Vegetation Condition Index compares the current NDVI to the range
of values observed in the same period in previous years. The VCI is expressed in %
and offers an idea of where the observed value is situated between the extreme
values (minimum and maximum) in the previous years. Lower and higher values
indicate bad and good vegetation state conditions, respectively. VCI varies from 0
for extremely unfavourable conditions to 100 for optimal.

Several scientific works have favoured the application of VCI since its
introduction. They can be applied both to natural environments and to agricultural
areas for studying drought, which can have different implications on the two given
examples. Liu & Kogan [7] monitored soya bean production in Brazil
(1985-1998). Domenikiotis et al. [8] applied the VCI for studying cotton crops in
Greece. Quiring & Ganesh [9] conducted research in Texas, USA. The authors
focused on the period between March and August (1982-1999) and concluded that
VCI has to be used cautiously due to the presence of a number of ecological factors
that affect it. Dutta et al. [10] evaluated droughts in the northern Indian state of
Radjastan. Jiao et al. [11] applied the VVCI for drought monitoring in the continental
areas of the United States of America. Zambrano et al. [12] studied a 16-year
period of the BioBio region, Chile. Qian et al. [13] studied agricultural areas in
China between 1982 and 2010. Kamble et al. [14] evaluated the impact of drought
on rice crops for the period of 1985-2015.

The analysis of the cited literature shows that VCI may be used in different
geographical areas and for a prolonged period, and this is one of the aims of the
present research, among others, which will focus on the investigation of fire hazard
in Breznik Municipality, Western Bulgaria.

The VCI may successfully be adopted as a tool for the determination of
fire-prone areas in Bulgaria, as proved by Avetisyan & Nedkov [15], who applied
it for the assessment of hazard zones in forest landscapes in Simitli Municipality
(Bulgaria). Avetisyan et al. [16] built upon the research idea using the index in the
Lom River Upper Valley. VCI has also been applied in the country for satellite
monitoring of winter crop status [17] and wheat yields [18] when it comes to
agriculture. Other studies [19] and [20] have also made scientific contributions.

The object of the present research is Breznik Municipality. The authors
chose a municipality as a territorial unit because it allows authorities to account for
environmental management and territorial planning with its related decision-making.
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Materials and methods

The study area — Breznik Municipality is situated in the western part of
Bulgaria in the region of Kraishte (Fig. 1). The study area is located mainly within
600—1000 m a.s.l. It covers an area of over 400 km?. It has ample natural diversity.
The mountains of Zavalska, Lyubash, Viskyar, Erulska and Cherna Gora are
situated here, as well as the Breznik Valley. The lithology includes conglomerates,
sandstones, clays, marls, limestones, dolomitic limestones, dolomites, marls, shales
and volcanics — hornblende andesites, trachyandesites, and andesitobasalts
according to Zagorchev et al. [21]. Koynov et al. [22] studied the soils, which are
mainly represented by Luvisols, Leptosols, and Fluvisols. Only a restricted part of
the study area falls within the NATURA 2000 sites Lyubash BG0000624 and
Rebro BG0000314 [23].
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Fig. 1. Location of the study area

Images from Landsat 8 (Landsat Collection 2 Level-2, Landsat 8-9 OLI/TIRS
C2 L2) were used for the calculation of VCI. Composite bands were created to get
the VCI by using the Image analysis tool in ArcGIS 10.6.1. We used images only
from the month of June, as follows: 25.06.1990, 20.06.1994, 09.06.1996,
04.06.2000, 24.06.2007, 19.06.2011, 30.06.2021 (Table 1). The month was chosen
due to the fact that vegetation may be regarded as fully developed, still fresh and is
expected to be in the same phenophase. Data regarding one month is easy to
replicate, as well.
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Table 1. List of used Landsat scenes

Landsat Scene Identifier Date acquired Path x Row Cloud cover (%)
(dd-mm-yy)
LT51840301990176FUI00 25.06.1990 184 x 30 7,00
LT51840301994171FUI00 20.06.1994 184 x 30 7,00
LT51840301996161FUI01 09.06.1996 184 x 30 0,00
LT51840302000156FU100 04.06.2000 184 x 30 1,00
LT51840302007175MOR00 24.06.2007 184 x 30 3,00
LT51840302011170MORO01 19.06.2011 184 x 30 2,00
LC81840302021181LGNOO 30.06.2021 184 x 30 0,02

VCI was calculated after the following steps:

Step 1: Maximum and minimum NDVIs were calculated (Spatial Analyst
Tools — Local — Cell Statistics).

Step 2: VCI was calculated using maximum and minimum NDVI values
(Spatial Analyst Tools — Map Algebra — Raster Calculator).

Step 3: The following formula was applied:

VCI =100 * (NDVI — NDVI min) / (NDVI max — NDVI min) [6, 24].

NDVI max and NDVI min are the multiple-year maximum NDVI and
minimum NDVI for a pixel with reference to a specific climatology.

Step 4: The calculated VCI was reclassified to 5 classes (using Spatial
Analyst Tools — Reclass — Reclassify). The following Break Values (%) were
inserted: 10, 20, 35, 50, 100 (Table 2).

Table 2. Classification of VCI values

Value Drought_Severity
< 10% Extreme drought
10%-20% Severe drought
20%-35% Moderate drought
35%-50% No drought
50%-100% Wet

Corine Land Cover (CLC) [25] classes were applied to the territory of
Breznik Municipality. They were the units upon which VCI analysis was applied.
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Results and Discussion

The results are showing certain interconnections. The territories near the
extreme drought category are more prone to fires than the ones in the wet category.
CLC 2018 classes (Table 3, Fig. 2) were consistent with those of previous years, so
this database was enough to get the outcomes.

Table 3. Corine Land Cover codes and nomenclature

CLC |Levell Level 3 % of
code |nomenclature nomenclature total area
112 | Artificial surfaces | Discontinuous urban fabric 2,96
121 Industrial or commercial units 0,22
142 Sport and leisure facilities 0,08
211 | Agricultural areas | Non-irrigated arable land 28,67
231 Pastures 3,17
242 Complex cultivation patterns 2,71
243 Land principally occupied by agriculture,|16,73
with significant areas of natural vegetation

311 Forest and Broad-leaved forest 11,29
312 semi-natural areas | Coniferous forest 4,11
313 Mixed forest 6,92
321 Natural grasslands 10,27
324 Transitional woodland-shrub 12,46
333 Beaches, dunes, sands 0,23
512 | Wetlands Water bodies 0,17
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More than half of Breznik Municipality (51,28%) is occupied by arable
land, while deciduous, coniferous and mixed forests cover about 22,32% of the
administrative area. Grasslands, shrubs and areas with sparse vegetation canopy
cover about 22,97% of the municipal area. Several small dams used for agricultural
purposes (mainly irrigation) occupy an insignificant portion of the study area — less
than 1%.

The spatial analysis will follow the presented data in Fig. 3. The first
impression is that each year had its typical features. First in line will be 1990.
Territories falling within the extreme drought category (red colour) this year are
distributed mainly in the mountains of Zavalska and Viskyar to the north, as well as
along the riverbed of Konska River. The territories with moderate drought are
unevenly dispersed throughout the municipality. The areas falling within the wet
category (green colour) may be discovered in Breznik Valley, but not to the full extent.

Next is the year 1994. Areas with extreme drought have moved from the
north to the west and can be located in the mountains of Erulska and Lyubash.
Such territories can still be discovered in Viskyar. Moderate drought locations are
again unequally dispersed. Areas falling within the wet category are mainly
situated in the central, southern and eastern parts of Breznik Municipality.

The year 1996 is the one with the least number of territories in the extreme
drought category. They can be viewed mainly along the Konska River. Moderate
drought areas are situated in the central and western parts predominantly, while the
majority of the municipality's area falls within the wet category.

The situation changed in 2000. Extreme drought areas appear in the central
parts and the mountains of Cherna gora to the south. More extensive moderate drought
territories are located to the east. The mountains of Zavalska and Erulska may be given
as examples of locations with territories falling within the wet category.

The extreme drought in 2007 was observed in the Cherna gora mountain
and the Breznik Valley. There is unequal dispersal of moderate drought areas
around the municipality. The mountains of Lyubash and Erulska may be given as
examples of territories included in the wet category.

The year 2011 had extreme drought areas mainly in the Breznik Valley.
They were accompanied by areas with moderate drought. Cherna gora mountain is
in the wet category alongside the mountains of Erulska, Viskyar and Zavalska.

The last year that was in our scientific focus was 2021. The extreme
drought areas were restricted back then mainly to the Breznik Valley. Moderate
drought areas were mainly in the central and eastern areas of the municipality,
while the territories in the wet category were prevailing, and the riverbeds of
Konska and Breznishka Rivers stood out.
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Fig. 3. Temporal changes in VCI of Breznik Municipality

The next lines consist of data regarding the drought severity, assigned to
certain CLC classes. Territories that were more prone to fires will be in the focus.
Forests, complex cultivation patterns, land principally occupied by agriculture with
significant areas of natural vegetation, non-irrigated arable land and transitional
woodland and shrub were the classes that were under threat in 1990. Forest and
semi-natural areas were under the greatest threat in 1994, with a focus on broad-
leaved and mixed forests and transitional woodland and scrub. Non-irrigated arable
land was the most fire-prone area in 1996. Natural grasslands, non-irrigated arable
land, land principally occupied by agriculture with significant areas of natural
vegetation and complex cultivation patterns were among those classes that were in
greatest threat in 2000. The year 2007 had its own features. The most fire-prone
areas were territories with transitional woodland-scrub, natural grasslands,
non-irrigated arable land, pastures and broad-leaved forests. The non-irrigated
arable land class was the most prone to fires in 2011, followed by broad-leaved
forests and land principally occupied by agriculture with significant areas of
natural vegetation and pastures to some extent. Non-irrigated arable land was the
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class that was under the biggest threat (extreme drought category) for the year
2021, followed by broadleaved forests, while the largest proportion of the other
CLC classes was within the “wet” zone.

Overall, the class of the non-irrigated arable land has to be under special
attention in the following years, because it is the one that was under the greatest
threat according to the VCI. It is followed by broad-leaved forests, transitional
woodland-scrub, land principally occupied by agriculture with significant areas of
natural vegetation, complex cultivation patterns, natural grasslands and pastures.
These results are consistent to some extent with those of Avetisyan & Nedkov [15]
who point out that the riskiest areas are the ones that are in poor vegetation
condition, represented by grasslands, shrublands and forests with Pinus nigra sp.

Conclusion

The present study dealt with the application of the Vegetation Condition
Index (VCI). It was calculated on the basis of Landsat 8 (Landsat Collection 2
Level-2, Landsat 8-9 OLI/TIRS C2 L2) images. The VCI was calculated for the
month of June, as a representative month for the years of 1990, 1994, 1996, 2000,
2007, 2011 and 2021. Territories that were under threat of fire were distinguished
by the use of the Corine Land Cover classification. The analysis showed that
among them are Breznik Valley and the mountains of Viskyar and Cherna gora
Mountains. Non-irrigated arable land was the class that stood out the most, so it has
to be a main focus of policymakers when it comes to this type of natural hazard.
The results of the study showed promise and may serve as a basis for extending
this type of research to neighbouring administrative units and adjacent territories.
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OLIEHKA HA MOJATJIMBUA KbM MOKAPU PAHOHU
YPE3 U3MOJ3BAHE HA CATEJIMTHU JAHHU:
OBIUHA BPE3HUK (BAIIAJIHA BBLJTAPUSI)

b. I'puzopos, I1. bosickos, A. Acenos, K. Bacunee, H. Beneg,
b. I'enosa, b. Ilenkoes

Pe3ome

Hacrosioro u3cneasane € HACOYEHO KbM MPUIIATAHETO HAa BETETAIIMOHHUS
unzaekc VCI. Lenra e na ObaaT OTKPUTH paioHu, MOAATIMBH Ha Mokapu. OOEKThT
Ha u3cienBane e obmuHa bpesnuk. Msmonssanu ca mamau ot Landsat 8, xato ca
npuioxenu u kinacose Corine Land Cover ¢ men ananu3. OcHOBeH GOKyC € Mecelr
foHU TIpe3 ropumauTe: 1990, 1994, 1996, 2000, 2007, 2011 u 2021. Pesynrarure
BapHUparT 3a pa3inyHUTe roauHu. HeHanosiBaHuTe 00pabOTBaEMHU 3€MH M3JIM3aT Ha
MPEeJICH TIaH, KaTo KJ1achT, KOUTO € Hali-3aCTpallleH.
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Abstract

Measurements of Snow melt-out date (SMOD), the day of the year when seasonal show
disappears, from a limited number of climatological stations are unable to characterise the complex
pattern of snow melting in mountain areas. Satellite remote sensing can help fill this knowledge gap.
This study mapped the SMOD in the treeless zones of six mountainous regions in the eastern Balkans.
Sentinel-2 Level-2A surface reflectance data in Google Earth Engine were used to implement a
multiyear aggregation method, which previous studies have proven highly efficient with Landsat data.
First, we analysed a set of Normalised Difference Snow Index (NDSI) images using Otsu’s method to
determine an optimal threshold to separate snow-free and snow-covered pixels. The optimal
thresholds for the individual images varied, but were tightly clustered around the median value of
0.181. Then, we used this threshold and all Sentinel-2 data from 2017-2025 to estimate SMOD. The
results were realistic in terms of both spatial and temporal patterns. We found that in the relatively
low Osogovo Mountains, almost all snow cover (90%) disappeared by May 2, while in Pirin, this
occurred on June 8. We also analysed the effect of the NDSI threshold on the SMOD estimates,
showing that it is generally small in magnitude and spatially limited. The threshold of 0.40, often used
in the literature, resulted in SMOD deviations of less than 10 days for 90% of pixels, compared with
the optimal value of 0.181.

Introduction

Seasonal snow cover is a key characteristic of the climate of temperate
mountains. In Bulgaria, situated in the eastern part of the Balkan peninsula, a
persistent snow cover (i.e. a snow cover with continuous duration of over 30 days)
is observed annually in mountainous areas at an altitude of over 1100-1400 m [1].
The number of days with snow cover increases with increasing elevation and
reaches an average of 190-200 days per year on the highest peaks [1]. The Snow
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melt-out date (SMOD), i.e., the day of the year when the snow cover disappears, is
one of the primary seasonal snow cover characteristics. The timing of snowmelt
plays a significant role in ecosystem functioning. Later SMODs are usually
associated with a delayed and potentially shorter growing season. Sites with
prolonged snow cover are characterised by poorly developed soil and vegetation
[2], lower plant diversity, and dominance of a few, well-adapted species [3, 4].
Studies in alpine and Arctic tundra environments [5, 6] indicate that flowering and
other phenological events in some species are affected by snowmelt timing. Snow
is also an important water reservoir that stores winter precipitation and contributes
to runoff in spring and early summer [7]. Potential runoff production in these
seasons is governed by the snowmelt timing and rate, among other factors [8].
However, despite the ecological, hydrological, and climatic importance [9-11] of
snowmelt timing, spatially detailed information on SMOD is still lacking for the
high mountains of Bulgaria and the eastern Balkan Peninsula. As a result, the
strong local variability of snowmelt across alpine terrain remains poorly
characterised in this region.

Different sources of information have been used to analyse temporal
patterns in snowmelt at national to continental scales, including weather station
measurements [10, 12, 13], spatial climatic datasets [11], and low-resolution
satellite sensors [14-17]. However, these types of data are too coarse to provide an
accurate spatial picture of snowmelt timing in the alpine zone of mountains where
variations in SMOD of one or more weeks can be observed within just a few tens
of meters. These irregularities are closely related to topography. Wind redistributes
the snow, blowing it away from the ridge tops and exposed slopes and
accumulating it in the protected bases of the slopes [18]. Gravitational snow
transport processes, such as avalanches [19], lead to the removal of snow from
higher elevation regions and deposition in regions of lower elevations. They are
responsible for extreme snow depths at the base of steep slopes [20]. These
processes contribute to snow depth variability and thus to the uneven melting
across mountain terrain. The attempts to map snowmelt patterns at fine detail in
mountain areas are relatively few and recent, although the Landsat satellites have
allowed significant progress to be made in this area.

The practice of satellite remote sensing mapping of the extent of snow cover
has a long history dating back to the first Landsat and Advanced Very High
Resolution Radiometer (AVHRR) satellite missions [21]. While visual interpretation
is usually considered the most accurate method to delineate snow-covered areas in a
satellite image, automated approaches that minimise human intervention may be
needed in some cases [22]. A common semi-automated approach is the one based on
spectral indices. Such indices are designed to distinguish snow from other land cover
types based on its spectral reflectance pattern. Pure snow cover is characterised by
high reflectance in the visible and near-infrared part of the electromagnetic spectrum,
followed by a sharp decrease toward the shortwave infrared part, where two well-
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expressed minimums at 1500 nm and 2000 nm are observed [23]. This is in contrast
to vegetation and soil, which usually have much lower reflectance in the visible
range [24] and to clouds, which have much higher reflectance in the shortwave
infrared range [25]. Based on the Landsat Thematic Mapper (TM) bands, Dozier [21]
suggested the normalised difference of Band 2 (520600 nm) and Band 5
(1550-1750 nm), an index later known as Normalised Difference Snow Index
(NDSI), as an indicator of the presence of snow. NDSI is now widely used, including
for operational snow cover mapping [26].

The NDSI-based snow mapping approach relies on the selection of an
appropriate threshold value. NDSI values greater than about 0.4 were found to
represent snow cover well [21, 27]. However, it was recognised that an exact NDSI
threshold for snow does not exist [22, 27, 28] and that the optimal threshold can
vary within a certain range, depending on the image and the atmospheric
corrections applied to the data. One can either find a credible value to apply to the
analysis of several images [29] or select a threshold for each image [30-32], the
choice depending on the specific task. The effect of the chosen threshold on SMOD
mapping is a research topic that has received little attention to date.

While a single clear-sky image from platforms like Landsat and Sentinel-2
can be used to map snow cover over large areas with fine spatial resolution thanks to
the NDSI, SMOD mapping remains challenging because it requires frequent
observations. The number of clear sky observations depends on the revisit time of the
satellite and the meteorological conditions, and it is generally insufficient to detect
the SMOD on a yearly basis with those satellites. Recent studies have proposed
utilising (aggregating) all observations within a period of several years, which
enables a reliable estimation of the SMOD [29, 33, 34]. Such SMOD practically
characterises the “average” snow-melting condition of the period. The method was
tested with Landsat data for two 12-year periods by Bayle et al. [29] and Choler et al.
[34]. However, further experimenting with this method, utilising the higher temporal
and spatial resolution Sentinel-2 data and over other regions, is desirable.

To address the lack of fine-scale information on snowmelt timing in the
high mountains of the eastern Balkans, this study applies a multiyear SMOD
mapping approach to Sentinel-2 imagery for selected mountain regions in Bulgaria
and adjacent areas. Building on the framework proposed by Bayle et al. [29] and
Choler et al. [34], we aimed not only to map SMOD but also to determine an
appropriate NDSI threshold for our study area and to assess the sensitivity of
SMOD estimates to threshold choice and to the length of the aggregation period.

Study area

In this study we analyzed the SMOD in six mountainous regions from the
eastern Balkan peninsula, including (Fig. 1): the western part of Stara planina
Mountains at the border of Bulgaria and Serbia (SPW, 2168 m a.s.l.); the central
part of Stara planina Mountains in Bulgaria (SPC, 2376 m a.s.l.); the Osogovo
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Mountains at the border of Bulgaria and North Macedonia (OSO, 2251 m a.s.l.);
the Vitosha Mountains in Bulgaria (VIT, 2290 m a.s.l.); the Pirin Mountains in
Bulgaria including the Slavyanka/Orvilos mountain on the border with Greece
(PSO, 2914 m as.l.); and Rila Mountains in Bulgaria (RIL, 2925 m a.s.l.). This
study focuses on the high-altitude treeless zone characterised by alpine and
subalpine grass and low shrub vegetation. The study area is formally defined as the
area above 1600 m a.s.l., which is not covered by forest and dwarf mountain pine
(Pinus mugo Turra) communities. The water bodies were also excluded.

16°E 20°E 24°E 28°E

r

[ ] studied mountain area

b

Country boundary

Elevation (m a.s.l.)

.
0 2925

Fig. 1. Location of the six study areas in the eastern Balkan peninsula

Methods
SMOD mapping

A detailed description of the SMOD method used in this study can be
found in Bayle et al. [29] and Choler et al. [34]. Here we briefly report the
procedure, the data, and the settings used. All Sentinel-2 surface reflectance
(Level 2A) images available in Google Earth Engine (GEE; [35]) between 2017
and 2025 (referred to as a data aggregation period) with less than 50% cloud cover
which intersected the study areas were selected. Cloudy pixels were masked using
the GEE Cloud Score+ dataset [36]. This dataset includes a quality assessment
band (band “cs”) which grades the usability of individual pixels with respect to
surface visibility on a continuous scale between 0 and 1, where O represents "not
clear”, while 1 represents "clear" observations. We masked out pixels with values
of the “cs” band lower than 0.60. For each image, we calculated the NDSI using
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bands B3 and B11, namely NDSI = (B3 — B11) / (B3 + B11) and converted it to a
binary image representing the snow extent where snow-covered pixels have value 1
and snow-free pixels have value 0. A pixel was labelled as snow-covered if its
NDSI value was larger than a specified optimal threshold (see below). Each image
was assigned the day of the year (DOY) corresponding to its acquisition date.
Sorting the images by DOY enabled a densified annual time series to be obtained,
where all acquisitions ranged between DOY 1 (January 1) and DOY 365
(December 31). The time series of binary images was smoothed using a centred
moving median filter with a window size of 51 DOYSs. It calculates, for each
existing observation, the median of the observations which are within 25 DOY's
from that observation. This procedure does not interpolate between observations
but just smooths them. As a result, a time series of a “probability of snow” index
[29], ranging between 0 and 1, was obtained. The observations before DOY 51
(February 20) were removed from the time series. The first observation in this
shortened time series with a probability below 0.5 was identified as the SMOD.
Pixels with “permanent snow”, i.e. with probability always above 0.5, were
assigned the value 365. Observations before DOY 51 were discarded to avoid
detecting earlier DOY's due to snow onset after January 1 [29]. Finally, the SMOD
image was masked to exclude forest/dwarf mountain pine, water, and areas below
1600 m. a.s.l. and exported from GEE at 20 m pixel size. We used Copernicus
DEM to exclude low-altitude areas below 1600 m a.s.l. The water bodies were
excluded using the European Space Agency’s WorldCover 10 m 2021 product
[37]. Finally, we used the CORINE Land Cover plus (CLCplus) Backbone 2023
[38] to exclude forest and dwarf mountain pine pixels. Forest was defined as the
union of classes 2, 3, and 4. Dwarf mountain pine was excluded only in the study
areas RIL and PSO, where it occupies a significant area. For that purpose, we
excluded pixels belonging to the CLCplus Backbone class 5 (Low-growing woody
plants). Note that in this way we excluded not only dwarf mountain pine
communities but also areas covered by Juniperus sibirica or other shrubs that fall
into this class. This was not the goal, so for the remaining study areas, where the
risk of including dwarf mountain pine is minimal due to its limited distribution, we
treated class 5 pixels as valid. For the SMOD mapping, we adapted the GEE script
provided in Bayle et al. [29].

Optimal NDSI threshold

The optimal NDSI threshold for distinguishing between snow-covered and
snow-free pixels in Sentinel-2 data was determined using the partially snow-
covered images approach described in Bayle et al. [29]. Snow-covered surfaces are
characterised by high NDSI values close to unity. In contrast, snow-free surfaces
show lower, including negative, NDSI values. Therefore, when both types of
surfaces appear on an image, the NDSI experiences a bimodal distribution. The
thresholding method of Otsu [39] can be used to find a theoretical “optimal”
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threshold separating the two groups of pixels in the bimodal distribution of NDSI
[22, 29, 40]. It is an unsupervised method of automatic threshold selection from a
grey-level histogram [39]. We followed this approach by analysing Sentinel-2
surface reflectance images (Level 2A) for each study area. All images from April,
May, June, and November with less than 5% cloud cover available in GEE were
initially selected. Cloudy pixels were masked using the Cloud Score+ dataset as
described in the previous section. Images from adjacent Sentinel-2 tiles having the
same acquisition date were mosaicked. NDSI images were computed and masked
to exclude forest/dwarf mountain pine, water, and areas below 1600 m a.s.l., as
described above, and finally exported from GEE at 20 m pixel size. The terra
package [41] in R [42] was used to generate a histogram of each image. The
histograms were evaluated visually, and the images with bimodal histograms were
selected. The R’s package autothresholdr [43] was used to apply Otsu’s threshold
selection method on the selected images. We examined the difference in the
thresholds between study areas using ANOVA and calculated the median of the
thresholds to use as a generally applicable (for our study areas) “optimal”
threshold.

SMOD dependence on the NDSI threshold and the length of the data
aggregation period

The effect of the NDSI threshold and the length of the data aggregation
period on the SMOD estimates was investigated for part of the RIL study area. To
this aim, an image subset (1.6 km x 2.82 km, 11 280 pixels) was selected
representing different geomorphologic features and slope expositions as well as a
wide range of SMODs. The SMOD was calculated using thresholds from 0.0 to 0.4
in increments of 0.05, and the estimates were compared with those obtained by
utilising the optimal threshold. Furthermore, we calculated SMOD for
progressively shorter periods (excluding one year from the start of the initial nine-
year period 2017-2025) to visually assess the effect of the reduction in the number
of clear-sky observations on the quality of the SMOD map.

Results

A total of 414 NDSI images were exported from GEE for the six study
areas. Most of them were not suitable for applying Otsu’s method because one of
the two pixel types, snow-covered or snow-free, dominated the scene, or because
no valid pixels remained after applying the masks. A relatively balanced
distribution of snow-covered and snow-free pixels was observed in the histograms
of 67 of the images. These histograms showed a clear bimodal distribution, and the
corresponding images were selected for further analysis. The number of suitable
images varied depending on the size of the study area. Only 5 images were
available for the smallest study area (VIT, Fig. 1), while 17 images could be used
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for PSO. The optimal threshold differences between study areas (Fig. 2a) were
relatively small and not statistically significant according to the one-way ANOVA
(F (5, 61) = 0.942, p = 0.46). The small sample size precludes further investigation
of the possible specificity of the optimal threshold depending on the area studied.
However, Fig. 2a suggests that the variation within a single study area surpasses
the difference between study areas. The distribution of the optimal threshold for all
study areas is shown in Fig. 2b. It shows a bimodal pattern with two closely located
modes (~0.125 and ~0.195). Nevertheless, we decided to use a single optimal
threshold determined as the median of the distribution, as this approach is objective
and reproducible. The median optimal NDSI threshold was 0.181.
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Fig. 2. Results of the optimal NDSI threshold analysis. (a) Boxplots of the optimal NDSI
threshold for the study areas (Center line, median; box, interquartile range; upper/lower
whisker, the largest/smallest value no further than 1.5x interquartile range from the box;
dots, outliers). For the location of the study areas, see Figure 1. The red numbers at the top
represent the sample size. (b) Distribution of the optimal NDSI threshold for all study
areas. The median optimal NDSI threshold for all study areas is indicated by the horizontal
line in (a) and the vertical line in (b).

Fig. 3 illustrates the estimated SMOD in the six study areas. The maps
show credible patterns both within individual study areas and between them. The
highest mountains, Rila and Pirin (study areas RIL and PSO, respectively), have
later SMODs than the other study areas. A tendency for SMOD to increase with
elevation is observed in each individual mountain area. The effect of exposition is
clearly presented. For instance, the small subset image in Fig. 3f shows a ridge
with an east-west direction in the Rila Mountains. The northerly exposed slopes,
the upper half of the image, have later SMOD than those with south exposition, the
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bottom half of the image. The area marked with the red rectangle shows side ridges
to the south of the main ridge with alternating late and early SMODs corresponding
to slopes with northwest and southeast exposition, respectively. Finer patterns are
also observed, such as localised late SMODs at the base of cirque walls in Rila and
Pirin, and earlier SMODs at the wind-exposed ridge tops (as shown by the red
ellipse in the subset in Fig. 3f) and on steep slopes with rock outcrops. Fig. 4 shows
the cumulative distribution of pixels in each study area with respect to the SMOD.
It can be used to find what percent of the pixels (respectively the area) has an
earlier or later SMOD than a certain DOY. For instance, in SPC, about 40% of
pixels have SMOD of DOY 100 (April 10) or earlier and in PSO, about 20% of
pixels have SMOD later than DOY 150 (May 30). At PSO, the latest estimated
SMOD is DOY 269 (September 26), and 90% of the pixels have SMOD not later
than DOY 159 (June 8). At RIL, SPC, VIT, OSO, and SPW these figures are,
respectively, DOY 234 (August 22) and DOY 146 (May 26), DOY 204 (July 23)
and DOY 128 (May 8), DOY 179 (June 28) and DOY 133 (May 13), DOY 162
(June 11) and DOY 122 (May 2), DOY 159 (June 8) and DOY 126 (May 6). The
SMOD algorithm identified 24 pixels (0.96 ha) in PSO as “permanent snow”
(value 365 in Fig. 3). These were concentrated in the Golemia Kazan cirque (the
subset image in Fig. 3e), Banski suhodol cirque, and Bayuvi dupki cirque. Two
glacierets (1.68 ha) and several sustainable snow patches are indeed formed under
present-day climatic conditions in Golemia Kazan and Banski suhodol, but not in
Bayuvi dupki cirque [44, 45]. Fig. 4 also shows differences in the dynamics of
snowmelt between study areas. In the lower mountains (OSO, SPC, and SPW),
snowmelt starts rapidly and early, around mid-March (~DOY 75) and takes place at
a constant rate. For the highest mountains (PSO and RIL), snow-melt in the
beginning of spring is slower and accelerates in May (approximately after
DOY 125, May 5).

The effect of the NDSI threshold on the SMOD estimates in the selected
part of the RIL study area is shown in Fig. 5. The usage of thresholds lower than
0.181 resulted in later SMOD estimates, therefore positive difference (e.g. Fig. 5¢)
and the opposite, the thresholds larger than 0.181, which are stricter with respect to
the snow-covered area detection, resulted in earlier SMOD estimates, thus,
negative differences (e.g. Fig. 5d). The maximal differences exceeded 30 days but
such deviations were more of an exception even with the extreme thresholds of
0.0 and 0.4. Using the 0.4 threshold, about 35% of the pixels had the same SMOD
and another 40% had one to five days earlier SMOD compared to the optimal
threshold (Fig. 5f). For thresholds between 0.10 and 0.25 the pixels with deviation
of 10 or more days were about one percent and their share reached about 10% for
threshold of 0.40 (Fig. 5g). In general, the differences are greatest in regions where
SMOD change rapidly over short distance. In areas which are more homogeneous
in terms of SMOD, the effect of the threshold is smaller.
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Fig. 3. SMOD in the six study areas estimated using Sentinel-2 observations from 2017 to 2025.

See the text for explanations of the image subsets in (e) and (f).
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Fig. 5. Effect of the optimal NDSI threshold on the estimated SMOD in part of the RIL study area.
(a) Satellite image (Microsoft Bing) of the analysed area. (b) SMOD was estimated using
the optimal NDSI threshold from this study (0.181). (c) and (d) Difference in SMOD
estimated using thresholds 0.0 and 0.4, respectively, and the SMOD estimated using the
optimal threshold (calculated as SMODO0.0 minus SMODO0.181 and SMODO0.4 minus
SMODO0.181, respectively). (e) and (f) Percentage distribution of the pixels among SMOD
difference classes in images (c) and (d), respectively. (g) Percent of the pixels with no
change in the estimated SMOD and with deviation of 10 days or more compared to the
optimal threshold (0.181) for different NDSI thresholds.

The results from the experiment with different lengths of the aggregation
period are shown in Fig. 6. The map created with one year of data failed to depict
fine-scale patterns in the SMOD. The estimated SMOD was unstable in maps
based on one to four years, and stabilised at five or more years. Little difference
was observed between maps created with five and nine years of data.

149



SMOD (DOY)

B <=60 9 years (2017-2025) 8 years (2018-2025) 7 years (2019-2025) 6 years (2020-2025) 5 years(2021-2025) 4 years (2022-2025) 3 years (2023-2025) 2 years (2024-2025) 1 year (2025)

Fig. 6. SMOD estimated using Sentinel-2 data collected for periods of one to nine years
in part of the RIL study area

Discussion

In this study, we presented the first detailed remote sensing-based maps of
snowmelt timing for high-mountain areas in Bulgaria and adjacent regions. Only
two climatological stations in the studied mountains, Cherni Vrah (Vitosha
Mountain) and Vrah Botev (Stara Planina Mountains), are currently collecting
snow depth data from which snowmelt date can be determined (https://hydro.bg/).
Therefore, the presented approach can contribute significantly to spatial
characterization and monitoring of snow cover melting pattens in this region.

Furthermore, we investigated the possibility of identifying an optimal
NDSI threshold for Sentinel-2 data in this region. To this end, a statistical method
based on the image histogram [39] was used, which has been shown by Yin et al.
[22] to yield results very similar to those of an expert-derived threshold. Since the
threshold value determined using Otsu's method [39] depends on the NDSI
frequency distribution in the analysed image, which is determined by the land
cover (e.g. vegetation and rock types [40]) and the proportion of the image covered
by snow, it is necessary to analyse a large number of images. Studies by Bayle et
al. [29] and Harer et al. [40] show that despite some variation, Otsu thresholds are
highly concentrated around a certain value, and the mean (or median) can be used
as a reasonable approximation. Using 67 images, we obtained a median threshold
(0.181), which was very close to that of Bayle et al. [29], who analysed
121 Landsat images over the Pyrenees, the European Alps and the Greater
Caucasus covering the period 1984-2023, and found the average optimal NDSI
threshold to be 0.1543. Furthermore, both our study and that of Bayle et al. [29]
used atmospherically corrected data, suggesting that compatible results can be
obtained between Landsat and Sentinel-2 on the same processing level. Our
optimal threshold is also close to the value of 0.2 used by Dimitrov [46] for a study
area in the Rila Mountains and Landsat data. The results also comply with Poussin
et al. [28], who found that the standard value of 0.4 underestimated the snow cover
extent in their study area. On the other hand, Harer et al. [40] analysed Landsat
images between 2010 and 2015 and found that, for two study areas in the European
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Alps, the thresholds predicted by Otsu’s method were clustered around 0.4. It is
noteworthy that the data used in their study had a different processing level-top-of-
atmosphere reflectance. Stoyanov [30, 31] determined the NDSI threshold for
Sentinel-2 based on visual interpretation and also found it to be higher than our
study — between 0.21 and 0.58 for the central part of the Stara Planina and between
0.34 and 0.69 for the Pirin Mountains. This may be due to different processing of
the images [30, 31]. While the optimal threshold value determined in this study
may not be perfect for each image, it is a convenient choice in scenarios when a
large number of images are to be analysed, and a dynamic threshold selection
method is not available or feasible.

Compared to the widely used value of 0.4 in the literature, our optimal
threshold of 0.181 resulted in later SMOD estimates (Fig. 5). We do not have
validation data to assess the accuracy of the two thresholds. However, for a small
test area, we evaluated the relative effect of changing the threshold on SMOD and
found that when our optimal threshold was used instead of the standard value of
0.4, only 10% of the pixels had SMOD that was 10 days or more later. Such small
differences are supported by Fig. 7 illustrating that the snow cover extent
determined using the two thresholds is very similar. The threshold of 0.181
includes more pixels that can be interpreted as “intermediate” between “typical”
snow-covered and snow-free pixels on the false-colour composite image. Such
“intermediate” pixels may have patchy and/or thin snow cover, occupying a
different proportion of the pixel [28]. We conclude that Bayle et al.'s SMOD
estimation method [29] is not very sensitive to the NDSI threshold used and
provides reliable results with a range of values.

(@ 2025-04-29 (®) 2025-04-29 © 2025-06-26
P : 7 T A ) I

(d) 2018-04-09

Fig. 7. lllustration of snow cover extent detected using two NDSI thresholds. Six image
subsets, (a) to (f), are presented where the boundary (yellow line) superimposed on the left
image is for a threshold of 0.181, and that on the right image is for a threshold of 0.4.
Background images, false-colour composite images from Sentinel-2 (B11/B8A/B3). The
date of the image is indicated for each subplot.

151



Bayle et al. [29] assessed the impact of the number of available Landsat
clear-sky observations on SMOD estimates with their method and found that at
least 15 observations were required for accurate results. Reducing the number of
observations below 15 led to a rapid deterioration in the quality of the estimate.
Therefore, a sufficiently long aggregation period is needed to ensure that an
adequate number of observations are available for the entire or at least most of the
area. This study used 9 years of Sentinel-2 data. Due to the high revisit frequency
(5 days with two satellites, two to three days in the overlap areas of the swaths;
[47]), Sentinel-2 satellites provide more cloud-free observations than Landsat
satellites. Fig. 8 shows the number of clear-sky observations between March 1 and
August 31 in the RIL study area for one year (2025) and for the entire period
(2017-2025). The number of clear-sky observations for 2025 was between 10 and
20 for most of the area, and this was not enough for an accurate SMOD estimate, as
seen from Fig. 6. For the period 2017-2025, clear-sky observations were between
80 and 130. In the eastern part of the study area, where there is an overlap of the
swaths, the number of observations is approximately double. The ability to obtain
good SMOD estimates with only five years, as suggested by Fig. 6, has important
implications for the studies of SMOD change. However, our analysis was
performed over a small area, and future change studies should determine the length
of the aggregation period that is appropriate for their study area, as cloud frequency
may differ.

N

2017-2025

Number of Sentinel-2 clear-sky observations 0 5 10km
B B —
9 281
Fig. 8. Number of clear-sky observations in the RIL study area. The number of clear-sky

observations between March 1 and August 31 are shown for 2025 (left-hand map) and for
the entire period 2017-2025 (right-hand map).
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Conclusion

This study created SMOD raster layers at 20 m resolution across six high-
mountain areas in the eastern Balkan Peninsula following the methods in Bayle et al.
[29] and Choler et al. [34], which represent the first fine-scale, spatially explicit
snowmelt timing dataset in this region. The estimated SMODs showed credible
spatial patterns related to altitude, exposition and topography. Melting of seasonal
snow cover in the lower study areas, Osogovo Mountains and Stara Planina
Mountains, occurs in the second half of March and in April. In these mountains, 90%
of the open areas above 1600 m a.s.l are snow-free in early May. In the two highest
surveyed areas, Pirin and Rila, this occurs in late May and early June. Vitosha
Mountains occupy an intermediate position with respect to SMOD. Further studies
should focus on validation of these results with data from climatological stations or
other methods such as phenocameras. In addition, we determined an optimal NDSI
threshold for 67 Sentinel-2 Level 2A images between 2017 and 2025 using Otsu’s
histogram method. The median optimal threshold value of 0.181 was close to a
threshold reported in the literature for other temperate mountains and Landsat data
[29]. An experiment carried out in part of one of the study areas showed that the
effect of the NDSI threshold value on the SMOD estimates is relatively small and
mostly expressed as isolated pixels in areas experiencing a large difference in SMOD
over a small distance. Using the typical threshold of 0.40 resulted in only 10% of
pixels having SMOD estimates deviating by 10 days or more, compared with the
optimal value of 0.181. Our SMOD estimates were based on the full length of the
Sentinel-2 L2A dataset available in GEE, i.e. nine years. However, a shorter
aggregation period may be sufficient for a reliable estimate of SMOD, as suggested
by the analysis of the number of available cloud-free Sentinel-2 observations and the
“stabilisation” of the mapped SMOD pattern from five years onwards. The generated
raster layers of SMOD, which are freely available on Zenodo [48], may find different
applications, including in the distribution modelling of alpine plant species and
communities and in hydrological studies.
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JATA HA CTOIIIBAHE HA CHE)KHATA IIOKPUBKA B BE3JIECHATA
30HA HA HAU-BUCOKUTE IIVIAHUHU B U3TOYHUTE BAJIKAHHN
MO HABJIOAEHUSA OT SENTINEL-2

II. lumumpos, A. ben

Pe3rome

W3mepBaHusiTa Ha CHE)XHaTa I[IOKPHBKAa B IUIAHWHCKUTE PalOHU
OOMKHOBEHO CE M3BBPILIBAT B OrpaHMYCH OpOW KIMMATHYHM CTAHIMH, KOETO HE
MMO3BOIISIBA J1a CE€ OICHST CHINECTBEHHTE MPOCTPAHCTBEHU pasziU4Ws B JlaTara Ha
CTOIISIBAHETO W, KOUTO Ca XapakTepHH 3a Te3n paiioHu. CI'bTHHKOBUTE
JVCTAaHIIMOHHW HaONIOJEHUsT MPEAOCTAaBAT AaHHU CIIOCOOHW Ja 3almbIHST Ta3M
npa3HuHa. ToBa mpoyuBaHe KapTorpadupa araTa Ha CTOISIBAHE Ha CHEXHATa
nmokpuBka ([{CCII) BB BHCOKOIUITAaHMHCKAaTa O€3/iecHa 30HA HA INECT TUIAHUHCKU
perMoHa B M3TOYHATA YacT Ha BalKaHCKUS MOJyOCTPOB W3IMON3BANKH JITAHHU OT
Sentinel-2 Level-2A u MHOTOTOIMINIEH METOA 3a arperupane, KOWTO € OMI Bede
yCIIENHO TecTBaH ¢ JgaHHW oT Landsat. IIbpBOHAa4YaaHO —aHATH3MPaXMe
XHUCTOTpAMHUTE Ha Ha0Op OT M300pakeHWsI Ha creKkTpanHus uHiekc Normalized
Difference Snow Index (NDSI), usnon3Baiiku metoga Ha Otsu, 3a 1a onpeaeanm
ONTHMAJICH TIpar 3a paslielsHe Ha MUKCENIUTe ChC U 0e3 cHAr. OnTuMamHuTe
MparoBe 3a OTACITHHUTE M300paKeHUs Bapupaxa, HO Osfxa Mo0pe KOHICHTPUpPaHU
okomo memmanata ot (,181. Ta3u mparoBa croifHOCT Oerie BITOCIEICTBHE
u3non3BaHa 3a kaprorpadupane Ha [JICCII Ha 0a3ara Ha BCHYKH JaHHH OT
Sentinel-2 3a mepuoma 2017-2025 r. ITonydeHnTe KapTH MPEICTABAT PEATUCTHIHO
KaKTO OTHOCUTEIHHTE TIPOCTPAHCTBEHUTE pa3Jinuusi, Taka W MOMEHTa Ha
CTOISIBAHE Ha CHEXXHATa TIOKpHBKa BHB BpeMeTo. OIEHKHTE TOKa3BaT, 4e B
OTHOCUTENHO HHcKaTta OCOroBcKa IUTAHMHA TOYTH IsUIaTa CHEXHA IOKPUBKa
(90%) ce cromsBa no 2 Maif, mokaro B [lupuH TOBa ce cTaBa Ha § IOHH.
Ananmu3upaxMe chlio Taka edekra Ha mparoara crodHocT Ha NDSI BBpxy
onenkute Ha JICCII, moka3Baiiky, 4e KaTo IS0 TOM € MajabK II0 BEIIMUYMHA U
orpaHuueH B nmpoctpancTBoTo. [IparsT ot 0,40, yecTo M3MONI3BaH B INTEpaTypaTta,
nosene no otkionenus Ha JICCII mo-mankm ot 10 mam 3a 90% oT mukcenure, B
CpaBHEHHE C onTuMaiaHaTa croitHoct ot 0,181.
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Abstract

In the paper, we study seasonal and temporal air pollution trends over the city of Sofia for the
period from the beginning of 2007 to the end of 2025. We use data from all Automatic Ground
Measurement Stations and satellite data from the MetOp A and B satellites. We investigated all
pollutants, such as SO,, NOx, CO, O3, and others. The only pollutants that show significant values, close
to or above the limits here, are dust particles and NO,, so we present results only for these pollutants.
We also use ground temperature data and present the results of its seasonal and temporal trends.

Introduction

Cities are often hotspots for poor air quality. As rapid urbanisation
increases the number of people breathing dangerously polluted air, city-level data
can help inform targeted efforts to curb urban air pollution and improve public
health. Outdoor air pollution is a major environmental health problem affecting
everyone in low-, middle-, and high-income countries.

Air pollution in both cities and rural areas was estimated to cause
4.2 million premature deaths worldwide per year in 2019; this mortality is due to
exposure to fine particulate matter, which causes cardiovascular and respiratory
disease, and cancers [1].

Air pollutants can be of natural (biogenic), anthropogenic or mixed origin,
depending on their sources or the sources of their precursors 1. They are
categorised as primary or secondary. Primary pollutants are emitted directly into
the atmosphere, while secondary pollutants are formed by interaction with other
substances (precursors) through chemical reactions and microphysical processes.
Primary air pollutants are fine particulate matter (PM), black carbon (BC), sulphur
oxides (SO,), nitrogen oxides (NO,) (including both nitric oxide (NO) and nitrogen
dioxide (NO,)), ammonia (NHjz), carbon monoxide (CO), methane (CH,), non-
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methane volatile organic compounds (NMVOCs), including benzene (C¢Hg), some
metals and polycyclic aromatic hydrocarbons (PAHS), including benzo[a]pyrene
(BAP). Secondary air pollutants are PM (formed in the atmosphere from SO,,
NOx, NH; and VOCs), ozone (O3), NO, and several volatile organic compounds
(VOCs).

Particulate matter, nitrogen dioxide and ground-level ozone are now
generally recognised as the three pollutants that have the greatest impact on human
health. Long-term exposure to high levels of these pollutants ranges in severity from
respiratory damage to premature death. Around 90% of European city dwellers are
exposed to concentrations above levels considered harmful to health [2].

Sofia, the capital city of Bulgaria, is unfortunately exposed to high levels
of particulate matter (PM), despite extensive efforts by the government and the
municipality in recent decades, and some authors have tried modelling air quality
there [3, 4].

Air quality monitoring is mainly carried out using three methods — satellite
data, ground-based measurements and unmanned aerial vehicles. Satellite data
show the presence of individual pollutants in the column of atmospheric air from
the ground surface to the measuring device, but with relatively low spatial and
temporal resolution. Ground-based measurements (mainly from AIS) provide
accurate quantitative measurements with good temporal resolution, but only for a
small area around their location. Unmanned aerial vehicles provide the
intermediate between the two, namely — the possibility of dynamic measurements
at different heights and locations. Then, present satellites measure only Aerosol
indexes, but not PM, concentration and NO, only [5]. Automatic Ground Measure
Stations (AGMS) in Sofia provide data for NO, NO,, NO,, PM2.5 and PM10 [5].

In this paper, we use both satellite and ground measurement data to inspect
temporal and seasonal trends of main air pollutants in Sofia.

Data and Method

In this work, we use monthly values of the Absorption Aerosol Index and
NO2 from MetOp A and B satellites [5] for the period November 2007 to the end of
2025. Data from MetOp A is available till the end of 2020, while data from MetOp B
starts at the beginning of 2013. We use data from all AGMS in Sofia, including
Mobile station and two new stations — those in Busmanci and Trebich [6] for the
period from the beginning of 2007 till the end of 2025. In Fig. 1, we show their
locations. In Fig. 2, we show a working time diagram. We use data from the mobile
station only for these periods, when it stays in the parking zone at Paris 5 Str.
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Fig. 2. AGMS in Sofia — working time diagram

Data from AGMS is provided in daily base and here we average it over
every month.

We build seasonal and temporal trends for AAI and NO, from satellite data
and seasonal and temporal trends for all pollutants from AGMS — PM2.5, PM10,
NO, NO,, NO,, SO,, CO and Oz Temporal trends are obtained by averaging
monthly data for each year and seasonal averaging monthly values for each month
over years [7].

We build seasonal and temporal trends for averaged daily temperature only
to show its significant increase over the last few years.

In Sofia, only PMx and NOx data show values close to or above the
obtained maximal limits, so we study them in more detail.

Monthly values for AAI are with spatial resolution 1 x 1 degree, while NO,
are with resolution 15 x 15 minutes (or 1/4 degree). In both cases, Sofia is placed in
only one pixel. In Fig. 3, we illustrate pixel sizes for the AAIl and NO2 columns,
respectively.
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Results

In Fig. 4 and Fig. 5, we show temporal and seasonal AAI behaviour,
respectively.

Yearly averaged 1+AAl over Sofiafrom MetOp A and B data
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Fig. 4. Temporal AAI trend in Sofia

Seasonal 1+AAl over Sofia from MetOp A and B data
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Fig. 5. Seasonal AAl trend in Sofia

In Fig. 6 and Fig. 7, we show the same trends for MP10, obtained from AGMS.
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Temporal PM10 decrease in Sofia
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Fig. 9. Seasonal PM2.5 trend in Sofia
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In Fig. 8 and Fig. 9, we show temporal and seasonal trends for PM2.5.

In all figures from AGMS, we use the same colours for all measurement
stations for easier comparison.

In Fig. 10 and Fig. 11, we show temporal and seasonal NO2 behaviour
obtained from MetOp A and B data, respectively.

Temporal NO2 above Sofia from MetOp A and B data
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Fig. 10. Temporal NO, trend above Sofia

Seasonal NO2 over Sofia from MetOp A and B data
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Fig. 11. Seasonal NO, trend above Sofia

Temporal NO2 variations in Sofia
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Fig. 12. Temporal NO, trend in Sofia
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Seasonal NO2 trend
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Fig. 13. Seasonal NO, trend in Sofia

In Fig. 12 and Fig. 13, we show temporal and seasonal NO2 behaviour
obtained from AGMS in Sofia.

Seasonal and temporal trends of NO and NO, are similar to those of NO.,.

In Fig. 14, we show temporal and seasonal trends for total NO,, SO,, CO,
and O3 at the Hipodruma station.
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Fig. 14. Temporal and seasonal SO, CO and O3 trend in Sofia
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In Fig. 15 and Fig. 16, we show temporal and seasonal temperature
increases obtained from AGMS in Sofia.

Temporal Temperature increase in Sofia
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Fig. 15. Temporal temperature trend in Sofia
Seasonal Temperature trend in Sofia
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Fig. 16. Seasonal temperature trend in Sofia

Discussion and conclusions

As we see from Fig. 4 and Fig. 6, seasonal trends of AAI and PM
show similar behaviour. The same is seen for NO2, NOx, SO2, and CO
from AGMS. All NO, NO, and NOx show nearly equal trends. All these
pollutants have their maximum in January, February and December. NO»,
measured from satellite data, shows a different seasonal trend — it has a
maximum in November.

Near-ground O3 shows a different seasonal trend, too. Its monthly
values are higher in summer and show a maximum in July and August.

While AAI and NO, from satellite data show no temporal trend, PM10
and NO, at the ground show a significant decrease over the years. A significant
decrease trend shows CO too. SO, and O3 show no temporal trend.

Yearly averaged air temperature, measured from AGMS, shows an
increase of about 40-50% during the last five years.
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CE30HHO 1 BPEMEHHO INIOBEJJEHUE HA 3AMBPCABAHETO
HA Bb31YXA HAJ I'PAJI CO®USA 3A ITEPUOJA OT 2007 10 2025 T.
Bb3 OCHOBA HA CITBTHUKOBHU U HABEMHU TAHHUA

M. lumumposa

Pe3rome

B HacrosmaTta ctaTusiTa U3cCiieIBaMe CE30HHUTE U BPEMEBHU TCHICHITUN HA
3aMbpcsiBaHe Ha Bb3Ayxa Haj rpax Codwus 3a nepuona ot Hayaioto Ha 2007 1. 10
kpas Ha 2025 r. HM3nom3BamMe JaHHM OT BCHYKM aBTOMATUYHU Ha3eMHHU
n3mepBatennu ctanmuu (AVC) u carenutHr naHam oT crbTHUITE MetOp A u B.
Benukn 3ambpcurenu kato SO, NOx, CO, O3 u apyru ca pasrieaaHu.
EnuHCTBeHNTE TakKBa, KOUTO MOKA3BAT 3HAYUTEIHU CTOMHOCTH, OIU3KU WU HaJ
MIPEACITHO JIOTYCTUMUTE HOPMH TyK ca MpaxoBuTe dacTuiid m NOX, Taka de
MpeACTaBsIME PE3YyITaTH caMO 3a Te3W 3aMbpCcUTENd. M3moi3BamMe W Ha3eMHH
JAHHU 3a TeMIlepaTypaTa U IPEICTaBIME PE3YITATHTE 3a TAXHOTO BPEMEBO U
CE30HHO IOBEJICHHE.
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Abstract

The conditions for conducting quasi-synchronous aerospace monitoring are revealed. The
advantages of using unmanned aerial vehicles to monitor critical infrastructure objects using video
and thermal cameras are outlined. The advantages and disadvantages of monitoring with SAR
satellites are defined, and an analysis of radar images of critical infrastructure objects is performed.
Conclusions from the quasi-synchronous aerospace monitoring conducted in the field are formulated,
and directions for improving its effectiveness are indicated.

Introduction

Quasi-synchronous aerospace monitoring of various objects located on the
Earth's (sea) surface uses the conceptual apparatus of the complex synchronous
aerospace experiment for remote sensing (RS) of the Earth [2]. This experiment is
aimed at obtaining additional information about the observed objects and processes
from various sensors located in space, the atmosphere, and on Earth, and at
processing and interpreting this information.

The complex synchronous aerospace experiment for RS of the Earth is
most effective when conducted on three levels (floors) — through space vehicles
(SV) for RSE, through aerodynamic observation vehicles — mainly aircraft,
helicopters, and drones, and through ground-based measuring complexes. In this
case, the spacecraft for remote sensing operate in low orbits (up to 1,000 km), and
the aerodynamic observation aircraft — at altitudes from 100 m to 10,000 m.
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In a number of cases, synchronous aerospace experiments are conducted at
two levels, for example, corresponding to the CLA for DI and the aerodynamic
observation aircraft. In this case, if aerospace monitoring of objects is carried out at
the same time interval, the aerospace experiment is synchronous [2]. Otherwise,
but under unchanged monitoring conditions, the aerospace experiment is
guasi-synchronous.

In this article, when considering quasi-synchronous aerospace monitoring,
taking into account the results of a flight experiment conducted in October 2025,
listed below, we first analyse the aeromonitoring of critical infrastructure (CI)
objects and then space monitoring.

Aerial monitoring of sites and processes from critical infrastructure

Aerodynamic surveillance aircraft are essentially means of aerial
monitoring, and the common feature that unites them is the ability to obtain images
of the objects and processes being observed. Among this class of surveillance
aircraft, unmanned aerial vehicles (UAVS) are emerging as particularly effective
and promising in the 21st century. Their main advantages over manned aircraft are
their significantly lower cost and weight, longer flight duration, significantly lower
fuel consumption, reduced flight operating costs, the ability to take off without a
runway for takeoff and landing, etc.

Unmanned aerial vehicles appeared during World War 1, with their use
beginning in 1917. The development of these technologies includes key moments
from World War | and World War 11, the Cold War, and the technological boom of
the 21st century. In addition to military purposes, UAVs have found diverse
applications in civilian areas [5]. UAV technology is widely used in agriculture for
monitoring yields, crop fertilisation needs, disease and pest control, irrigation, etc.
[6]. Another application is in urban planning, where UAV data is used to build
various types of infrastructure to improve the quality of life [7, 8]. UAVs are also
used to monitor damage from various types of natural disasters such as floods,
forest fires, and earthquakes [9].

To implement the first level of quasi-synchronous aerospace monitoring
and taking into account the significant role of UAVs at the present stage, on
October 28, 2025, a team of specialists from the Institute for Space Research-BAS
(ISR-BAS), the G. S. Rakovski Military Academy (G. S. Rakovski MA), the
N. Y. Vaptsarov Naval Academy and the Institute of Chemical Engineering — BAS
conducted a flight experiment in the area of Varna, related to task 1.1.6 of the
National Scientific Program "Security and Defence,” using UAVs for aerial
monitoring and specialised measurements of CI objects. Through expert
assessment for conducting the flight experiment, the industrial zone of the city of
Devnya and the area of Asparuhov Bridge with the adjacent island in the city of
Varna were selected [1].
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A wing-type UAV manufactured by the Bulgarian company Fraga X was
prepared for the flight experiment, with a corresponding payload (PT) — Fig. 1,
operated by a team from the G. S. Rakovski Air Force Academy. This UAV, with a
maximum speed of 200 km/h, was equipped with three types of payloads:
a TV camera, an IR camera, and a gas analyser, with a resolution of 1920/1080
pixels per frame for the video camera (TV camera), was 640/480 pixels per frame,
and the gas analyser was designed to detect nitrogen oxides.

Fig. 1. Integrated payload of the UAV

Given that there are numerous CI facilities located in the industrial zone of
the town of Devnya and in the area of Asparuhov Bridge in the city of Varna, in
accordance with the capabilities of the UAV's target equipment, several CI
facilities were selected for analysis of the results of the flight experiment [1]. The
UAV flew over the two above-mentioned areas at an altitude of 300 m. When
interpreting the images obtained, it should be noted that the angle of view of the
video camera is greater than that of the infrared camera.

As a result of the flight experiment shown in Fig. 2, a video image and a
thermal image of the Asparuhov Bridge in Varna are presented. The bridge
connects the Asparuhovo and Galata neighbourhoods with the central part of the
city, separated by navigation channel No. 1, which connects Lake Varna and Lake
Beloslav with the Black Sea.

In the middle and upper left corners of the thermal image
(Fig. 2 on the right), operating enterprises can be seen, and in the lower corner,
moving cars. South and north of the Asparuhov Bridge, one and four ships,
respectively, can be seen sailing along the canal.
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Fig. 2. Video image and thermal image of Asparuhov Bridge

Moving cars are much clearer in the video image (Fig. 2, left). The results
of the aerial monitoring allow us to conclude [1] that when comparing video
images and thermal images of Cl objects captured using UAVs, multispectral
infrastructure (tanks, working machines, etc.) and its condition, as well as the
perimeter of the objects, can be observed. In addition, in a number of cases, the
thermal images obtained from UAV observations of various Cl objects are more
informative than the corresponding video images.

Space-based monitoring of critical infrastructure objects and processes

After the completion of the UAV flight experiment at approximately
11:00 on 28 October 2025, later the same day at around 16:09, the Earth
observation radar satellite Sentinel-1 (Fig. 3), part of the European Copernicus
Earth Observation Programme, overpassed the area of the city of Varna.

As is well known, the Copernicus programme includes operational optical
and radar satellites from the Sentinel-1, -2, -3, -4, -5, and -6 missions. However, on
the day of the UAV flight experiment over the Varna region, only the Sentinel-1
radar satellite passed over the same area. This satellite is equipped with a Synthetic
Aperture Radar (SAR). This type of Earth observation spacecraft offers several
advantages over comparable optical or infrared observation systems.

Specifically, the main advantages of SAR satellite systems include the
capability to perform SAR measurements under cloudy conditions and during
nighttime. Important is the ability to detect radar-contrasting objects concealed
beneath forest canopies, vegetation, or snow cover that are invisible in the optical
or infrared portions of the electromagnetic spectrum. Other advantages of some
advanced SAR systems also include: the capability to detect and estimate motion
parameters of moving targets; multi-mode operation and flexible control of the
onboard SAR sensor, enabling rapid changes in swath position and size, spatial
resolution, and data representation; the capability for three-dimensional object
“imaging”; terrain mapping by means of SAR interferometry.

170



Fig. 3. General view of a Sentinel-1 series Earth observation radar satellite

On the other hand, the main disadvantages of satellite-based SAR Earth
observation systems include geometric distortions in SAR imagery and the
presence of inherent speckle noise resulting from the coherent nature of SAR
systems. Another limitation is the relatively lower spatial resolution of freely
available SAR data compared to optical satellite systems (e.g., Sentinel-2 and
Landsat-8). In addition, SAR systems are generally associated with significantly
higher costs than comparable optical—electronic satellite systems.

The Sentinel-1 satellite flies in a sun-synchronous orbit (SSO) at an
altitude of approximately 693 km. On the day of the UAV flight experiment, the
satellite overpassed the Varna region on an ascending orbit, with right-looking
geometry in the direction of motion, from south to north along the SSO. The
spacecraft operates in the C-band of the microwave portion of the electromagnetic
spectrum and supports two linear polarisation states of the transmitted and received
electromagnetic pulses, as follows:

1) Co-polarised — VV,
2) Cross-polarised — VH.

In addition to the advantages outlined above, SAR-equipped satellites are
characterised by high radiometric resolution, also referred to as contrast or
brightness sensitivity, which defines the ability to discriminate objects with
different radar backscattering properties.

Sentinel-1 SAR imagery is acquired in four acquisition modes, with spatial
resolutions ranging from 10 to 100 m. Depending on the acquisition mode, the
swath width is 80, 100, 250, or 400 km, respectively.

The primary type of SAR measurements from Sentinel-1 is in the
Interferometric Wide Swath (IWS) mode, represented in radar geometry, where
the recorded signal is expressed as complex numbers (Slant Range Complex —
SLC). The scene dimensions are approximately 250 km in swath width and 180 km
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along-track. However, for the purposes of the present analysis, the utilised image
product is Ground Range Detected (GRD), in which only the amplitude of the
complex signal is represented, projected onto the ellipsoid and multilooked. This
product includes the amplitudes of both polarisations — VV and VH.

The available Sentinel-1 image acquired on 28 October 2025 was
processed using the cloud-based platform Sentinel Hub (SH) [4]. For the purposes
of this analysis, three types of images were generated, as follows:

- Pseudo-colour image (RGB composite) — SAR Urban — proposed by
Sentinel Hub for urban environment analysis. Backscatter intensity values
above — 5 dB are associated with urban objects and engineering
infrastructure, appearing as bright green, pink, and white tones in the
composite image. All types of metallic macro-objects, such as ships, silos,
and similar structures, are also recognisable in these bright tones. The
colour variation (pink or green) depends on the orientation of the
backscatter vector relative to the radar line of sight (RLOS), which is
perpendicular to the satellite motion vector. In flat areas outside
mountainous regions, the tones are dark (dark blue), corresponding to
backscatter from natural objects such as forests, agricultural land, and
water bodies. Calm sea surfaces appear dark.

- VV polarisation — representing the backscattering coefficient
(Sigma-Nought — ¢°) in co-polarized waves (6°VV), which provides the
highest contribution for detecting urban targets and metallic objects from
engineering and military infrastructure.

- VH polarisation — representing the backscattering coefficient in
Cross-polarised waves (6°VH), which are primarily sensitive to natural
objects such as forests and agricultural areas.

Fig. 4 presents a radar image in VV polarisation (6°VV) of Navigation
Channel No. 2, connecting Varna Lake and Beloslav Lake, along with the
approaches from both lakes. The water surface of the navigation channel and the
lake basins appear black due to weak backscattering toward the radar antenna. A
clearly distinguishable fairway is visible along the channel as a sequence of bright
white points, outlined with red circles and labelled 9, 10, and 11, indicating strong
backscattering toward the radar.

Along the length of the navigation channel, a sequence of paired white
points is clearly observed, representing navigation buoys. These structures are
metallic constructions with diameters smaller than 1 m and edges positioned
approximately 1.5 m above the water surface, equipped with corner reflectors. This
results in strong backscattering of the signals emitted by the onboard radar of
Sentinel-1. Consequently, these buoys appear in the radar image as a sequence of
paired white points delineating the navigational fairway of vessels along the
channel (points 9, 10, and 11).

172



e Ay Ay AR Lo T
Fig. 4. Sentinel-1 radar image of Varna Lake in VV polarisation (c0VV)

These buoys define safe navigation routes used by vessels (ferries, ships,
etc.) travelling from the Black Sea to Beloslav Lake and vice versa.

Fig. 5 presents a three-channel radar image with assigned colours of the
entire navigation channel connecting Varna Lake and Beloslav Lake with the Black
Sea, including the Asparuhov Bridge and all points relevant to the present analysis.

Fig. 5. The “SAR Urban” RGB composite (SH) of Sentinel-1 SAR
image along the channel area of the city of Varna

North of the delineated fairway in Varna Lake, approximately opposite the
“Chaika” Naval Air Base, two pink points are observed in the radar image, located
toward the northeast (points 7 and 8, Fig. 5). These most likely represent restriction
buoys or light vessels, such as large fishing boats, associated with the adjacent
fishing settlement.

On the left side of the radar image in Fig. 5, at the northwestern end of
Varna Lake, the port of the thermal power plant (TPP) “TPP-Varna” is observed,
indicated by two light-green patches against the water background (also known as
TPP “Ezerovo” Port JSC; point 1, Fig. 5). Both breakwaters of the port are visible
in the same colour, although no docked vessels are observed.

173



North of the “TPP-Varna” port in Fig. 5 and Fig. 6, a bright green patch is
observed, indicating the municipal waste processing plant “Eco-Invest Assets”
(point 2). It is known that one of the buildings of this facility has a metal roof,
which explains the strong backscattered signal response toward the radar.

In Fig. 5, south of the breakwater of Varna-East Port, depicted in green
(point 6), two points of the same colour are observed in the sea. These most likely
represent two vessels floating or anchored in Varna Bay. Two similar points are
also observed in Fig. 4 along the “Black Sea” highway, south of the “Chaika” air
base (points 4 and 5). These likely correspond to two large tanker trucks, which
produce significant backscattering of electromagnetic waves while travelling along
the Burgas—Sofia highway.

Fig. 6. Detail from “SAR-Urban” RGB composite from Sentinel-1 SAR image

In Fig. 5 and Fig. 6 of the “SAR Urban” pseudo-colour RGB composite
imagery generated in Sentinel Hub, white patches are observed east of the port of
the shipbuilding company MTG “Delfin” (point 1) at the northern end of Varna
Lake. These patches extend into the channel waters east of the port of STF JSC
(“Construction Technical Fleet”). These correspond to two floating cranes' metallic
structures with large reflective surfaces (point 0).

Due to the metallic nature of the objects and the dense presence of
structures, a strong backscattered electromagnetic response toward the Sentinel-1
radar antenna is observed. Consequently, the tones are predominantly white and
bright green.

In Fig. 7 (left and right), the “Asparuhov Bridge” is clearly distinguished,
crossing the northern and southern branches of the navigation channel (points 12
and 13). The total length of the bridge is 2050 m, its width is 21 m, and its height is
52 m, and its main span is 160 m.

To the right of the “Asparuhov Bridge” (Fig. 7), a bright white patch is
observed in the centre of the island, indicating strong backscattering of
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electromagnetic waves in green tones (point 3, Fig. 7 left), corresponding to the
location of the “Odesos” shipyard. To the right of this white patch (point 3,
Fig. 7 (right): the shipyard dock is visible, and the boundaries of the patch allow
the facility area to be delineated. In the southeastern lower part of the island, two
white and green patches are observed, likely indicating oil storage tanks.

-.,.“

Fig. 7. Left: “SAR Urban” RGB composite image by Sentinel Hub, Right: VV-polarized
radar image in the area of the “Asparuhov Bridge” over the channel of Varna

Analysis of the results of quasi-synchronous aerospace monitoring
of critical infrastructure objects using UAVs and radar satellites

When analysing the results obtained, the different information capabilities
of UAVs for surveillance and radar satellites for DI should be taken into account.

The resolution of the images obtained by the TV and IR cameras of the
surveillance UAV (mentioned above) is high, enabling observation of moving
vehicles (Fig. 2).

According to official classifications, the spatial resolution of radar images
obtained by satellites from the Sentinel-1 series is average, i.e. no higher than
10 m. This allows for the observation of images of objects with similar linear
dimensions, such as breakwaters, floating docks, oil tanks, large cisterns, and
highways. This is how the radiometric resolution of these images (i.e., contrast-
brightness sensitivity) manifests itself, characterising the ability to distinguish
objects with different reflectivity.

The observation on the radar image of the fairway of vessels in the
channel, as a sequence of pairs of white dots (Fig. 4), is due to the navigational
buoys marking it being of metal construction with edges and equipped with corner
reflectors for better radar visibility. This artificially increases the radar contrast of
the radar image of the channel fairway.

Based on the above, it can be concluded that satellite radar images, even
with medium spatial resolution (e.g., from Sentinel-1), when conducting quasi-
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synchronous aerospace monitoring, are more comprehensive than high-resolution
video and thermal images obtained by the respective cameras of the surveillance
UAV. The aforementioned satellite radar images can be used to monitor the
country's territorial waters, linear and area objects of critical infrastructure, large
oil spills at sea and other large-scale pollution, wake trails from moving large
ships, etc.

At the present stage, the possibilities for improving the informative value
of space monitoring using SAR satellites are closely linked to the activities of the
best-known commercial operators of high-precision radar images, such as the
American companies Capella Space (Fig. 8) and Umbra Lab [3].
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Fig. 8. General view of the Capella 2 radar observation satellite

For example, if the radar image of an object from the Cl is obtained from a
commercial radar observation satellite from the Capella series (Fig. 8), operating in
the X-band and characterized by a spatial resolution in spotlight mode of 0.3-0.5 m
(i.e., with ultra-high resolution), the characteristics of the Cl objects observed
within the framework of quasi-synchronous aerospace monitoring will be more
detailed, accurate, and complete.

The advantages of the Capella series satellites mentioned above are not the
only ones. According to the manufacturer, Capella Space, in addition to the high
and ultra-high resolution of radar images in different observation modes, a full
orbital configuration of 36 Capella satellites provides high observation frequency
(within hours) and operational delivery of the relevant radar images to users. The
ability to quickly redirect the SAR satellite from one object to another, as well as
the availability of an interferometric imaging mode, should also be taken into
account. These advantages significantly increase the information content of the
images obtained from the Capella series satellites and similar ones, and on this
basis, the effectiveness of aerospace monitoring, both synchronous and
guasi-synchronous.

176



Conclusion

The results obtained from quasi-synchronous aerospace monitoring of
ClI objects using UAVs and radar satellites can be updated and even changed if
synchronous aerospace monitoring is implemented in the future, provided that the
relevant information is available and the necessary organisation is in place. In
addition to radar satellites, it is advisable to use modern optical satellites with high
information  capabilities. For example, the private space companies
Maxar Technologies Inc. and Planet Labs produce, use, and market information
from satellites of the same name for optical-electronic observation with a spatial
resolution of 0.3-0.5 m in panchromatic mode and 1.2-1.3 m in multispectral
mode.

Broad prospects for aerospace monitoring of Cl objects are also opening up
with the use of hyperspectral imaging equipment for the Earth's surface on board
satellites, providing multidimensional spatial spectral images.

After conducting and analysing the experimental part of the problem, we
can move on to the systematic implementation of aerospace monitoring of
Cl objects in our country, with the results being reported to the authorised state
authorities.

In conclusion, the listed engineering infrastructure objects, such as
Asparuhov Bridge, metal tanks, ships, and buildings in the area of STF AD, the
Odessos shipyard, and the Delfin group, are characterised by strong backscattering
in the direction of the antenna, with values above 0 dB of the backscattering
coefficient c0VV in co-polarised waves (VV). The reason is that metal structures,
as well as buildings, form more than one reflection with high intensity of
backscattered electromagnetic flux in the direction of the satellite antenna.
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KBABUCUHXPOHEH AEPOKOCMHNYECKU MOHUTOPUHTI'
HA OBEKTHU OT KPUTUYHATA UHOPACTPYKTYPA
YPE3 U3I10JI3BAHE HA BE3IIMJIOTHU JIETATEJIHU AITAPATHU
N PAJAPHU CIIBTHULIN

I'. ZKenee, H. Tumumpos, 3. Jumumpos, I. Comupoe,
II. Ilenes, K. Memooues, P. Jlumumpos, M. Yanes

Pe3iome

Pazkputn ca ycrmoBMATa 32 TpOBeXIaHE HAa  KBa3HMCHHXPOHEH
ACPOKOCMHUYECKH MOHUTOPHUHT. DOpMynupaHu ca IpeIUMCTBaTa Ha U3I0JI3BaHEe Ha
OE3NMIIOTHA JIETaTeTHW arapaTh 3a HaONIOJeHHe Ha OOEKTH OT KpUTHYHATA
nH(ppacTpyKTypa C TOMOIITa Ha BUAEO U TepMmokamepa. Jledwrupanu ca
JIOCTOMHCTBATa M HEIOCTATHIATE HAa HAOIIOAECHHUETO ChC caTeiluTH ¢bc SAR u e
V3BBPINCH aHAM3 Ha pagapHUd W300paKeHWs Ha OOEKTH OT KPUTHIHATA
nHppacTpykrypa. DopMmymupanu ca U3BOAM OT TIPOBEACHUS HAa TepeH
KBa3UCHMHXPOHEH aePOKOCMHYECKH MOHHTOPHHI M € IOCOYEHO HalpaBjICHHE 3a
MMOBHINIABaHE Ha Herosata €(PeKTUBHOCT.
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Abstract

Monitoring natural and man-made disasters and phenomena is an important element of
national security and aims to help address key challenges in detecting and preventing regional crises.
This implies the use of a national monitoring system that enables analysis of the stability of the
functional structure of natural and man-made systems, and the implementation of short- and long-
term ecological forecasts and the operational solution of tasks related to actions during crises and
the prevention of their consequences. In this monitoring process, a complex use of information from
satellite, aircraft, and ground levels is necessary, which is also the subject of research in this article.

Introduction

Based on the analysis and existing experience, the concept of monitoring is
proposed, which consists of a complex use of space-, aviation-, and ground-based
methods and means of observation, to be implemented by an aerospace monitoring.

Tasks of system: To define the essence of environmental disasters and
critical infrastructures as an object for monitoring and research; Based on the
system analysis, to determine the methods, structure and composition of the
complex monitoring system; To justify the expediency of using UAVs as an
element of the national monitoring system; To determine the type, orbit and
duration of the flight over the object of the microsatellites in the monitoring
system; To determine the composition and structure of the Center for Receiving
Aerospace Information and the possibilities for pre-processing the received
information and its thematic suitability.

The main sources of information about the Earth's surface are
electromagnetic radiation, reflected solar radiation, intrinsic radiothermal radiation
and reflected artificial radiation. The registration of these radiations is carried out by
various means. Analysing the characteristics of remote sensing equipment
(dimensions, mass and power consumption), conclusions can be drawn about the
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possibilities for placing on board instruments that are mounted on aeroplanes and
artificial Earth satellites (ESAs), possibilities for pre-processing the received
information and its thematic suitability. Images and data obtained from satellite and
aviation systems are subjected to pre-processing, including analysis and linking to a
specific coordinate grid, and then offered to individual users. Linking images to
geographic coordinates and developing geographic information systems helps to
accumulate a database of data necessary for various industries and application areas.

The database includes the following layers with their respective attributive
information: State border, Administrative (district and municipal) borders; River
network, Artificial and natural water areas; Road, Railway network; Potentially
dangerous objects; Electricity transmission network; Gas transmission network;
Settlements; Forests. To solve the tasks of operational monitoring in real or near
real time, it is advisable to use the MODIS and VIIRS satellites, since the images
received from them have good repeatability of their flight over the same territory.
A major drawback in this case is the small spatial resolution. However, this can be
overcome if the range up to 250 m is supplemented by the use of a national or
regional satellite, providing images with a spatial resolution of 40 to 80 m
transmission network; Settlements; Forests. Archival satellite images with medium
spatial resolution [1].

Considering the increasing penetration of UAVS, an on-board video system
operating in the visible and near-infrared range with a spatial resolution of less than
50 cm can be used.

Aqua
IRS P4

Aura s
’# NOAA-AVHRR

.
Terra S
= i ? RADARSAT-SAR
SO

B»Xsu

[Taes | -
antenna

receiving antenna
aerospace center

Fig. 1

Based on the analysis and existing experience, a monitoring concept has
been proposed, consisting of the complex use of space, aviation and ground-based
observation methods, to be implemented by an aerospace monitoring system
(Fig. 1) [2, 3].
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The proposed concept and centre fully comply with the requirements for
monitoring national and regional critical infrastructures set by the European
Critical Infrastructure Protection Program [3-6].

To assess the qualities of a UAV in operation, the so-called “formula for its
ability to conduct aerial reconnaissance and surveillance” is proposed. It reflects
the degree of influence of various factors (mainly the capabilities of the UAV) in
forming the tactics of action in the presence of a certain payload.

According to this “formula”, the ability of a UAV to conduct aerial
surveillance depends on the following factors: thrust, armament; stability and
controllability; payload characteristics/electronics  factor; autonomy and
multifunctionality; small number of personnel for service; mobile and transportable
ground equipment [2].

System for early warning, detecting and localization of field and forest fires
Collaboration - SRI-BAS, AVIOTECHNIKA and CIVIL PROTECTION State Agency

UAV'S CLASSIFICATION

S e
Eagle Eye, Fire scout)
Hurter, Pioneer

Fig. 2

The design of the UAV should allow for future modernisation to meet
additional requirements dictated by the constantly changing environmental and
logistical situation. Unmanned aerial systems for reconnaissance, surveillance and
control of the earth's surface are currently widespread and are used in a variety of
tactical tasks, and UAVs have been analysed, and data for various flight missions
have been presented. Key elements of these systems are unmanned aerial vehicles
(UAVs) and aerial surveillance systems, including airborne and ground parts.
World experience in using UAVs for these purposes shows that they are most
suitable where operating conditions are particularly extreme, and there is an
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unacceptable risk for manned aviation operations. Such is the monitoring of strictly
protected sites and areas, as well as areas with large-scale fires and floods. In these
conditions, the use of people is associated with a real threat to their lives, and
practically, UAVs as a means of collecting and processing information are
indispensable. To assess the current state and development trends of UAV types
(Fig. 2) [3].

The main criteria by which the analysis was carried out are: the general and
aerodynamic scheme of the UAV; weight-mass characteristics; characteristics of
the power plant; flight technical characteristics; take-off and landing system;
control and navigation systems; and air surveillance systems [2, 6].

When determining the composition of the system for early detection,
localisation, and notification of forest and field fires and floods that have occurred
on the territory of the Republic of Bulgaria, the results of flight modelling and
modern technical achievements, as well as regulatory documents for aviation
systems of this class, were taken into account. The exemplary composition of the
Unmanned Aviation Complex (UAC) should include: Unmanned aerial vehicle
(UAV); Ground control station (GSC); Operational equipment (EO).

The choice to develop a microsatellite as an element of the monitoring
system corresponds to the increasingly convincing trend in recent years to move from
large and heavy satellites to small high-tech satellites, as well as to economic
feasibility based on the tasks assigned to the microsatellite, its orbit should be sun-
synchronous, circular with a period of revolution of 92 min and inclination of 97 [3].

From the calculations made, the time for actual use of data from the
satellite in orbits between 800 and 900 km is limited to 5.5 years. This figure is
justified by the time for the descent of the orbit between 900 and 800 km. Joint
lunar and solar disturbances lead to long-term changes in the parameters of the
satellite's orbit, with oscillation periods ranging from several months to 84 years. If
this disturbing effect is not taken into account within a day, the error in calculating
the MS trajectory will be several hundred meters. Therefore, the calculations must
account for the first harmonics of the Earth's gravitational field and disturbances
from the Moon and the Sun [10].

Currently, the most cost-effective means of launching small spacecraft
(MS) into orbit is via conversion rockets, as is the case for launching payloads for
space stations into space (Fig. 3).

MS can be financed at the expense of projects under national programs for
the development of education and high technologies, as well as with investments
from private and state companies. Proposals are also made under the programs of
the Government and the EU [3, 6].

As already noted in the concept for complex monitoring for images with
spatial resolution in the range of 30 to 50 m, a national or regional satellite can be
very successfully used. Based on this, the Institute for Space Research — BAS is
working on the topic of “Balkansat” [9, 10].
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This satellite should be in the weight range of 10 to 100 kg, i.e. a
microsatellite or, as it is commonly called, a “small” satellite [3].

The use of the satellite is mainly aimed at monitoring the Earth's surface,
but the possibility of studying the magnetosphere and ionosphere is not excluded.

For the successful solution of tasks related to the prevention of catastrophic
phenomena, it is necessary to carry out: Monitoring of fires and other dangerous
phenomena and objects on Earth; Monitoring of the atmosphere: control of the
distribution and trends of greenhouse gases (CO,), detection of large releases of
hazardous substances into the atmosphere.

Space weather and monitoring of the state of the ionosphere, radiation belts
and solar wind.

Based on the tasks listed above, the approximate composition of the
specialised equipment of the small satellite “Balkansat” can be determined,
including [2, 9]: Photometric equipment complex — KFA; Atmospheric research
complex — KAI; Magnetic-wave complex — MVK.

On a circular orbit with an altitude of 800 km, tseq = 3042 days. For a
similar orbit of 900 km, tseq = 5085 days.

The base orbit to which a satellite should be launched is selected from the
type of circular quasi-geosynchronous orbits [10]. They ensure an approximate
passage of the satellite's path on each subsequent day through the path of the
previous day.

183



From the analysis we have made of existing small satellites and taking into
account the Balkansat project, we have focused on the possibility of using, as a
base platform, the microsatellite “Chibis” (a sketch of its appearance is shown in
Fig. 4), which has already flown and is currently being launched into orbit with the
cargo ship “Progress”, providing the International Space Station (ISS) [7, 9].

MICROSATELLITE PLATFORM BALKANSAT-1

+ Monitoring of natural and anthropogenic
disasters, incidents, and catastrophes;

+ Ecological monitoring;

* Influence of cosmic factors on the Earth
and the Earth's atmosphere;

« Others.

Basic technical characteristics of the micro-satellite BALKANSAT-1
Ma 50 kg.
3 - (Scientifi

Time of active existence - not less than 3 year,
Telemetry — 3-5Mbit/s (8.4GHz)
SRTI

Fig. 4

The service systems of the MS in the most general case are the following:
Power supply system (PSS); Three-axis orientation and stabilisation system (SOS);
Thermoregulation system; Temperature measurement system; Command and
telemetry radio lines; Information collection, processing and control system.

The specified inclination of the orbital plane to the plane of the equator
indicates the need to create a universal PSS, which must provide the necessary power
supply to the MS, constantly changing its orientation with respect to the Sun and
must function in a circular orbit with an altitude of 800 km and an inclination of 97°.

To determine the bases for orientation, accurate knowledge of the
coordinates of the MS in orbit around the Earth is necessary. The orbit of the MS
can be determined on Earth by a number of observations at different points of the
orbit. The calculation of the initial conditions for the construction of the MS orbit
is published in the space monitoring centres and is specified in the MS control
centre based on the data published on the initial conditions, data from radio control
and orbits and data from the navigation equipment on board the MS.
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Aerospace Information Centre

The creation of the national monitoring system can be carried out based on
the implementation of the proposed concept, including the construction of a
national aerospace monitoring centre (Fig. 5).
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For the receiving station of the centre, we focused on the Basic
configuration of the UniScan™-24 complex, which allows the reception not only
of data from the Terra and Aqua satellites, but also of data from other satellites for
which, however, additional software and payment of the relevant license are
required [3, 5, 11].

The strategy for forecasting and controlling natural and man-made
disasters is based on the principle of minimising the time for detection,
identification, and recognition of the event, in order to adopt an optimal solution to
master and control the situation that has arisen. The implementation of this strategy
is based on the use of a multiplicative type of spatial data in different time intervals
and their correlation at specifically defined time points. Fig. 6 schematically shows
the principle by which the proposed strategy is implemented.
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Fig. 6

Implementation of the strategy for using multi-spatial data in different time
intervals. The proposed architecture allows for receiving data in real or near real
time for the territory of the country and cross-border regions in the event of natural
and man-made disasters. Information is received from three independent sources:
space, aero and ground segment.

The Aqua and Terra satellites provide 4 images per 24 hours for fire
monitoring. MODIS data can be used to monitor stubble burning, vegetation type
and condition, smoke aerosols, water vapour, and clouds, providing comprehensive
monitoring of the fire development process and its impact on ecosystems, the
atmosphere, and climate. This includes the location of the fire, the rate of heat
release from the fire, and a rough estimate of the smouldering-to-burning ratio [3].

The 7-2-1 channel combination of the MODIS multi-channel
spectroradiometer “colours” objects in tones different from those seen by the
human eye. It is suitable for visual identification of water bodies due to the
inclusion of channel 7 (2.11-2.16 um) of the infrared spectral range.

The snow cover product is used to estimate snowmelt during the spring
months and thus has applications in water resources management.

Ocean and sea surface color files contain the products of measurements of
normalized water surface radiance, aerosol optical density, aerosol epsilon
correction, diffusion attenuation; biooptical and optical properties for water
including chlorophyll-a, chlorophyll-a + phaeopigment, total pigment and total
suspended solids concentration, phytoplankton and total absorption coefficients;
pure water epsilon; instantaneous photosynthetic irradiance and phytoplankton
absorbed irradiance; chlorophyll fluorescence line height, baseline and efficiency;
isolated coccolith concentration, pigment concentration in coccolithophore colors,
calcite concentration; phycoerythrin and phycourobilin concentration [12-15].
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Most MODIS atmospheric properties products are used to monitor
atmospheric pollution.

Using infrared methods, cloud top temperature, height, effective radiance,
phase (ice-water, opaque-clear), and cloud fraction are obtained, both during the
day and at night. The MODIS cloud properties product includes cirrus reflectance
in the visible part of the spectrum at 1 km-pixel resolution, which is necessary to
eliminate the scattering effect of cirrus clouds from the land surface reflectance
product.

Conclusions

1. Aerospace monitoring has no alternative in objectifying the state of the
environment and security.

2. The development of an aerospace monitoring system is part of the
general efforts to ensure an effective mechanism for the prevention and averting of
crises of various natures. When this is not possible, it can help reduce their
consequences and alleviate human suffering.

3. European institutions must provide the necessary prerequisites for the
inclusion of the scientific and research community, private business and industry in
major European and NATO projects related to global monitoring systems, which,
however, should not be at the expense of the development of national and regional
activities in this area.
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AEPOKOCMHNYECKA CUCTEMA 3A MOHUTOPUHI'
N 3AIIINTA OT TEXHOT'EHHM U NTPUPOJHU BEJACTBUSA

II. I'euos

Pe3rome

MOHHMTOPUHTHT HA MPUPOJHHUTE U TEXHOTCHHUTE OCJCTBHS W SIBIICHUS CE
SIBSIBA BAYKEH €JIEMEHT OT HaIMOHAJHATa CUTYPHOCT W WMa 3a el Ja MOoAIoMara
pelaBaHeT0 Ha HIKOM OCHOBHH TIPOOJIEMH, CBBP3aHH C OTKPHBAHETO |
NPEAOTBPATSABAHETO HAa PETHOHAIHUTE Kpu3u. ToBa MpeAmnoara M3MOJI3BaHe Ha
HallUOHAJIHA CHCTEMa 3a MOHHUTOPHHT, TIO3BOJIABAIllAa AaHAJIU3UpPAaHE Ha
YCTOWYHMBOCTTa Ha (PYHKIHMOHAIHATA CTPYKTypa Ha MPUPOIHHUTE M TEXHOTCHHU
CUCTEMU H OCBHUIICCTBsABAHEC Ha KpaTKOCquHH n I[’LJIFOCpO‘IHI/I CKOJIOTUYCCKHU
HpOFHO3I/I nu OHCpaTI/IBHOTO pemaBaHe Ha 3aJa4uTe CB’bpSaHI/I C I[CﬁCTBHﬂTa 110
BpeMe Ha KPU3WUTE U MPEJOTBpaTsIBaHE Ha MOCIENCTBHUATA OT TAX. B mpomeca Ha
TO3M MOHHTOPWHT € HeoOXOJWMO KOMIUIEKCHO H3IONI3BaHe Ha WH(poOpMamus OT
CIITbTHHUKOBO, CaMOJICTHO MW Ha3€¢MHO HHBO, KOCTO C€ sBjABaA H HpCHMeT Ha
H3CJIeIBaHe Ha HACTOSIATa CTaTHs.
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Abstract

The epidemiological footprint and clinical severity of COVID-19 are significantly
modulated by atmospheric contaminants, notably nitrogen dioxide (NO2) and fine particulates. This
research focuses on the seasonal dynamics of air quality in relation to COVID-19 within Bulgaria. By
leveraging satellite-based tropospheric Absorbing Aerosol Indices (AAl) from the GOME-2
instruments, we mapped aerosol loading from mid-2020 through July 2024. Case studies for the
municipalities of Sofia and Burgas integrated these satellite retrievals with localised ground-based
measurements. Our observations revealed distinct, synchronised seasonal patterns: pollution and
case numbers both peak during late winter, decline significantly in summer, and re-emerge as autumn
progresses. A central outcome of this work is a robust GIS database that serves as an adaptable
spatial platform for investigating various respiratory conditions and environmental health indicators.

1. Introduction

The baseline environmental condition in Bulgaria is characterised by
significant exposure to particulate matter and gaseous pollutants, largely driven by
domestic heating with solid fuels, an ageing vehicle fleet, and heavy industrial
activities concentrated in specific regions such as Stara Zagora [1-3]. Studies have
demonstrated that long-term exposure to these pollutants not only increases the
prevalence of pre-existing cardiovascular diseases (CVD) but also heightens the
susceptibility of the population to respiratory infections [4, 5]. In major urban
centres such as Sofia, Plovdiv, and Varna, the convergence of high population
density and localised pollution hotspots creates an environment where respiratory
pathogens can propagate more effectively [4].
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Bulgaria faces a unique set of challenges regarding extreme weather events
and persistent air pollution from fossil fuel burning and traffic congestion [4]. This
is of growing concern, as air pollution was the second-leading risk factor for
approximately 8.1 million cases of premature mortality globally in 2021. In the
EU-27, a total of 327,000 deaths were attributable to exposure to PM2.5, NO,, and
O; and concentrations above the 2021 WHO guideline levels [1]. Bulgaria,
specifically, suffers from the highest CVD mortality rate in the EU, often
exacerbated by the release of proinflammatory mediators in the lungs in response
to inhaled pollutants. These mediators trigger oxidative stress and systemic
inflammation, leading to endothelial dysfunction and atherosclerotic plaque
formation [4].

Comparative Air Quality Standards and Bulgaria’'s Compliance

The regulatory landscape in Bulgaria is shaped by both European Union
(EV) directives and World Health Organisation (WHO) guidelines. However, a stark
disparity remains between these two frameworks, particularly following the 2021
update to WHO guidelines [1, 6]. While EU standards provide a legal threshold, the
WHO guidelines reflect a stricter health-based ideal that highlights the ongoing risks
even at concentrations currently deemed legal under regional law [1].

Table 1. Comparison of WHO 2021 annual air quality guidelines and EU limit values with
observed typical ranges for major atmospheric pollutants in Bulgarian urban areas (2020-2022)

Pollutant 2021 W_HO Annuzal EU Annual Lignit Typical Bulgarian Urban
Guideline (ng/m”) Value (pg/m”) Range (2020-2022)
PM;s 5 20 15.0-25.2[7, 8]
PMy 15 40 25.0 -45.0 [10, 11]
NO, 10 40 18.0 - 35.0 [9]
SO, 40 (24-hour) 125 (24-hour) 50-15.0[3,7]

The systematic failure to meet the lower WHO thresholds in Bulgarian
cities has profound implications for the pandemic's impact. For instance, in Sofia,
approximately one-fifth (20%) of all ischemic heart disease (IHD) hospitalisations
are attributable to exposure [4, 9]. All Sofia residents live in neighbourhoods where
levels exceed WHO guidelines, illustrating a significant baseline vulnerability of
the respiratory and cardiovascular systems before any viral infection occurs [9].

Urban Microclimates and Topographical Influences

The topographical features of Bulgaria, especially the valley settings of
Sofia and Plovdiv, exacerbate the accumulation of pollutants. In Sofia, the
surrounding Balkan Mountains and Vitosha Massif contribute to frequent
temperature inversions during the winter months [4, 10]. Under these conditions,
the atmospheric boundary layer (ABL) remains stable, trapping emissions from
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traffic and domestic heating near the surface. This "bowl effect” increases pollution
in central urban areas through flow convergence at night, when atmospheric
conditions lack vertical mixing, leading to the accumulation of emitted pollutants
near the surface [4, 10].

Analysis of the urban heat island (UHI) effect in Sofia reveals an average
summer increase of 2.5°C, which further complicates the dispersion of secondary
pollutants [10]. The modification of urban landscapes has led to the formation of
human-induced heat islands, affecting both air quality and disease burden. In Sofia, the
risk of IHD increased primarily at cold temperatures, whereas in Plovdiv and Varna,
both high and low temperatures were associated with IHD hospitalisations [4].

Mechanistic Linkages Between Air Pollutants and SARS-CoV-2

The biological and physical pathways through which atmospheric
pollutants influence COVID-19 incidence are multifaceted, involving both the
modulation of the host's immune response and the potential role of particles as viral
carriers [5, 12].

Particulate Matter as Viral Vectors

Fine particulate matter, specifically, has been hypothesised to act as a
"carrier" for the SARS-CoV-2 virus. These particles, characterised by a large
surface area and high porosity, can adsorb viral droplets [5, 12]. The inhalation of
these coronavirus-laden particles allows for deeper penetration into the respiratory
system, potentially reaching the distal alveoli and subsequently entering the
bloodstream [7, 12]. Studies utilising Aerosol Optical Depth (AOD) and the
Absorption Aerosol Index (AAI) from satellite sensors have shown that regions
with higher aerosol concentrations often correlate with increased clusters of
respiratory distress cases [5]. Furthermore, the presence of can reduce the diffusion
coefficient of viruses, effectively keeping them suspended in the breathing zone for
longer periods [12].

Impairment of Immune Defence Mechanisms

Beyond acting as carriers, pollutants like and are known to induce systemic
inflammation and oxidative stress within the lungs [4, 12]. Prolonged exposure
impairs the function of alveolar macrophages and bronchial epithelial cells, which
are the first line of defence against inhaled pathogens [4]. This inflammatory priming
renders individuals more susceptible to severe manifestations of COVID-19,
including pneumonia and prolonged recovery periods [5]. In Bulgaria, the spatial
distribution of NO,, mapped via the TROPOMI sensor, reveals that urban residents
face a chronically elevated risk profile that likely contributed to the high COVID-19
case fatality rate [5, 13], NO,-induced inflammation exacerbates immune responses,
impairing the body's ability to combat infections effectively [5].

192



Remote Sensing and Ground-Based Data Integration

The assessment of seasonal correlations in Bulgaria relies on a hybrid
monitoring approach, reconciling the high temporal frequency of ground stations
with the comprehensive spatial coverage provided by satellite instruments [2, 14, 15].
The specific objectives of this study are:

1. To analyse the seasonal behaviour of Covid-19 and key pollutants (PM and

NO») in two contrasting municipalities, Sofia and Burgas.

2. To develop a GIS database that integrates all relevant datasets and supports
future applications to other respiratory diseases.

2. Materials and Methods

2.1. Study Area

Our research focuses on the territory of Bulgaria in Southeastern Europe, a
region characterised by a complex administrative and demographic landscape. A
critical factor in our modelling is the heterogeneous distribution of the population,
which exhibits high-density clustering in major metropolitan hubs such as Sofia
and Burgas, while remaining significantly sparse in rural and mountainous zones.

Furthermore, the operational structure of the Bulgarian healthcare system
directly influences the granularity of our available data. Because comprehensive
medical facilities and hospitals are primarily centralised in regional urban centres,
patients from smaller, underserved settlements are forced to seek care in these
hubs. Consequently, public health metrics and COVID-19 statistics are
systematically aggregated and reported at the municipal level rather than at finer,
more localised levels. This centralised reporting mechanism imposes an inherent
limitation on the spatial resolution of our epidemiological analysis, precluding a
more granular investigation into neighbourhood-level transmission dynamics.

2.2. Satellite Aerosol Products

GOME-2 Absorbing Aerosol Index

The Absorbing Aerosol Index (AAIl) indicates the presence of elevated
absorbing aerosols such as desert dust, biomass burning smoke and volcanic ash in
the troposphere. AAI separates the spectral contrast at two UV wavelengths caused
by absorbing aerosols from that due to Rayleigh scattering, surface reflection,
gaseous absorption and scattering by non-absorbing particles. AAI is a unitless
guantity; positive values are indicative of absorbing aerosols in the atmosphere,
whereas near-zero or negative values generally correspond to weak or non-
absorbing aerosol conditions [16].

In this study, we use monthly Level-3 AAI data derived from GOME-2
observations and distributed through the Tropospheric Emission Monitoring
Internet Service (TEMIS) [17, 18]. The Level-3 product provides AAI values on a
regular latitude-longitude grid with a spatial resolution of 1°. For the period
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June 2020 — July 2024, we use data from the MetOp-B platform, which offers
stable coverage over the study period. With 1° grid spacing, 17 grid cells fully
cover the Bulgarian territory (Fig. 1).
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Fig. 1. Administrative division of Bulgaria into 28 municipalities and locations of official
ground-based monitoring stations (GMSs)

2.3. Seasonal Analysis for Sofia and Burgas

To investigate seasonal relationships between COVID-19 and air pollution,
we focus on two municipalities: Sofia (the capital and largest city, with relatively
uniform distribution of population, health services and monitoring stations within a
single municipality) and Burgas (a large coastal municipality with distinct
geographic characteristics and the largest municipal area among the 28).

For both Sofia and Burgas, we compute monthly mean concentrations of
PM1, PM2.5 and PM10 from IQAIr sensors and, where available, from official
GMSs. For Sofia, the Hipodruma station provides simultaneous measurements of
PM2.5, PM19 and NO:, which we use to construct seasonal cycles for these
pollutants. The monthly mean AAI from satellite data is also averaged over the
entire country and separately over Sofia and Burgas.

The seasonal cycle of COVID-19 is represented by the monthly mean
number of active cases in each municipality. To highlight recurrent patterns, we
compute the multi-year mean seasonal cycle of active cases and of each pollutant
by averaging the same month over the years 2020-2024.

2.4. Statistical Analysis

The statistical analysis was designed to (i) characterise the spatial
variability of air pollution and Covid-19 across the 28 Bulgarian municipalities,
and (ii) examine the temporal (seasonal) co-variability between pollution indicators
and COVID-19 in Sofia and Burgas.
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2.4.1. Seasonal cycles and temporal co-variability

For Sofia and Burgas, we constructed monthly mean time series of:
— active Covid-19 cases,
— ground-based PM1, PM2.5, PM10 and NO: concentrations,

— satellite AAI (aggregated over the relevant municipality or over the
national territory, as specified).

Given the limited length of the time series and the strong annual cycle of
both pollution and Covid-19, we focused on the mean seasonal cycle. For each
variable X and for each calendar month m (January—December), we averaged all
available values for that month over the years 2020-2024:

) )‘((m)=$z’,f;’; Xy(m)

where Nm is the number of years with data for month m, and X, (m) is the
monthly mean in year k. This averaging reduces the influence of inter-annual
variability and highlights recurrent seasonal patterns.

To facilitate comparison of the shapes of the seasonal cycles across
variables with different units and magnitudes, we also considered normalised
seasonal cycles, obtained by dividing X(m) by the annual mean of X or by
expressing monthly deviations from the annual mean as anomalies:

(@ X'(m)=X(m)-— ¥ X(m).

The similarity between the seasonal cycles of Covid-19 and those of the
pollutants was quantified using Pearson correlation coefficients computed across
the 12 monthly mean values (or anomalies) for each pair of variables. These
correlations were interpreted with caution, recognising that the 12 points are not
independent over time and that both series are strongly influenced by common
meteorological and behavioural drivers.

To explore potential time lags between pollution and Covid-19, we
additionally examined lagged correlations between monthly pollution and Covid-19
series at lags of 0—2 months (pollution leading Covid-19). Given the short time series
and the coarse monthly resolution, these lag analyses are purely exploratory.

Software and significance considerations

All statistical analyses and graphical representations were performed using
standard scientific computing software and GIS tools for spatial aggregation and
mapping. Throughout the paper, we report correlation coefficients and non-
parametric test results primarily as descriptive measures of association. Given the
observational nature of the data, the relatively small number of spatial units
(28 municipalities) and the potential presence of unmeasured confounders, we do
not attempt formal causal inference. Instead, statistical results are interpreted in

195



conjunction with physical reasoning and with consistency across multiple
independent data sources (satellite, ground-based and low-cost sensors).

3. Results and Discussions

We investigated the seasonal relationship between atmospheric pollution and
COVID-19 incidence across 28 Bulgarian administrative regions over four years
(June 2020 — July 2024), employing an innovative multi-source data integration
approach combining GOME-2 satellite observations with ground-based
measurements from both official monitoring stations and low-cost sensor networks
[5, 19]. The central finding demonstrates that neither the Absorbing Aerosol Index
(AAI) nor nitrogen dioxide (NO-) alone adequately reproduce the spatial pattern of
COVID-19 cumulative incidence. In contrast, their combination in a defined
Pollution Index exhibits substantially improved spatial correspondence with the
distribution of COVID-19 cases across Bulgarian municipalities [5]. This multi-
pollutant approach represents a significant methodological advancement over single-
pollutant analyses [20, 21] and aligns with emerging evidence that COVID-19
outcomes are modulated by complex interactions among multiple environmental
stressors rather than by isolated pollutants [20, 21].

The observed seasonal cycles characterised by winter maxima, summer
minima, and renewed autumn increases were consistent across geographically
distinct regions (Sofia and Burgas), reinforcing the hypothesis that COVID-19
transmission in temperate continental climates exhibits pronounced seasonality
driven by synergistic interactions between meteorological conditions and pollution
levels [20]. The parallel seasonal evolution of pollution and COVID-19 incidence
provides indirect support for mechanistic pathways through which chronic and acute
air pollution exposure may enhance viral susceptibility and disease severity [21].

3.1. Seasonal Behaviour of Covid-19 and PM in Sofia and Burgas

Fig. 2 and Fig. 3 show the seasonal distribution of COVID-19 active cases
in Sofia and Burgas, together with the seasonal cycles of PM1, PM2.5, and PM10
derived from IQAIr sensors in both cities. The seasonal cycle of COVID-19
exhibits pronounced peaks during the first two to three months of the year, a clear
minimum in summer and a renewed increase in the last two months of the year.
The two municipalities display very similar seasonal patterns of Covid-19, despite
their different geographical and climatic conditions.

The seasonal cycles of PM1, PM2.5, and PM10 also show the highest
concentrations during winter and early spring, consistent with increased emissions
from domestic heating and reduced dispersion efficiency. Concentrations decrease
in summer, when atmospheric mixing is stronger and heating-related emissions are
reduced, and then increase again in late autumn. The overall seasonal patterns of
PM are comparable in Sofia and Burgas, although absolute levels and the relative
amplitudes of the peaks may differ.
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Seasonal Covid-19 trends in Sofia
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Fig. 2. Seasonal cycles of active COVID-19 cases and PM1, PM2.5 and PM10
concentrations in Sofia derived from IQAir sensors

Seasonal Covid-19 trends in Burgas
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Fig. 3. Seasonal cycles of active COVID-19 cases and PM1, PM2.5 and PM10
concentrations in Burgas derived from IQAir sensors
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The similarity between the seasonal cycles of COVID-19 in Sofia and
Burgas is further illustrated in Fig. 4, which shows almost identical multi-year
mean monthly profiles of active cases in the two municipalities.

Seasonal Covid-19 trends in Burgas

Fig. 4. Multi-year mean seasonal cycle of active COVID-19 cases in Sofia and Burgas

3.2. Seasonal Behaviour of AAl and Ground-Based Pollutants

Fig. 5 presents the seasonal behaviour of AAI over the entire Bulgarian
territory, derived from GOME-2 MetOp-A and MetOp-B data, as well as the
average from both satellites. The seasonal AAI curves exhibit a characteristic
pattern, with enhanced absorbing aerosol loading during periods when Saharan
dust intrusions and other aerosol episodes are more frequent, and lower AAI values
during cleaner periods. The multi-year average provides a stable climatology of
absorbing aerosols over Bulgaria.
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Fig. 5. Seasonal evolution of AAI from MetOp GOME-2 data averaged over the Bulgarian territory

Fig. 6 presents the seasonal trends of PM2.5, PM10 and NO: in Sofia,
obtained from the Hipodruma GMS station. The seasonal cycles of ground-based
PM and NO: closely resemble the patterns observed in the satellite-derived AAI
climatology and in the low-cost sensor data. In particular, both satellite and ground
measurements indicate higher aerosol and NO: pollution in winter, lower levels in
summer and transitional behaviour in spring and autumn.
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Seasonal trend of PM in Sofia
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Fig. 6. Seasonal trends of PM2.5, PM10 and NO: concentrations in Sofia based on
measurements from the Hipodruma GMS station

Overall, the seasonal trends in pollution derived from satellite and ground-
based data are consistent with one another and with the seasonal pattern of Covid-19,
particularly the winter maxima and summer minima. The main difference is that the
spring increase of COVID-19 cases tends to persist somewhat longer than the
corresponding increase in PM and NO: concentrations.

3.3. Comparison with National Studies in Bulgaria

Our study advances these local findings in several critical dimensions:

Temporal Extent: The current four-year observation period
(June 2020 — July 2024) substantially exceeds shorter timeframes of prior studies,
capturing additional COVID-19 waves and enabling more robust assessment of
long-term pollution exposure effects on cumulative disease burden rather than
short-term daily case fluctuations [5, 19].

Pollutant Characterisation: Whereas previous work examined PM10, NO.,
and CO individually, the present study introduces AAI as a satellite-derived proxy
for absorbing aerosol loading [22] and develops a novel combined Pollution Index
that integrates AAI and NO: [5]. This composite metric explicitly recognises that
respiratory health impacts arise from multi-pollutant exposures and that satellite-
based AAI provides complementary information to trace gas retrievals, particularly
for characterising elevated aerosol layers from dust transport and biomass burning
that may not be captured by surface PM measurements [5, 22].
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Data Integration: The current study integrates observations from three
independent platforms: GOME-2 [23] and ground-based networks, including both
official stations and low-cost sensors, providing cross-validation and enhanced
spatiotemporal coverage [24]. The integration of satellite remote sensing with
ground-based measurements has proven effective for overcoming spatial
discontinuities in monitoring networks [24].

GIS Framework: A dedicated GIS database developed for this study
provides a structured, scalable framework for spatial analyses of respiratory
disease-environment relationships that can be extended to other health outcomes
and pollutants [5, 19].

3.4. Comparison with Studies in Similar Climatic Zones (Temperate
Continental Climate)

European Temperate Regions

The seasonal COVID-19 patterns observed in Bulgaria with pronounced
winter peaks, summer minima, and autumn resurgence closely parallel findings from
comprehensive multi-country European analyses [15]. Research has documented
strong negative correlations between monthly average temperature and daily
COVID-19 mortality across multiple temperate European countries, suggesting that
colder temperatures may be associated with increased COVID-19 deaths [20].

Quantitative estimates of seasonal forcing magnitude indicate a 42.1%
(95% CI: 24.7%-53.4%) reduction in the time-varying reproduction number (Rt) from
peak winter to peak summer across 143 European temperate regions. This quantitative
estimate of seasonal forcing magnitude aligns with the qualitative seasonal cycles
observed in both Sofia and Burgas, reinforcing the interpretation that seasonality
represents one of the dominant modulating factors of COVID-19 transmission in
temperate climates, operating in concert with air pollution exposure [20].

Central and Eastern European Regional Studies

Research analysing air quality monitoring data and COVID-19 spread across
Central and Eastern European and Balkan countries during the 2020-2021 winter
period, with a particular focus on regions where residential heating from fossil fuel
combustion drives elevated winter PM2.5 concentrations, revealed strong
correlations between PM2.5 and COVID-19 outcomes [20]. These correlation
coefficients indicate significant relationships, particularly in contexts with high
winter pollution from domestic heating.

Our findings corroborate and extend this regional evidence in several ways:

First, Bulgaria's heating infrastructure and energy mix resemble those of
neighbouring Central and Eastern European countries, with widespread use of solid-
fuel heating (wood, coal) in both urban and rural areas, contributing to elevated winter
PM levels and combustion-related pollutants. The seasonal pollution maxima observed
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in Sofia and Burgas during late winter align temporally with peak heating demand and
are consistent with the emission profile documented in regional analyses [20].

Second, the multi-pollutant approach employed, integrating satellite AAI
(sensitive to absorbing aerosols, including black carbon from biomass/coal
combustion) with NO. (a marker of combustion processes), provides a more
mechanistically interpretable representation of the complex winter pollution mixture
in Central and Eastern Europe [5, 22]. Absorbing aerosols have distinct toxicological
properties and optical signatures, and their explicit characterisation via satellite AAI
offers complementary insights to ground-based PM measurements [5, 22].

Third, the four-year study period extends beyond initial pandemic phases,
enabling assessment of whether pollution-COVID-19 relationships persist across
multiple viral variants and evolving population immunity landscapes [19]. The
continued correspondence observed between pollution levels and COVID-19
incidence through July 2024 suggests that environmental modulation of respiratory
disease transmission may be robust across different epidemiological contexts [5].

3.5. Satellite Remote Sensing: Advantages and Limitations

The dual-satellite approach leverages the complementary strengths of the
GOME-2 instruments. GOME-2 on MetOp platforms provides a long-term data
record (MetOp-A since 2006) with consistent AAI retrievals, enabling multi-year
trend analysis [23, 25]. Recent algorithmic improvements for GOME-2 NO:
retrievals, including extended spectral fitting windows, refined air mass factor
calculations with explicit aerosol corrections, and improved treatment of
instrumental degradation, have enhanced accuracy and consistency across the
MetOp series [23, 25].

3.6. Seasonal Cycles and Meteorological Drivers

The parallel seasonal evolution of pollution and COVID-19 observed in
Sofia and Burgas winter maxima, summer minima, and autumn resurgence reflects
the complex interplay of meteorological, emission, and behavioural factors
characteristic of temperate continental climates [19, 20, 26]. Research has
demonstrated that COVID-19 transmission rates in temperate climates respond
dynamically to daily average temperature, with colder temperatures correlating
with higher infection rates. This aligns with the timing of COVID-19 peaks in
Bulgaria (late winter), when average daily temperatures are consistently low [20].
Low temperatures enhance viral stability in respiratory droplets, increase indoor
occupancy and crowding, and reduce ventilation rates, all favouring respiratory
virus transmission [20, 26]. Winter pollution maxima in Bulgaria result from
increased residential heating emissions (from wood and coal combustion,
producing PM, black carbon, and gaseous pollutants), reduced atmospheric mixing
heights that trap pollutants near the surface, and stagnant anticyclonic conditions
common in southeastern Europe during winter [21]. These pollution peaks coincide
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temporally with COVID-19 incidence peaks, creating synergistic exposure
conditions where respiratory systems compromised by air pollution encounter peak
viral circulation [21]. The renewed increase in both pollution and COVID-19
during late autumn likely reflects the onset of the heating season, transition to
cooler temperatures and reduced absolute humidity, and increased indoor activities
[20, 26]. This pattern is consistent with influenza seasonality in temperate regions
and supports the hypothesis that COVID-19 exhibits endemic seasonal behaviour
comparable to that of other respiratory viruses [20, 26].

3.7. Low-Cost Sensor Networks: Emerging Data Source

The integration of low-cost sensor (LCS) network data alongside official
monitoring stations represents a significant methodological advancement [19, 24].
Recent guidance emphasises the strategic value of LCS networks when combined
with satellite observations and air quality models for enhanced environmental
monitoring [19, 24]. Key advantages include spatial density for capturing
neighbourhood-scale pollution gradients, real-time data streams, and community
engagement fostering public awareness [19, 24]. Individual LCS devices have
inherent limitations in measurement accuracy compared to reference-grade
monitors [24]. However, aggregation strategies can mitigate these limitations and
yield data suitable for epidemiological exposure assessment [24].

3.8. GIS Database Framework: Scalability and Future Applications

The dedicated GIS database integrates satellite-derived pollution metrics (AAl,
NO:) aggregated to municipal boundaries, ground-based air quality measurements,
COVID-19 epidemiological data by municipality, and administrative
/sociodemographic variables [8]. This framework is scalable to other geographic
regions, temporal periods, and health outcomes [19]. Beyond COVID-19, the GIS
database can support spatial epidemiological analyses of seasonal influenza, respiratory
syncytial virus (RSV), pneumonia, and chronic respiratory disease [5, 19].

4. Conclusions

This study demonstrates a clear and consistent seasonal relationship
between COVID-19 incidence and atmospheric pollution across Bulgaria from
June 2020 to July 2024. Both epidemiological and environmental indicators exhibit
synchronised temporal dynamics, with pronounced peaks during late winter,
declines in summer, and renewed increases in autumn. This alignment is
particularly evident in major urban centres such as Sofia and Burgas, suggesting
that common controlling factors, most notably meteorological conditions and
human behavioural patterns, simultaneously influence pollutant accumulation and
viral transmission. Wintertime conditions, characterised by increased residential
heating emissions, temperature inversions, and prolonged indoor exposure, appear
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to create an environment conducive to both elevated air pollution and intensified
spread of respiratory infections.

The observed co-occurrence of pollution peaks and COVID-19 surges
points to potentially compounded public health risks. While causality cannot be
inferred, the findings are consistent with established evidence that chronic
exposure to pollutants such as PM2.5 and NO: may weaken respiratory defences
and increase vulnerability to infection and adverse outcomes. In this sense, air
pollution should be understood not only as an environmental issue but also as a
contributing factor within broader respiratory disease dynamics, particularly under
high-exposure winter conditions.

A key contribution of the study lies in its integrative methodological
framework. By combining satellite-derived indicators (AAI, tropospheric NO2),
ground-based monitoring data, and measurements from low-cost sensor networks, the
analysis achieves improved spatial and temporal representativeness compared to
reliance on official monitoring systems alone. This is especially important in Bulgaria,
where the limited number of stations measuring fine particulate matter constrains
exposure assessment. The inclusion of citizen-science and commercial sensor data
significantly enhances the ability to capture intra-urban variability, although these data
sources require careful calibration and validation to ensure reliability.

The development of a unified GIS-based platform further strengthens the
analytical approach by enabling the integration of heterogeneous datasets-
environmental, epidemiological, and demographic- into a coherent spatial
framework. This allows for more nuanced exploration of spatial patterns and
supports scalable applications in environmental health monitoring and urban
planning. The approach is transferable and can be adapted to other regions or
extended to additional respiratory conditions.

Importantly, the study shows that composite indicators provide added
analytical value. The combined Pollution Index, derived from AAI and NO.,
demonstrates a stronger spatial correspondence with COVID-19 distribution than
individual pollutants considered in isolation. This supports the notion that
population exposure to air pollution is inherently multi-dimensional, reflecting the
interaction of different emission sources and atmospheric processes. By integrating
both anthropogenic and natural aerosol components, the composite index offers a
more comprehensive proxy for environmental health risk.

At the same time, several methodological limitations must be taken into
account. Satellite-derived indicators such as AAI provide indirect information on
aerosol presence and are influenced by factors such as vertical distribution and
surface reflectance, limiting their ability to represent near-surface particulate
concentrations accurately. The use of temporally aggregated data (monthly
averages) obscures short-term variability that may be relevant for infection
dynamics. In addition, COVID-19 case data are subject to uncertainties related to
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testing practices, reporting systems, and healthcare access, which may affect
comparability over time and space.

Furthermore, the associations identified in this study are inherently
correlational. Both air pollution levels and COVID-19 incidence are shaped by a
complex set of confounding variables, including population density, socioeconomic
conditions, mobility patterns, public health interventions, and weather variability.
A more rigorous assessment of causal relationships would require advanced
epidemiological modelling and higher-resolution datasets, which fall beyond the
present scope.

Despite these limitations, the results provide robust evidence that
integrating satellite observations, in situ measurements, and low-cost sensor data
within a GIS framework offers valuable insight into the seasonal interplay between
environmental quality and public health. The methodology is practical, scalable,
and particularly relevant for regions with limited monitoring infrastructure. Future
research should focus on refining the Pollution Index through the inclusion of
additional pollutants (e.g., ozone), improving data harmonisation, and applying
statistical models capable of disentangling causal pathways.

Overall, the study underscores the importance of coordinated environmental
and public health strategies. Reducing air pollution, especially during winter, should
be considered a key component of preparedness and prevention frameworks for
respiratory diseases, including, but not limited to, COVID-19.
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CE30HHA KOPEJAIIUA MEXAY ATMOC®EPHO 3AMBPCSBAHE N
3ABOJIEBAEMOCT OT COVID-19 110 CIIBTHUKOBU U HABEMHU
HABJIIOJEHUS 3A TEPUTOPUSATA HA CODPUA U BYPTAC

M. Tlumumposa, Iln. Tpenues, I. Kenee, /1. @unues

Pe3rome

Emunemuonornunusat ornedarsk Ha COVID-19 ce monepupa 3HaYUTEITHO
0T aTMOc(epHUTE 3aMBPCHUTENH, MO-CIIeUaHO a30THUs Auokcuy (NO2) u dunuTe
mpaxoBu dYactuiid. Hacrtosmoro wuscienBaHe ce (OKycupa BBPXY CE30HHATA
JUHAMHAKA Ha KadyeCcTBOTO Ha BB3Ayxa BBB Bph3ka ¢ COVID-19 cmydante B
benrapus. Upes usnon3Bane Ha CTBTHUKOBHU JAaHHU 3a TPONoc(epHHsl HHIEKC Ha
norrsinamute aepo3onu (AAI) or uncrpymentute GOME-2, e kaprorpadupano
aepo30JTHOTO HATOBapBaHE 3a mepuoaa oT cpemara Ha 2020 r. mo romu 2024 r.
Wzcnenpanure o6muuu Codus u Byprac ca HONbJIHEHH C JaHHH OT Ha3eMHHU
n3MmepBaHus. HabOmioneHusTa pa3kpuBaT OTYETIUBU CHHXPOHH3MPAHU CE30HHU
MOJIETIN: KaKTO HUBAaTa Ha 3aMbPCSIBAHE, Taka M OpPOAT Ha CIy4YauTe JOCTUTAT MUK B
Kpas Ha 31UMaTa, HaMajsBaT 3HAYMWTENHO Npe3 JIATOTO M OTHOBO HApacTBaT C
HACTBIIBAHETO Ha eceHTa. OCHOBEH pe3yNTaT OT TOBA M3CJE/IBAHE € Ch3AABAHETO
Ha ycroiumBa ['MIC 6a3a jqaHHM, KOATO CIYyXH KaTO aJallTUBHA MPOCTPAHCTBEHA
miarpopmMa 3a W3CIEABaHE HA pa3IMYHU PECIUPATOpHHA 3a00JsIBaHUS U
MTOKA3aTeNH! 332 EKOJIOTUYIHO 37PaBe.
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Abstract

Remote sensing methods enable the collection of information about objects from a distance,
particularly where ground-based imaging is difficult or impossible. The rapid development of unmanned
aerial systems has greatly expanded the potential to generate high-precision, three-dimensional
photogrammetric models of cultural heritage monuments. These models not only facilitate spatial
documentation and visualisation but also support efforts in reconstruction, restoration, conservation,
adaptation, and the integration of such sites into the socio-cultural environment. The emergence of new
close-range photogrammetric acquisition techniques and the ability to capture images from varying
camera orientations, including capturing images with camera axes oriented perpendicularly to vertical
surfaces, has led to an increase in model accuracy and the level of detail. This article presents a
methodology for photogrammetric modelling of an arch monument using the new “Smart 3D Capture”
flight-planning feature, implemented in modern flight-planning applications in 2025, and for automating
the photogrammetric processing workflow. An accuracy assessment of the results was carried out by
measuring a set of control distances. This study aims to present a methodology for capturing and
generating detailed photogrammetric models of such objects, featuring similar characteristics and bas-
reliefs, and to establish optimal workflow parameters. The results confirm the effectiveness of the
proposed methodology, which allows not only for the generation of detailed models but also for
monitoring the condition of monuments and similar objects, providing specialists from various fields
with the means to perform such tasks at an affordable cost.

Introduction

In recent years, the development of unmanned aerial systems (UAS) has
been very dynamic, with increasingly small aircraft offering ever more advanced
capabilities. At the same time, new image capture methods are being integrated
into applications used to create flight plans, also known as missions. This
development necessitates research into these innovations — both to address various
practical tasks and to assess the accuracy and effectiveness of the resulting data.
Creating three-dimensional models of cultural monuments, buildings, or other
objects that may be complex in shape and considerable in height is a challenging
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task. To address it effectively, a practical, readily applicable methodology is
required, one that ensures sufficient accuracy and detail in the final product while
relying on relatively affordable equipment.

The established methods for capturing architectural monuments, such as
the use of oblique or combined nadir and oblique images and/or free-flight
missions [1-3], do not always guarantee high-quality three-dimensional models
without errors or imperfections. These shortcomings often arise from factors such
as distance to the object, the inability to capture vertical surfaces with a
perpendicular camera axis, operator errors, and other limitations.

Other methods used for creating high-accuracy models rely on a
combination of terrestrial laser scanning (TLS) and unmanned aerial systems
(UAS) [4-6]; however, the current high cost of laser scanners limits the
accessibility and efficiency of this methodology.

Developing optimised solutions that utilise a rough model of the object
during the flight plan preparation offers an alternative approach capable of
achieving higher model accuracy and detail compared to conventional oblique
image acquisition [7].

The unmanned aerial systems introduced in 2025, such as the Matrice 4E
and Matrice 4T, together with their associated flight-planning applications based
on optimised solutions, enable image capture at closer distances and at varying
camera-axis orientations relative to the surveyed object. The ability to design
precise mapping routes adjusted for capturing buildings and irregularly shaped
objects allows for higher spatial resolution of captured images and, consequently,
greater detail in the resulting models. Such models can also be used for remarkably
efficient structural inspection [8].

In addition to automatic image capturing, another factor influencing
workflow efficiency is automating the process of establishing the photogrammetric
processing parameters for UAS-generated three-dimensional models of cultural
heritage monuments of specific shapes and sizes, for which ground-based image
capturing cannot be achieved.

The present study aims to propose an efficient methodology based on automated
image acquisition and established photogrammetric data processing parameters,
accessible to a wide range of users across various fields at an affordable cost.

Materials and Methods

Object of Study

The “Arch of Freedom” monument is located in the Central Balkan
Mountains, on Mount Goraltepe (1.595 m) in the area of the Troyan Pass, also
known as Beklemeto. It lies 25 km from the town of Troyan and 100 km from
Plovdiv (Fig. 1). The monument was designed by sculptor Prof. Velichko Minekov
and architect Georgi Stoilov. It stands on a concrete platform and represents a
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massive concrete structure, with a height of 35 m, shaped as an arch. The
monument features bas-reliefs depicting Bulgarian haiduks, partisans, as well as
Russian and Soviet soldiers. On the northern side of the arch can be seen bas-
reliefs of women in traditional Bulgarian costumes welcoming them with bread and
salt in 1878 and 1944 [9].

ROMANIA
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Fig. 1. Object of study: (a) geographic location; (b) photograph of the monument —
author’s archive

Equipment and Data Acquisition

The photogrammetric survey was carried out using a DJI Matrice 4E
unmanned aerial system (UAS), designed for geodetic surveying, mapping,
construction, and inspection tasks. The aircraft has a takeoff weight of 1,219 g and
supports high-speed image acquisition, with a maximum flight speed of 21 m/s and
a capture interval of 0.5 s, significantly improving operational efficiency. Its
camera is equipped with a 24 mm wide-angle lens (f/2.8-f/11) featuring a
mechanical shutter and a 4/3 CMOS sensor with a resolution of 20 MP. The UAS
withstands wind speeds of up to 12 m/s, and its maximum flight time under calm
conditions is 49 minutes. The UAS integrates a DJI RTK module supporting multi-
frequency GNSS (GPS, Galileo, BeiDou, GLONASS) and the extended
L5 frequency band. The module works in combination with a GNSS+Vision
Fusion positioning and navigation system, guaranteeing high stability and
reliability even under limited or weak satellite signal conditions. The RTK module
provides positioning accuracy of £1 cm + 1 ppm horizontally and £1.5 cm + 1 ppm
vertically [8, 10].

The flight plan (mission trajectory) was created using the DJI Pilot 2
application. The latest image acquisition feature introduced in 2025, called “Smart
3D Capture” mode, enables the generation of precise and detailed 3D models. The
method is designed to apply intelligent image-capturing strategies that allow
dynamic adaptation of the flight trajectory based on the morphology of the object.

This functionality simplifies the 3D modelling process by automating the
mapping process based on a preliminary rough model of the object, thus increasing

210



efficiency by approximately 40% when compared to traditional oblique image
acquisition [11]. In “Smart 3D Capture” mode, the Distance to Slope parameter
defines the perpendicular distance the UAS maintains from the surface being
captured and the object. The parameter value was chosen to ensure an optimal
Ground Sample Distance (GSD) of precisely 0.22 cm. Similarly, a distance of
precisely 8 m was selected in another study describing the generation of a three-
dimensional photogrammetric model of the Ryhope Engines Museum building,
which was achieved using the same “Smart 3D Capture” mode [12].

Another parameter influencing the vertical and horizontal accuracy is the
image overlap ratio. Higher frontal and side overlap ratios increase the accuracy of
the generated 3D point clouds by eliminating false matches and extending the
reliability of the points in the vertical direction [13]. For the object of this study,
the frontal overlap was set to 80%, and the side overlap to 70%. The flight
parameters are shown in Table 1, and the flight plan is illustrated in Fig. 2.

Table 1. Flight plan parameters
Indicator Value
Distance to Slope (m) 8
Ground sample distance (cm) 0.22
Along the track overlap (%) 80
Across the track overlap (%) 70

Fig. 2. UAS flight plan executed in the DJI Pilot 2 application, version 2.2.5

Due to the monument's location at the top of Mount Goraltepe, relatively
strong wind gusts were observed for most of the day, even under calm, sunny
conditions. Despite these conditions, the UAS successfully completed its flight
mission within 26 minutes, capturing 2,276 images.

Apart from the flight parameters, the model’s accuracy — especially vertical
accuracy — is influenced by the available ground control points (GCPSs). Previous
studies have shown that using only RTK data for georeferencing may result in
systematic errors in elevations [14, 15]. Therefore, in the present study, 7 reference
points were used — 4 as control points and 3 as checkpoints (the marking on the
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fourth checkpoint was destroyed). The points were evenly distributed around the
monument on its concrete platform (foundation) and marked with black-and-white
square targets (30 x 30 cm). The positions of the control points and checkpoints on
the foundation are shown in Fig. 3. Additional checkpoints were placed on the
monument’s arches approximately 2 m above the ground, marked in the same
manner but in a different colour and slightly smaller in size. These points were also
used in the accuracy assessment of the model.

A local geodetic network consisting of seven polygonal points was
established around the monument for model georeferencing. These points were
measured using a CHCNAV CHS-A100 total station, with a direct angular
measurement accuracy of 2" and a distance measurement accuracy of
+2 mm + 2 ppm with a prism or £3 mm + 2 ppm without a prism (up to 300 m).
This total station was also used to determine the positions of all ground control
points and checkpoints, both on the foundation and on the monument itself, as well
as to measure identical reference points on the object, which were later used for
analysing the results.

The global positioning of the polygon was determined through GNSS
observations in compliance with the existing Bulgarian national regulatory
framework for determining geodetic points using GNSS [16]. The measurements
were carried out in the WGS84 / UTM Zone 35N (EPSG: 32635) spatial reference
system. To achieve high positioning accuracy in the present study, a CHCNAYV i76
GNSS-RTK receiver with an inertial measurement unit (IMU) was used, operating
with the LandStar 7 field software. The receiver provides a standard RMS accuracy
of approximately 0.8 cm horizontally and 1.5 cm vertically under optimal conditions.

Ry

Fig. 3. Location of control and check points on the foundation
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Photogrammetric Processing and Analysis of Results

Photogrammetric Processing

The processing of captured imagery data was carried out using Agisoft
Metashape Professional, version 2.2.2. It is known that both the processing method
and the selected parameters influence the model’s accuracy. In this study, the
Structure-from-Motion (SfM) algorithm was applied — a photogrammetric method
that simultaneously reconstructs three-dimensional geometry and estimates the
camera’s internal and external orientation parameters based on multiple
overlapping images captured from different spatial positions. The accuracy and
reliability of the reconstructed model directly depend on the imaging geometry,
image resolution, and the selected reconstruction parameters.

During the first stage (Align Photos), the processes of Aerial Triangulation
(AT) and Bundle Block Adjustment (BBA) are carried out [17]. SfTM employs the
correlation of common feature points in the input images to determine the camera
positions and the spatial configuration of the objects. Therefore, two key
processing parameters in this study are the key point limit and the tie point limit. In
studies aiming to extract the maximum number of image matches and achieve a
stable geometric configuration, both parameters are commonly set to zero (i.e., key
point limit = 0O, tie point limit = 0) [18, 19]. The same parameter values were
adopted and applied in the present study.

An important stage is the incorporation of ground control points and
checkpoints and subsequent optimisation. A primary method for assessing the
accuracy of the georeferenced three-dimensional model is the root-mean-square
error. In the present study, the root mean square error for the ground control points
was 0.002 cm, while for the checkpoints it was 0.012 cm

The next stage of processing involves cleaning the model from noise, also
referred to as removing spurious or parasitic points. In this study, an automated
filtering procedure was implemented using the Gradual Selection function. This
filtering automatically removes unnecessary points from the model without
operator intervention, thereby increasing the methodology's overall efficiency. The
filtering parameters were analysed, and based on the obtained results, certain
parameter values were specified, which are presented in Table 2. Fig. 4 illustrates
the point cloud before and after the applied filtering. The same table also
consecutively lists the parameters applied in the subsequent workflow stages of
photogrammetric processing, including automatic generation of the textured three-
dimensional model.
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(b)

Fig. 4. Comparison of the generated point cloud before and after applying filtering

The next stage of processing involves generating a dense point cloud. This
process is based on depth maps computed for overlapping image pairs, taking into
account their relative external and internal orientation parameters as estimated
through bundle adjustment. The resulting set of depth maps is then merged into a
combined depth map, during which erroneous depth measurements are filtered out.
These maps are subsequently converted into partial point clouds, which are later
merged into a final unified point cloud. The Agisoft Metashape software typically
produces point clouds with densities comparable to, or even exceeding, those of
LIDAR clouds [17]. Evidence of this is the dense point cloud of the arch
monument generated in this study, which contains 301,289,009 points.

Table 2. Parameters of the workflow applied in Agisoft Metashape Professional

Alignment Cameras Accuracy: High

Generic Preselection: Yes
Reference Preselection: Yes
Key Point Limit: 0

Tie Point Limit: 0

Gradual Selection Reconstruction Uncertainty: 10
Projection Accuracy: 3
Reprojection Error: 0.3
Optimize Cameras k3, k4, p3, p4: No

Build Point Cloud Quality: High

Depth Filtering: Mild
Build Model Source data: Depth maps
Quality: High

Face count: High
Interpolation: Enabled
Depth filtering: Mild

Build Texture Texture type: Diffuse map
Source data: Images
Mapping mode: Generic
Blending mode: Mosaic
Enable hole filling — yes
Enable ghosting filter — yes
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The final stages of processing involve the creation of the polygonal and
textured model. The process of generating the polygonal model can be described as
the reconstruction of the surface geometry by converting the dense point cloud into a
continuous mesh of interconnected triangles. For this purpose, algorithms for spatial
interpolation and topological optimisation are applied. A total of 37,795,937 triangles
were generated for the object under study. The photogrammetric processing
concludes with the creation of a photorealistic visualisation of the three-dimensional
model - namely, the construction of the model’s texture. A portion of the resulting
three-dimensional textured model is shown in Fig. 5. On the right side of the figure,
the fine detail of the bas-relief on this part of the arch can be seen, while on the left,
part of the facade reinforcement is visible. This demonstrates that such models can
also be effectively used for the inspection of cultural heritage monuments.

Fig.5. Portion of the three-dimensional textured model
of the “Arch of Freedom” monument

Analysis of the Results

To assess the accuracy of the generated three-dimensional
photogrammetric model, 46 distances were measured across the monument's
surface at various heights. A statistical series of the errors between the control-
measured distances and their corresponding model-derived distances was
compiled. A gross error check was performed using the +3c criterion. The
calculated skewness and kurtosis values were smaller than their corresponding 3¢
limits, indicating that the hypothesis of a normal distribution is consistent with the
experimental data. The median and mode values were close to the mean, further
supporting this hypothesis.

A check for the presence of systematic errors was conducted using
Student’s t-test at a significance level of g = 0.05. The results showed that the mean
error did not differ statistically significantly from zero, indicating the absence of
systematic deviations in the measurements.
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In summary, one can say that the measurement errors are small (root mean
square error = 0.011 m). Their distribution is symmetric and close to normal,
without statistically significant shifts or extremes, confirming the accuracy and
reliability of the measurements used in constructing the three-dimensional model.

Conclusion

The advantages of remote sensing methods are indisputable when creating
models of objects that cannot be captured from the ground. The dynamic
development of unmanned aerial systems and the emergence of new modes for
automated flight execution have made it possible to model three-dimensional
spatial representations of cultural and historical sites and to monitor them with
remarkable accuracy and detail.

Both terrestrial laser scanning and aerial unmanned image acquisition [20],
as well as their combination [4-6], have found broad application when solving
problems while documenting immovable cultural heritage. However, in terms of
efficiency and cost, the methodology based on optimised UAS image acquisition is
preferable. It enables the capture of otherwise inaccessible objects and allows for
process automation, thereby minimising the influence of human factors.

The results of the present study demonstrate that, given the specific type and
shape of the studied object, the image acquisition method, image quality, and
established data processing workflow, the proposed methodology ensures high
accuracy in generating point clouds and three-dimensional models of architectural
monuments. The model’s high level of detail is a result of the fine spatial resolution
of 0.22 cm, achieved through the optimised image acquisition of the object. This
accessible methodology allows for efficient surveying of similar monuments even in
urban environments, allowing not only their modelling but also regular monitoring.

A limitation of the methodology is its dependence on weather conditions
and, to some extent, on processing time, which in this case amounted to 36 hours. It
should be noted, however, that the processing was performed on a desktop computer
with the following specifications: Windows 64-bit, AMD Ryzen 9 5950X 16-Core
Processor, 64 GB RAM, NVIDIA GeForce RTX 3090. From a cost perspective, this
can even be viewed as an advantage, since professional photogrammetric
workstations are typically at least four times more expensive.
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E®EKTUBHA METOJ0JIOT'UA 3A TEHEPUPAHE HA I[ETAIZIJIEH
TPUU3MEPEH MOJEJI HA TAMETHHUK APKA ITPUJIAT'AUKHN
OIITUMMU3UPAH IIJIAH HA JIETEHE

B. I'ocnoounoea, H. Amanacos, M. Cmosanoe

Pe3rome

JluiCTaHIIMIOHHUTE METOAM OCUTypsiBaT HaOupaHeTo Ha WHQopMamus OT
JACTAHIMS 32 OOCKTU MPH KOWTO € HEBH3MOXKHO WM 3aTPYJHEHO 3aCHEMAaHETO OT
3€MHaTa INOBbPXHOCT. III/IH&MI/ILIHOTO Pa3BUTHUC HA 6C3HI/IJ'IOTHI/ITG JIETaTCJIHU CUCTEMU
pa3KpuBaT BCE TO-TOJEMH BB3MOXKHOCTH 32 Ch3/IaBaHE HAa TPHUHU3MEpPHH
(ororpaMeTprUuHM MOJICTM HA TTAMETHHUIM HAa KYJITypaTa HE caMo 3a BU3yalu3allus,
HO U 3a PEKOHCTPYKIIWS, pecTaBpaliys, KOHCEpBAIYs, alalTallisi U COLMAIN3aIlns Ha
MoJI00€H THIT OOEKTH B COIMAIHO — KyATypHaTa cpena. [losBara Ha HOBM HaYMHU 32
3acHeMaHe OT BCe IM0-OM3Ka AUCTAHIMSA W BE3MOXKHOCTTA 32 3aCHEMaHe C Pa3iImyHO
TTOJIOKCHUE Ha CHUMAYHUTE OCH BKIIFOYUTEIIHO U NIEPIICHANUKYJIAPHU Ha BEPTUKATTHUTE
MOBbPXHUHA Ha OOEKTHTE, BOJASAT JIO IOBHIIIABAHE TOYHOCTTA M JCTAWIIHOCTTA Ha
Mopenute. Crarusita IpenCcTaBs METOJONIOTHS 32 (hOTOrpaMeTPUYHO MOJEIHUpaHe Ha
MAaMETHUK - apka, LEJIAII0 M3MOJI3BAHETO HAa HOB HAYMH Ha 3acHeMaHe ,,Smart 3D
Capture® BHeZIpeH B ChBpeMEHHHUTE CO(TYEpH 3a TUIaHUpaHe Ha noyieTu npe3 2025 r. u
aBTOMaTH3HUpaHe Ha paboTHHS Iporiec 3a (hoTorpameTpudHa oopabdoTka. M3BbpIieH e
aHaM3 Ha TOYHOCTTA HA TMONYYCHUTE pE3yiTaTd, KaTo ca HM3MEPeHH Habop OT
pasctosiHus. Llenta Ha M3cnenBaHETO € Jia MPEICTaBH METOJONIOTHS 32 3aCHEMaHe U
TeHEpUpaHe Ha JICTAalHM (OTOrpaMEeTpPUYHH MOJICIM Ha TaKbB THUI OOEKTU ChC
CXOJTHU XapaKTEPUCTUKHU U Oapenedu BbpXY TIX, KAKTO U Ja C& YCTAHOBAT ONTHMAITHU
napameTpH Ha paboTHus mporiec. [lonyueHnTe pe3yaraTu 10Ka3BaT e)eKTUBHOCTTA Ha
MpeaIoKeHaTa METOA0JIOT L. T 11ie TI03BOJIM HE CaMO Ch3IaBaHETO Ha MOJIENH, HO U
W3BBPIIBAHE HA MOHUTOPUHT Ha CHCTOSHHETO HA TMAMETHHIM WM JPYT'H IOJ00HU
00EKTH H IIIe J1a/I¢ B3MOXKHOCT Ha Pa3IMYHU CHELUAIUCTH Ja pealnu3upaT TakbB THIT
3aJIa4¥ Ha JIOCTHITHA TeHA.
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Abstract

Arterial blood pressure is one of the most important vital parameters of warm-blooded
organisms, directly connected to their survival. This paper presents a method for measuring arterial
blood pressure using the oscillometric technique. Algorithms for processing the oscillometric curve
are discussed, with particular attention to the removal of parasitic signals recorded during
measurement, such as noise and electrical and mechanical artefacts. The determination of systolic
and diastolic arterial blood pressure is demonstrated. The proposed method applies to aerospace
medical instrumentation for continuous monitoring of arterial blood pressure in pilots and astronauts
under extreme operating conditions.

Introduction

Arterial blood pressure (BP) is one of the most important vital parameters
of warm-blooded organisms, directly linked to their existence. This applies fully to
humans as well. BP is the pressure exerted by blood on the walls of the arteries.
Two types of pressure are measured: systolic (SP), the pressure during the
contraction of the heart muscle chambers, and diastolic (DP), the constant pressure
in the circulatory system during the relaxation of the heart muscle. Normal average
statistical values are: 110 to 120 mm/Hg for SP, and 70 to 80 mm/Hg for DP.

Depending on the method used, BP is measured invasively or
non-invasively. The invasive method is more accurate but is primarily used in
cases of surgical intervention. This method is impractical in daily practice for
several reasons, such as the presence of a highly qualified specialist, a sterile
environment, or measurement modules often integrated into expensive operating
monitors. Non-invasive methods are more widely used in practice. Some of them
date back more than 3000 years. Such is the measurement of BP by "palpation”
(feeling the pulse with fingers), where, depending on the heart rate and
"distinctness of pulsations”, 3 to 7 levels of blood pressure can be determined in
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China and other Eastern countries. Centuries later, after the invention of the
stethoscope, the Russian physician Korotkoff applied a simple and relatively
accurate method, which remains one of the most widely used to this day. With the
development of technology, a number of other non-invasive methods have been
created, such as tonometric, ultrasonic, oscillometric, and temporal methods.

Each of the methods listed above has both advantages and numerous
disadvantages, significantly affecting the quality and reliability of the
measurements made. Of all the methods mentioned, the oscillometric method is the
most widely used in modern practice. The measurement of BP using the
oscillometric curve recording method has been described in numerous scientific
articles [1, 2, 7].

The purpose of this paper is to demonstrate not only the implementation of
an algorithm for processing the oscillometric curve but also the removal of
parasitic signals recorded during the measurement, such as pathologies and
artefacts of electrical and mechanical origin. These can seriously compromise the
accuracy of the final results when determining systolic and diastolic blood
pressure.

When measuring BP using the oscillometric method, two measurement
approaches are known. Measuring BP after stopping blood flow with controlled
release of pressure from the cuff, and measuring during the process of controlled
increase of pressure in the cuff until blood flow stops. The second method is better
due to the fact that there is no need to control the air release from the cuff, the
measurement time is shorter, and the upper limit of the pressure value is accurately
determined regardless of the current state of systolic pressure.

Exposition
The measurement process consists of four main phases:

* Increasing cuff pressure until blood flow stops.

» Recording and saving the oscillometric curve.

» Analysing the oscillometric curve and correcting for noise and artefacts.
+ Determining the BP (Systolic and Diastolic).

The operating algorithm is shown (Fig. 1).

During the process of increasing cuff pressure (Fig. 2), shown by the red
line, the maximum pulsation values caused by turbulence in the blood flow passing
through  the  arteries narrowed by the cuff are  recorded.
The amplitudes of these pulsations in the cuff are very small, which necessitates
the introduction of an AC amplifier with sufficiently high gain and a frequency
band of 0.1-10 Hz. The oscillometric curve represents the envelope curve of the
maximum values of the pulsations obtained at the output of the amplifier.
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Fig. 1. Algorithm of operation for measuring NIBP using the oscillometric method
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Fig. 2. Algorithm for recording the oscillometric curve
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For each registered local maximum, the cuff pressure value is recorded.
The data is stored in a two-dimensional array BP[2][M], where M is taken as
M = 100. The first row of the array BP[0][M] stores the maximum amplitude
values of the registered pulsations, B, to B,, and the second row BP[1][M] stores
the instantaneous cuff pressure for each maximum. During the process of
registering and recording each pulsation, By, B, (the pulsation with the largest
amplitude among all registered pulsations) is determined. The instantaneous
pressure associated with the maximum of this pulsation determines the mean blood
pressure parameter. After B, is registered, the pulsation amplitudes decrease due
to the increase in cuff pressure and the closure of the arterial lumen in the
measurement area. When an amplitude By. less than 30% of By, is reached, the
pressure increase is stopped, the valve opens, and the cuff pressure becomes zero,
which completes the recording of the oscillometric curve.

After the maximum values of the registered pulsations and their associated
pressure are recorded, the pulse curve is analysed. In real conditions, the amplitude
often does not increase/decrease smoothly (depending on whether the cuff pressure
is below or above the mean arterial pressure, Pn,,). This can be caused by
ventricular extrasystoles, characterised by the generation of a large amplitude, as
well as artefacts due to movement during the measurement. The presence of signals
with amplitudes that disrupt the bell-shaped nature of the envelope curve can
corrupt the measurement and lead to incorrect results. Fig. 3 shows such a
disturbance for pulsation By in red and blue, which disrupts the nature of the
envelope curve. To eliminate such parasitic signals, an amplitude analysis is
applied to all recorded values in the array BP[0][M].
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Fig. 3. Artefact and interference removal
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Provided that:
1) By =2 Bg41 UBy < By
The value of By is determined by the expression:

(2) By, = (Bk+1';'3k—1)

After checking and correcting the amplitudes of the pulse curve, the
systolic and diastolic pressure values are determined. The systolic pressure is taken
as the pressure corresponding to a pulsation in the array with an amplitude of
0.5 of B,,m. The processing of the BP[O][i] array is carried out in the region for
ig, <1< 100. The calculated systolic pressure must satisfy condition (3), where
Psys is equal to the associated pressure for a pulsation belonging to the right half of
the oscillometric curve with pressure greater than Py, and amplitude 0.5(Bym).

3) Psys = 0.5(BP[1][ ipmm ]) kato Bg = 0.5(BP[0][ igmm 1)

The determination of diastolic pressure is carried out after analysing the
left half of the oscillometric curve, i.e. for all indices of the BP[O][i] array,
where 0 < i < igym. Diastolic pressure must be less than P, and satisfy
condition (4):

4) Pyig = 0.65(BP[1][ igmm 1) kaTo By = 0.65(BP[0][ igmm 1)

Usually, the BP[0][M] array does not contain amplitudes with the desired
values. Assuming the closest values that satisfy condition (3) for systolic and (4)
for diastolic pressure would lead to significant errors. For this reason, interpolation
iS necessary to determine both the desired amplitude for the respective pressure and
the associated static cuff pressure.

Discussion of results

To simplify the task, it is assumed that the amplitude changes linearly
between two adjacent pulsations of the oscillometric curve. The processing of the
recorded data in the BP array starts from the index with the largest value, i = M,
corresponding to the highest cuff pressure (Fig. 4). The most general case is
considered, in which the desired amplitude B, corresponding to the systolic
pressure, falls between the values of the amplitudes By and By.. The section of the
envelope curve to the left of By
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Fig. 4. Determination of systolic and diastolic BP

Then conditions (5) and (6) are valid for Bs and Ps, with processing carried
out from the By, index to the end of the BP array.

(5) Bk <Bs <By41
(6) Py > P > Pryq

An interpolation step A, is adopted, which is determined by expression (7).

(Bk+1—Bk)
(1) dp=—

For the desired pulsation with amplitude Bs, the number of increments N
added to By is determined.

— (0-5(Bmm)_Bk)
6 N =R

where:
€)] B, = B, + NA,

The same number N (8) of interpolation steps must be applied for the
pressure in the range (Py, Py+1). For this purpose, the interpolation step (10) in the
pressure range is determined:

_ (Pk=Pr41)
(20) Ap— oo
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The systolic pressure is obtained from dependence (11).
(11) Py =P, —NA,

Diastolic pressure is determined similarly, but it should be noted that the
analysis of the pulsation amplitudes recorded in the BP array is performed from
index 0 to index Bym, i.6. 0 < i < igmm-

For By and Py, conditions (12) and (13) apply.
(12) By > By > Byiy
(13) B> Pg>Ppyy
The interpolation step is accepted Ay, defined by the expression (14).

_ (Bp=Bn41)
(14)  Ap= 100
The desired pulsation with amplitude By is determined by the number of
increments N added to Bp+q

0-65(Bmm —Bn )
(15) Ny = CEPmmitnes

The same number Ng;, (15) of increments must also be applied to the
pressure in the range P, — P,.1. For this purpose, the interpolation step (16) in the
pressure range is determined:

_ (Pr=Ppiq)
(16) Ap— oo

Diastolic pressure is determined by the dependence:

(17) Piig = Ppyq + NAp

Conclusion

During the reference measurements performed using the Korotkoff method
(with a stethoscope and sphygmomanometer), as well as with a TRANSTEK
device operating on the oscillometric method principle, measurement deviations of
+5/-4 mmHg for systolic and +2/-3 mmHg for diastolic pressures were achieved,
from which it can be concluded that the described measurement method allows for
reliable and accurate determination of blood pressure. The reviewed algorithms
have been applied in various devices and have shown good results. The described
algorithm has been implemented at the Oxylife Sofia medical centre, on the BeOnl
psychophysiological research equipment, and in a bilateral stimulation system for
treating post-traumatic stress.
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OTCTPAHSBAHE HA APTE®AKTHU B OCHHWWIOMETPUYHATA KPUBA
TP UBSMEPBAHE HA APTEPUAJIHOTO KPBbBHO HAJIATAHE

C. Tanes

Pe3iome

ApTepHanHOTO KPHBHO HAJSTaHE € €IWH OT Hai-BaXHUTE KUIHEHH
rapaMeTpy Ha TOINIOKPBBHUTE OPTaHU3MH, IPSIKO CBBP3aH C TSAXHOTO OLEIABAHE.
Tasu cratusg npeacTaBs METOJ 3a U3MEPBAHE HA apTepUaIHO KPHBHO HAJSTaHE C
MOMOIITa Ha OCIMIIOMETpUYeH MeToz. OOCEKAAT Ce anTroOpuTMHU 3a 00pabOTKa Ha
OCIIIJIOMETPUYHATA KPHBa, KaTo 0COOCHO BHUMAaHHUE ce 0OphIa Ha IPEMaxBaHETO
Ha Hapa3I/ITHI/ITe CHUTHAJIM, 3aIllMCaHHu IIO0 BpeMe Ha I/ISMepBaHeTO, KaTo mym u
apreakTd OT eJEKTPUYECKM U MeEXaHW4YeH npousxoi. JleMoHcTpupaHo e
OTIPENICIITHETO HAa CHCTOJHOTO M JHACTOJIHO apTEepPHAIHO KPHBHO HaJsTaHE.
[IpemioxkeHUAT METO € TIPIIIOKUM B a6pOKOCMUYECKa MEIUITMHCKA amaparypa 3a
HENPEKbCHAT MOHUTOPUHI HAa apTEPUATHOTO KPBHBHO HANATaHE MPU NWIOTU U
KOCMOHABTH U3ITBJIHSBAIIY JICHHOCTH B €KCTPEMHH YCIIOBHSI Ha padoTa.
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Abstract:

The design and evaluation of secondary power sources and systems using simulation and
models are discussed. Experiments with electronic circuits are performed. The models allow
measurement and visualisation of various parameters as well as analysis of the results. Micro-Cap,
TINA-TI, MultiSim, and Symetrix software products are used. The simulation helps to understand the
basic characteristics, analyse and tune electronic circuits, and study processes in secondary power
sources and systems.

Introduction

The power supply of aerospace equipment (AE) is carried out by two
cooperative systems: the primary power supply system (PES) and the secondary
power supply system (SES). The purpose of the PES is to convert non-electrical
energy into electrical energy. In most cases, the PES, in terms of stability and
voltage, is not suitable to power AE, which determines the use of secondary power
sources (SPS) and PES designed according to the requirements of specific users
and operating conditions. The main energy source of the spacecraft is usually the
solar battery, which, together with the batteries, primary pulse converters, power
automation, cables and connectors, forms the primary onboard network, which in
some Russian spacecraft and aircraft has a constant voltage varying in the range
from +24 V to +34 V. Voltages of positive and negative polarity are used in the
power supply of AE. In the case of unmanned aerial vehicles, stable voltages with
values of +3.3 V, +5 V, etc., are usually applied to digital electronics, and
+6 V, +12 'V, etc. for actuators.

The developed circuit and design solutions of the SES are tested for com-
pliance with the normative documents and are checked during aerospace flights.
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When designing specialised SPS and SES for AE, the following shall be
taken into account:

- The characteristic features of the equipment and the specific scientific
experiment;

- Operating conditions: outer space; artificial atmosphere in an airtight
compartment; mechanical loads at launch; flight; maneuvering and transport;
radiation conditions; thermal regimes, etc.;

- The electromagnetic compatibility on board the aerospacecraft.

With qualitatively performed design, research, adjustment, and
optimisation of the SES, the main parameters of the SES are improved.

Micro-cap software product

With the Micro-cap software product [1, 5], the following analyses are possible:

- Transient analysis;

- Frequency analysis at a small signal: amplitude-frequency characteristic,
phase-frequency characteristic, and Bode diagram (AC analysis);

- Direct voltage and current transmission function: transmission function;
volt-amper response and family of static transmission characteristics (DC analysis);

- Dynamic DC analysis;

- Dynamic AC analysis;

- Sensitivity analysis of the equivalent circuit for constant voltages and
currents to changes in the parameters of the components (Sensitivity analysis);

- Transfer Function analysis;

- A series of calculations when changing one or more parameters (Stepping);

- Statistical processing (Monte Carlo);

- Fourier analysis;

- Graph calculation of the dependency of certain characteristics
(Performance);

- Study of the temperature instability of the model.

The model of a transformer flyback SPS shown in Fig. 1 contains
parameters of standard manufactured components, whereby the simulation of their
joint operation is as close as possible to the real processes. Shown in a rectangular
frame next to the corresponding element are the values of currents calculated by
the software (blue colour) and dissipated power (red colour). Some of the
parameters from Fig. 1 are observed in Fig. 2 sequentially from top to bottom: gate
voltage Vdrv on transistor X13; current sensor voltage Vsense; drain voltage Vdrain
on transistor X13; secondary winding current Isec; secondary voltage Vvsec and
output voltage Vout.
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Software product TINA-TI

The TINA-TI software [9, 10] is free of charge and has been developed by
Texas Instruments. Fig. 3 shows a model of a step-down SES, and Fig. 4 shows its
start-up process and analytical dependencies for the capacitor Cg; and chokes L.
Fig. 5 shows a model of a transformer flyback SES for three output voltages
V_out6, V_(C6), and V_(C8). Due to the high output current at the relatively low
output voltage V_out6 = 3.3 V, a synchronous rectifier was implemented with the
transistor Q2 and elements D4, D5, and R4 to increase the efficiency of the
converter. Fig. 6 shows a model of a transformer flyback SES with a controller
UCC2860. The time diagrams from Fig. 7 and Fig. 8 refer to the model in Fig. 6.
From the first graph in Fig. 7 for the output voltage, the pulsations from peak to
peak can be reported, and from Fig. 8 in green, three half-waves of the start-up
readjustment process are visible for the time interval At =3 + 8 mS.

Multisim software product

The first versions of the software were called Electronics Workbench. The
Multisim Education version is designed for educational institutions and contains
prepared solutions and manuals. Fig. 9 demonstrates the capabilities of the
Multisim program [3-5] for simulation of forward SPS with two key transistors X1
and X2. The Multisim element library contains more than 2000 SPICE models. The
Convergence Assistant tool automatically corrects modelling errors. The
disadvantage of Multisim is the high load on the processors and memory of
Multisim when working with large circuit diagrams.
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Fig. 1. Model of transformer flyback SPS with Micro-cap

229



SIMetrix software product

The SIMetrix software product [2, 6-8] uses two publicly available models
(SPICE and XSPICE) and is characterised by high performance. There is an

efficiency calculator and a Bode probe. In transformer models, not only can t
hysteresis curve be set, but also the value of the air slit. Fig. 10 shows the model
the flyback SES, and Fig. 11 shows its starting process. In Fig. 12, the model of t

he
of
he

step-up SPS is presented, and in Fig. 13 are its Bode diagrams (amplitude and

phase characteristics of feedback).

15.00 S_ncp.cir
E,_WEE::: o
0.00
0.00u 40.00u 80.00u 120.00u 160.00u
V(DRV) (V)
T (Secs)
1.50

0.00u 40.00u 80.00u 120.00u 160.00u 200.

T (Secs)

150005 56y 30.00u 80.00u 120.00u 160.00u 200.

VIDRAIN) V)
T (Secs)
£.00 T T i T
“2:0% bou 40.00u 80.00u 120.00u 160.00u 200.
HSEC) (A)
T (Secs)
7.00, . - .
5-"“;_‘*';-:.._ L b.\ . _k""\ . h“\ R k“ [ k R h‘
8005 5au 30.00u 50.00u 120.00u 160.00u 200.
VIVSEC) (V)
T (Secs)

6.53

830 i e e M e B e e N e
8156 bou 20.00u 80.00u 120.00u 160.00u 200.
VOUT) (V)
T (Secs)
Fig. 2. Time diagrams with Micro-cap of transformer flyback SPS from Fig. 1
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Fig. 3. TINA-TI model of a step-down SPS filled with a TPS40200 controller
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Conclusion

Simulations and models of secondary power sources and systems have
been implemented using four free software products. With the considered
instruments, the following are analysed: frequency characteristics; start-up
processes; switching pulse powers; virtual meters; transients; and static modes in
terms of current, voltage, etc.
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CUMVYJALUA U MOJEJIX HA BTOPUYHU TOKO3AXPAHBAILIIA
N3TOYHUIU 3A AEPOKOCMMWYECKHU CUCTEMH

Hagnun I'pamamuxos

Pesrome

Pasrexnar ce MpoeKTUpaHETO U OLIEHKAaTa Ha BTOPUYHU TOKO3aXpaHBaIU
M3TOYHMIIM W CHCTEMH C TOMOINTa HAa CHMyJaunus W Mojenu. V3BbpiieHn ca
EKCIIEPUMEHTH C eJIEKTPOHHH CXeMH. MOJENnTe TIO03BOJISIBAT H3MEpBaHE W
BU3yaJM3MpaHe Ha Pa3UYHU MapaMeTpH, KakTO M aHali3 Ha pe3ylTaTHTe.
Uznonsear ce nporpamuute nponyktu Micro-Cap, TINA-TI, MultiSim u SIMetrix.
Cumynanmsara momara Ja ce paz0epar OCHOBHHTE XapaKTEpHUCTUKH, aHAIU3BT H
HACTpOWKaTa Ha EJIEKTPOHHUTE CXEMH, KaKTO W MPOIIECUTE BHB BTOPUYHUTE
TOKO3aXpaHBAILld U3TOYHHULIU U CHCTEMH
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Abstract

In this paper, the Single-shooting method is applied to design a coplanar orbital transfer
trajectory for an artificial Earth satellite. The satellite moves in a central force field, taking into
account the central body (the Earth) oblateness (J2 zonal coefficient). During transfer trajectory
computation, the state vector is propagated numerically, and a state transition matrix is used to
determine how small disturbances in the initial velocity vector affect the final position vector. For this
purpose, the so-called Hohmann coplanar transfer (altitude change) is used as a validation case. The
numerical results are presented graphically and discussed thoroughly.

Introduction

The single shooting method is a numerical approach to solving boundary
value problems (BVPs) for ordinary differential equations (ODEs). The method
essentially reduces the boundary value problem to a system of ODEs with initial
conditions (initial value problem — IVP) that is easier to solve.

The single shooting method is relatively easy to implement. The method
works well with problems that are less sensitive to initial conditions, yet difficulties
are expected in solving stiff problems, such as divergence or instability during
iterations.

Coplanar manoeuvres such as Hohmann, bi-polar, and one-tangent burns
have already been thoroughly investigated and formulae developed in many
textbooks in Astrodynamics, such as Vallado [1], to name but a few. In particular,
Hohmann orbit transfer analysis concerning national security issues has been
carried out by Marinov in paper [2].

The current study presents a numerical implementation of the single-
shooting method to perform a co-planar Hohmann orbital transfer. Rather than
conducting theoretical research, the current study focuses on the numerical
algorithm stages to bring the problem to successful completion.
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Governing equations

A solution to the following IVP describes a satellite motion in a central
gravitational field (two-body problem) expressed in Earth-centred inertial (ECI)
reference frame:

(1) X = r _ 03 Lallr r=||rllz=m
7090 0l )= ()=,

where two potential functions U and Uy, taking into account the second zonal
harmonic coefficient J2 = 1.08262668E-3, are defined as follows. The Earth is
regarded as a potential well, hence the negative sign.

_ ko _ Hy(Re)|3(2Y) L
@ U= r Yo = rjz(rj{Z(rj 2}

The inclusion of J2 accounts for the Earth's deviation from perfect
sphericity due to the equatorial bulge. The J2 perturbation, in turn, affects the right
ascension of the ascending node Q (line of nodes precession) and the argument of
perigee o.

The gradient of the potential function VUJ2 was computed symbolically by
the SymPy package implemented in GNU Octave. For example, the partial
derivative 0U3,/0x was reported as shown in Fig. 1.

Command Window F X
>> pkg load symbolic ~
>> 3yms X y z r U J2 RE mu

>> r = sqrt(x"2 + y*2 + z"2);

>> U = -mu/r*J2* (RE/r) "2* (3/2* (z/r)"2 - 1/2);

>> dudx = diff (U, x)

dudx = (sym)
/ 2 \
2 | 3*z 1]
3*J2*RE *mu*x*|--——-—-————————— - -
2 2 |/ 2 2 2\ 2]
3*J2*RE *mu*x*z \2*\x +vy + z / /
_________________ b
7/2 5/2
/2 2 2\ / 2 2 2\
\x +vy +z/ \x +y +z/

Command Window Documentation Variable Editor Editor

Profiler

Fig. 1. SymPy exemplary session
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After computing gradients VU and VUj;, and replacing them in (1), the
following formulae for acceleration vector dv/dt components are obtained:

ool oo

(3) a :_ax

ot da e [o(

This constitutes a system of 6 first-order ODEs in terms of the state vector x.

The state transition matrix ®(t,tp) is a fundamental term in a linearised
celestial mechanics problem. It is used to propagate small deviations in the initial
state (a.k.a. differential correction). In the case of non-linear equations

@ x(t)="f(xt)
the perturbed state 6x(t) might be derived from initial deviation 6x(t;) as follows
G ox(t)=0(t,t))ox(t))

Equation (5) is required to compute small deviations 8V, necessary to
diminish deviation from the desired position 6r;

or| ||®,(tt) @, (tt)|]or
vy @, (tt) D, (t.t)[[SV,

The immobility constraint implies 6r, = 0. If the final velocity deviation dv; is left
unconstrained, then the initial velocity is amended in accordance with the formula

-1
(M) OV, =D,(t,t,) or,

Besides the state vector X, the state transition matrix @ is propagated too.
The initial conditions x(t;) can be adapted to obtain a numerical solution x1(t1)

near the desired values Xq4(t;). Hence, a humerical solution to the following VP of
36 first-order ODEs is sought in addition.

®  D(tt)=A(t)D(tLt) D(t,t,)=1

where the block matrix A is
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da, o0Oa, o0a,

oXx oy oz

Ous s da(x,t) |loa, oda, oa,

©  Alt)= %ﬁ’t) 0,55 o |ex oy oz
da, o0a, O0a,

oXx oy oz

Partial derivatives oa(X,t)/or are obtained as excessively large by SymPy
even after applying simplification. This is the reason why the following formulae
derived in thesis [3] have been adopted instead:

oa, u 3 15 J,R? 105 J,R?
:—{3x2 —r? —EJZRg e LR T B

oX r 2 r 2 r
%Z&L‘Xy 1+§‘]2R<§ _§‘]2Ré 72

oy re 2 r? 2 rt

0a, _3uxe(, 15J,R; 35J,R; .

0z re 2 r? 2 r!

(10)

X X

X oy oy xoy x o xor
, _da, ia,_03,

X « Z

oa, _oa,. @ _yoe a. % _yo

oX oz oy oz

2 2
%, :ﬁ{—errB[zz—ngR; +E—J2r§® 22_§—‘]25® z“ﬂ

oz r’ 2 2 r

The single-shooting method is depicted schematically in Fig. 2. Given
certain initial conditions x(t0), the propagated vector x(t1) differs from the desired
value x4(t;) by some error 6x(t;). The error is then backpropagated (6) to work out
the initial vector value necessary for achieving the desired outcome. In most cases,
it only takes a few iterations to succeed. The process is repeated until the Euclidean
norm of the absolute error vector ||ox(ty)|l. becomes sufficiently small. Alternative
definitions of residual are also acceptable.
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x(to) = [ro, vol” Xa(t1) = [rg, va]”

x(t1) = [ry, v4]"

Y
&x(ty) = [6r, 6v]T

Fig. 2. The single shooting formalism

Initial conditions
Xo=[ro, U], Po =1

Update initial velocity Propagate within At
vy += vy X =FX, b=A®

Calculate new velocity Compute error
oyg = (DT-V715T1 or|= rd(tl) = l'(t-l)

/ vy converged )

Fig. 3. Computational steps taken by the single shooting method, [4]
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The single shooting algorithm is depicted in Fig. 3 as a flowchart adopted
from Ref. [4]. To start with, initial values (ECI reference frame) are assigned to the
state vector whilst the state transition matrix is initialised with identity one. Both
the state vector and the state transition matrix are propagated, and the final position
is compared to the desired one. In case of a large difference, the initial velocity is
updated according to formula (7). The transfer trajectory is propagated until the
error vector r; becomes sufficiently small.

The desired position is computed by altering the flight altitude, which is
essentially a manoeuvre confined within the orbital plane. It suggests the position
vector r(ty) is simply enlarged, for example, by a factor 2Rg

1y (a)=ﬁ2%

Two transfer trajectories with two bursts are computed: the first burst
deviates from the initial orbit, and the second burst fine-tunes what is expected to
be a final orbit.

The GNU Octave function ode45 is used in the current project to propagate
both the state vector and the state transition matrix. The function implements the
explicit Dormand-Prince method of order 4, [5]. It is only capable of solving
(systems of non-stiff) first-order ODE(s), which is yet another reason why the
governing equations (1) are written in vector form.

Results

Consider the following osculating Keplerian elements as initial conditions:

e Semi-major axis a==8639 km

e Eccentricity e =0.1869

e Inclination i =34.28 deg
e Argument of perigee ® = 331.9 deg
¢ Right ascension of the ascending node Q =348.7 deg
e Mean anomaly M =19.22 deg

Before commencing iterations, these elements must be converted to
position and velocity vectors in the ECI reference frame. An excellent tutorial on
conversions between [r, v]" ECI vector and Keplerian elements might be found in
link [6]. The resulting initial ECI vector x, = [ro, Vo]" at epoch 0 is (units are km
and km/s) x, = [7021, —1393, 5.459, 1.890, 6.409, 4.537]"
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Fig. 4. Numerical results

In Fig. 4, the initial orbit, two transfer trajectories, and final orbit are
depicted next to kinetic, potential, and total energy graphs. The total energy
remains constant along each orbital segment as expected. Shaded regions (green
and orange) make it easier for the reader to discern two consecutive transfer
trajectories in the graphs. The potential energy is always negative, for the reference
altitude has been chosen at infinity.

In the current case study, the norm 2 of the absolute error approaches zero
rapidly. It takes the algorithm only five iterations to converge, as shown in Fig 5.

5000
= Transfer trajectory one
Transfer trajectory two
4000
E
x
5 3000 /
@
2
=}
'S 2000 |
@
e
<
1000
0 . .
1 2 3 4 5
Iteration

Fig. 5. Numerical solution convergence
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Conclusion

The presented implementation of the Single Shooting Method is a
prerequisite for performing more complex manoeuvres, including noncoplanar ones.
In addition, the developed source code in GNU Octave might be used as a testbed for
further project improvement. The code might be downloaded from link [7].

Multiple shooting and Finite differences are alternatives to the Single shooting
method. These methods distribute nonlinearities and improve numerical stability.
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OPBUTAJIEH PABHUHEH TPAHC®EP KATO T PAHUYHA 3A/IAYA
K. Memooues

Pe3rome

B HacTosmata cratus € JIEMOHCTpUpaH ,,MeToabT Ha cTpeidara™ 3a
MIPOEKTHpaHEe HAa NMPEXOJAHU PAaBHUHHM TPACKTOPUHM Ha ABMKEHUE HAa W3KYCTBEH
CIBTHUK Ha 3eMsTa. COBTHUKBT C€ JIBUXKH B IIEHTPAJIHO CHJIOBO IIOJIE C OTUYMUTAHE
Ha CIUIECHATOCTTA Ha LEHTPAIHOTO TsuI0 (30HaneH koeduimeHt J2). ITo Bpeme Ha
InpeCMATAaHE Ha IpeXoaHaTa TPAaCKTOpUsA CE€ H3YUCIIABAT KAKTO BCKTOpA, TakKa U
MpexoAHaTa MaTpula Ha ChCTOSHHUETO, 3a J1a ce pa3depe Kak MaJIku CMYILEHHS B
HavajHaTa CKOPOCT OTKJIOHSBAT KpaiHaTa TOYKAa Ha TPAeKTOpHsTA. 3a Ta3u el
T. Hap. ,,I'panchep Ha Xoxman“ (mpomsiHa Ha BHCOYMHATA) € M3MOJI3BaH 3a
Banuianus. YucineHuTe pe3ynaTaTH ca NpeAcTaBeHd IpaduuHO U 0OCHIEHH
M34YEpIaTENHO.
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Abstract

Methods for stabilizing the external device have been investigated and proposed based on
the study of the mechanism for the occurrence of oscillations of the external device and the
mathematical description of the dynamics of movement of the "Helicopter—external fire extinguishing
device" system, consisting of synchronizing the movement of the helicopter and the external device in
flight and creating a rotational movement of the device around the vertical axis coinciding with the
central cable for attachment to the helicopter.

Introduction

Over the past two decades, the role of aviation in combating forest fires has
been increasing, as fires are becoming more numerous, threatening larger areas and
settlements. Along with the use of specialised aircraft, the use of various types of
helicopters and various types of external fire extinguishing devices of the “Bambi
Bucket” type (“BB4453”, “BB5566”, “BBHL5000”, etc.), manufactured by
SEI Industries LTD, Canada [1], is increasing. In the Republic of Bulgaria, one
Mi-17 helicopter and several AS532AL Cougar helicopters [2] with an external fire
extinguishing device “BB4453” with a capacity of 2,000 | are used in fire
extinguishing operations. However, the prediction of the behaviour of the external
fire extinguishing device during dynamic changes in helicopter flight parameters in
the environment is carried out primarily based on the experience of individual flight
crews. This is because the dynamics of the external fire-extinguishing device in the
flight of a firefighting helicopter have not yet been studied in sufficient depth.

To increase the safety of helicopter firefighting with an external fire-
extinguishing device, it is necessary to thoroughly study the characteristics of the
external device's dynamic stability and their effect on helicopter behaviour in
flight. Then, it is necessary to develop a set of methods, techniques, and modes of
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using a helicopter with an external fire-extinguishing device for performing
aviation activities in extreme conditions, such as extinguishing forest fires,
especially fires located in mountainous areas with highly rugged terrain.

Main issues for the flight dynamics of a helicopter with an external
fire-extinguishing device

One of the main problems is the identification of airflow disturbances taking
into account the complex aerodynamics of the flow around the blades of the main
propeller, fuselage, and tail rotor, as well as the identification of the characteristics of
the aerodynamic flow around the external device. Another main problem is the
determination of the boundaries of the dangerous zones for the deviation of the
moving elements of the structure relative to the external fire-extinguishing device,
for warning when approaching critical and emergency situations.

It is necessary to study the processes and develop effective methods for
extinguishing the oscillations of the external device in flight. Methods for manoeuvring
the helicopter with an external fire-extinguishing device must be developed and
subsequently tested in aviation practice. It is necessary to study the process of "falling"
of the helicopter in flight, in which the length of the central cable for attaching the
external device to the helicopter changes almost instantly, which affects the oscillation
period of the external fire-extinguishing device.

To study the dynamic motion of a helicopter with an external fire-
extinguishing device, it is necessary to develop complex mathematical models. In the
considered system “Helicopter—External Fire Extinguishing Device”, in complex
spatial motions, the degrees of freedom reach almost fifty. The Lagrange-2 method is
not suitable for solving differential equations of motion of systems with many
degrees of freedom and a set of non-potential forces, especially in the case of control
systems with feedback-based regulation algorithms.

One of the most important issues for ensuring the safety of firefighting
flights with helicopters and external devices is the creation of aviation simulators
for training flight crews, in which the aerodynamics and flow dynamics of the
helicopter and the external device can be reproduced as a dynamic system with
many degrees of freedom, under non-potential forces and control effects.

Developing methods to dampen oscillations of an external device attached
to a central cable on a helicopter in flight is very important because the helicopter
has some of the most difficult and dangerous flight modes to control. These
dangers associated with helicopter control in flight increase when the helicopter is
considered as a single system with the fire-extinguishing device.

On the other hand, there are requirements in several international
documents developed by international and national organisations [3-6] that require
further research into the issues of formalising procedures for assessing aviation
safety when performing helicopter flights with an external fire-extinguishing
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device for extinguishing fires. The International Civil Aviation Organisation
(ICAO) develops standards, regulations, procedures, and recommended practices
on aviation safety, which are disseminated to aviation operators worldwide.

Aircraft flight safety assessment based on ICAO standards

ICAO Annex 19 contains comprehensive provisions applicable to safety
management functions related to or in direct support of the safe operation of
aircraft. It emphasises the importance of State safety management in several
aviation areas [7]. The annex provides recommendations to complement the State
(national) Safety Programme (SSP) and Safety Management System (SMS)
frameworks. The annex also includes recommendations (provisions) for State
monitoring and oversight of aviation safety (through specialised State bodies), as
well as an obligation to collect, analyse, exchange and protect safety information.

Safety Management Standards and Recommended Practices are designed
to assist States in managing aviation safety risks, in coordination with their service
providers [8]. Given the increasing complexity of the global air transport system
and its interconnected aviation activities required to ensure the safe operation of
aircraft, safety management provisions support the continuous development of a
proactive safety improvement strategy. The foundation of this proactive safety
strategy is based on the development and implementation of a State Safety
Programme (SSP) that systematically addresses safety risks, consistent with the
implementation of safety management systems (SMS) by service providers.

ICAO guidance documents on the principles and concepts of safety
management, the State Safety Programme (SSP) and the implementation of the
safety management system are contained in the ICAO Safety Management Manual
(SMM) (Doc 9859) [9]. To respond to the needs of the diverse aviation community
implementing safety management and to new recommendations arising from the
materials, discussions, and views expressed at the second High-Level Safety
Conference held in 2015, a supplement to the 4th edition of the SMM has been
developed.

The other related and applicable aviation safety document is the
international standard 1S0O-8402:1994 [10]. It provides definitions and terms
related to quality management and quality assurance, as well as tools and
techniques for quality assurance and management.

The following definition is adopted in Doc 9858-AN/460: “Flight safety is
a state of the aviation system in which the risk of causing harm to property or
personnel does not exceed an acceptable level”.

From the analysis of the accepted concept of flight safety, it follows that
“risk is such a state with predictable (definable) possible harmful consequences for
the elements of the system in the studied flight situations, provided that in the
system under some threats a dangerous (or risky) random event R with negative
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consequences of the type of loss Hy may occur”. The concept of risk assessment R
is mathematically defined by the following formula [11]:

(1) R=A(we|uy, Hr, %),

where: A, is an event with a criticality sign (~), separated from the set of possible
events A,e{A;}
wg is an elementary event with a randomness symbol;
Uy is an indicator of the randomness frequency, i.e. how often events of
type A, occur;
T, is a set of conditions that characterise the functioning of the aviation
system, for example, “a helicopter with an external fire extinguishing
device in flight to extinguish natural fires”.

Research shows that formula (1) is universal for many types of air
transport. It allows the level of aviation safety for the helicopter to be determined
by the level of danger, which determines the significance (level) of the risk as the
value of R - an integral function of the estimated amount of danger in the studied
aviation system:

2 R= f(lipHRmo)-

In this regard, it is important to establish the adequacy of aviation practice
to the following recommendations:

- influence of the helicopter on the dynamics of swinging of the external fire
extinguishing device as a pendulum [12]. It is known that if the complex
aerodynamics of the flow around the external device are not taken into account, the
influence of the helicopter is not significant, especially at small initial angles of
deviation of the central cable of the device from the vertical position;

- the mutual influence of the dynamics of the two components of the
connected system "Helicopter-external fire extinguishing device" without external
critical disturbances is sufficiently reliably described as a conservative dynamic
system without damping using the model of an ideal spherical joint [12];

- to assess the influence of the "failure” of the central cable attachment point
of the external device on the magnitude of the device's oscillations, which will
allow the crew to determine control modes when manoeuvring to extinguish the
oscillations.

Of interest is the determination of the degree of influence of the movement
of the point of attachment of the central cable to the helicopter on the studied
system “Helicopter-external fire extinguishing device” and for assessing the
possibilities for damping the oscillations of the external device.
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Some practical methods and means for combating the longitudinal-
transverse swing of the external device are known: reducing the flight speed;
creating vertical and horizontal acceleration of the helicopter, i.e., changing the
movement characteristics of the central cable attachment point. In this case, it is
important to study and determine how the central cable attachment point of the
external device should move to extinguish the oscillations of the external fire-
extinguishing device as quickly as possible.

Damping of external fire extinguishing device oscillations in flight

Let us consider the dynamics of the behaviour of two absolutely rigid
bodies connected by an ideal spherical joint (Fig. 1). In the diagram in Fig. 1,
body No. 1 (m,) is a supporting body, and body No. 2 (m,) is located below body
No. 2 (relative to the Earth), and we will call it a suspended body.

Fig. 1. Diagram of the interaction of two absolutely rigid bodies
connected to each other by an ideal spherical joint

Since an ideal spherical joint connects the two bodies, the interaction

between them can be described by only one force — ﬁcc, applied at the joint. As a
result, the equations of motion of the system of these two bodies can be written as

follows, with the force R... represented as an external force for each of the bodies.

As aviation practice shows, the main tool for damping oscillations is
improving helicopter control manoeuvres, the main manoeuvre being the
movement of the attachment point to the position of the external device. Thus, the
problems with damping oscillations are contained not in the dynamic system itself,
but in the complex manoeuvres of the helicopter and external influences (wind
gusts, rotation of the device, etc.).
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It is known from theoretical mechanics that the dynamics of motion of a

closed independent mechanical system with two degrees of freedom is nonlinear:

©)
(4)

(%)
(6)

(Fi+F) .  F .. F .. .
—=X+—=apcosp ——a@sinp =0,
g g % ¢ P ¢ ¢

L + %aa’c’ cos @ = Fyasin ¢.
After some transformations and partial linearization, we obtain:
(F, + F)% + F,ag — Fya@p?e = 0,
S
Ipd + jax + F,ap = 0.

The frequency of natural oscillations of the individual elements in

antiphase around the centre of mass depends on the length of the central cable I,
and the ratio of the masses m, and m,.

Maneuvering methods to suppress oscillations of the external

fire-extinguishing device
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Several scientific studies [13—15] confirm that the “Helicopter—external fire
extinguishing device” system is a conservative dynamic system without damping.
The main method for damping the oscillations of the external device is to control
the helicopter by moving the Cycle Stick (CS) to perform manoeuvres to “move”
the attachment point of the central cable of the device to the helicopter in all phases
of oscillations.

The most general and rational way to extinguish the lateral sway of the
external device is (if possible) synchronisation of the movement of the helicopter
and the external fire extinguishing device [16, 17], as shown in Fig. 2. For
example, if the external device in the process of swaying has “moved” to the right
with a sufficiently large amplitude and period of oscillation. The crew should
create a right bank and glide, and in this way try to “catch up” with the device.
With the next movement to the left, the next “catch up” can be done faster and
easier.
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Fig. 3. Manoeuvring scheme for extinguishing longitudinal oscillations
of the external fire extinguishing device

i &

A similar method can be applied to eliminate the longitudinal sway of the
external fire-extinguishing device, as shown in Fig. 3. The only difference is that
the longitudinal oscillations of the external device are significantly more dangerous
for the safe completion of the flight. This is due to the fact that in order to “calm
down” the oscillations, it is necessary to apply multidirectional movements of the
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helicopter control stick in the longitudinal direction, so that by changing the pitch
angle 9,; a normal (vertical) force can be created for the “Helicopter—external fire
extinguishing device” system. However, these manoeuvres pose a potential danger
of the main propeller blades approaching the tail propeller blades. It should be
noted that such a method of extinguishing oscillations is significantly complex for
the flight crews and requires significant professional experience and long-term
training in helicopter piloting techniques.

Conclusion

To improve the algorithm for performing aviation procedures for
extinguishing natural fires with a helicopter with an external fire-extinguishing
device and to increase the productivity of activities, it is proposed to use a
technology for working in the fire area in pairs. While one helicopter fills the
“BB4453” with water, the other helicopter empties its external device in the fire
area. Then the first helicopter flies to the fire area, and the other flies along the
route to fill the “BB4453” with water, etc.

Based on the study of the mechanism for the occurrence of oscillations of
the external device and the mathematical description of the dynamics of the
movement of the “Helicopter-external fire extinguishing device” system, methods
for stabilising the external device in flight have been proposed. This involves
targeted control-unit movement to synchronise the helicopter and the external
device in flight and create rotational motion around the vertical axis, coinciding
with the central cable for attachment to the helicopter.

The possibility of extinguishing the oscillations of the external
fire-extinguishing device by performing manoeuvres by the helicopter flight crew
has been studied. Recommendations have been developed for eliminating the
longitudinal and transverse oscillations of the external fire-extinguishing device in
flight.
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OCHUI'YPABAHE HA BE3OITACHOCT HA XEJIMKOIITEP
C BLHIITHO MMOKAPOTACHUTEJIHO YCTPOMCTBO
3A T'ACEHE HA IIOXAP ITPU EKCTPEMAJIHU
METEOPOJIOI'MYHU YCJIOBUA B ITOJIET

H. 3azopcku

Pe3ome

B HacTosiliata cratvsi ca M3CIEABaHU U ca MPEJIOKCHH CIIOCOOM 3a
cTabnim3anysi Ha BBHIOTHOTO MOXKAPOTACHUTEIHO YCTPOHCTBO Ha OCHOBaTa Ha
HU3CJICABAHC Ha MEXaHHM3Ma 3a BB3HHKBAHC Ha KOJ'I66aHI/I$I HAa BBHIIHOTO
yCTpOﬁCTBO U Ha MATCMAaTHUYCCKO OIIMCAHMC Ha IWHAMHWKA Ha IBIKCHHC Ha
cucTeMara ,,XeJIUKONTeP—BBHIIHO M0KapOTacCUTETHO YCTPONHCTBO , CHCTOSIIHU CE B
CI/IHXpOHI/ISaLII/ISI Ha OBUXXCHHECTO Ha XGJ’II/IKOHTepa 1 HAa BBHIIHOTO yCTpOﬁCTBO B
IIOJICT U Cbh3JaBaHC Ha B’preJ'II/IBO JOBIOKCHHUEC Ha yCTpOfICTBOTO OKOJIO
BepTHKAJIHATA OC, ChBIAJaIla C L[CHTpadHWs Kalel 3a 3aKkayBaHE KbM
XEJHUKOMTEpa.
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Abstract

Coordinated swarm attacks with unmanned aerial vehicles (UAVS) require a reassessment
of classical electronic countermeasure (ECM) approaches. Broadband jamming methods are limited
by high energy consumption and insufficient spectral selectivity and controllability. These limitations
motivate the development of algorithmic models in which counteraction is formulated as an
optimisation problem rather than implemented as static emission. This paper presents an approach to
countering coordinated drone swarm attacks against high-value assets based on an algorithm for
adaptive control of electronic countermeasure (ECM) signals. A real-time decision-making model is
proposed to optimise the energy usage of jamming systems by selectively impacting the command and
navigation channels of the attacking platforms.

Introduction

The increasing availability and rapid technological evolution of unmanned
aerial vehicles (UAVs) are reshaping the modern security paradigm. At present,
one of the most significant threats is posed by so-called UAV swarms — groups of
drones operating in a coordinated manner to saturate and overwhelm defence
systems [4]. It has been established that the use of conventional broadband
jamming in urban environments leads to unacceptable levels of electromagnetic
pollution, potentially disrupting critical services such as 5G networks,
GNSS navigation, and specialised security communications.

In this context, developing algorithms that optimise transmitted power
while ensuring electromagnetic compatibility (EMC) becomes a priority research
direction in contemporary security and defence technologies.

To address this challenge, the paper proposes an adaptive algorithm for
controlling electronic countermeasure (ECM) signals based on EMC principles.
Unlike conventional broadband jamming techniques, the proposed model applies
dynamic target prioritisation and selective spectral suppression using notch
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filtering. This approach enables effective disruption of UAV command and
navigation links while minimising interference with critical communication
infrastructure and legitimate radio networks within the protected area.

1. System Architecture of the Detection and Countermeasure Framework

For this study, a multi-layer counter-UAYV architecture is considered, based
on the “Antidrone” system concept. The framework is organised into three
functionally interconnected layers [6]:

1. Sensor Layer — This layer employs multi-sensor data fusion using
RF scanners and radar subsystems. Radar sensors provide kinematic parameters
such as range, azimuth, and velocity, while RF scanners identify the frequency
profile and control protocol characteristics of the detected UAVS.

2. Processing and Decision Layer — At this level, incoming sensor data are
aggregated and processed, and the decision-making logic is executed. A dynamic
threat priority score is computed for each detected target, and an appropriate
countermeasure strategy is selected. Instead of activating all transmitters
simultaneously, the system calculates the required transmission power and
determines the spatial sectors that must be covered, thereby improving energy
efficiency and spectral discipline.

3. Execution Layer — This layer consists of multiband transmitters with
directional antennas and frequency-selective emission capability. Advanced
techniques such as beamforming and notch filtering are applied, which are
fundamental for maintaining electromagnetic compatibility (EMC) while
performing effective electronic countermeasures.

The hierarchical organisation of the architecture, illustrated in Fig. 1,
enables clear functional separation between detection, decision, and execution
processes. Sensor data from radar and RF subsystems are consolidated within a
central decision module, allowing parallel processing and reduced reaction time.
This structure supports reliable delivery of software-defined transmission
parameters to the antenna subsystems and enables rapid adaptive response under
dynamic threat conditions.
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Level 1: Sensor Layer
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(Logic Engine)

DRAAS Algorithm
Threat Assessment
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Decision Layer

B

Level 3: Execution Layer

SDR Multiband Transmitters
(Notch-filtering)

Directional Antenna Array
(Beamforming)

Selective Electronic
Countermeasures

Adaptive RF Countermeasures
Toward UAV »

Fig. 1. Hierarchical architecture of the counter-UAV detection
and electronic countermeasure system

2. Theoretical Model of the Adaptive Control Algorithm

The study examines the operation of the DRAAS (Dynamic Resource
Allocation Anti-Swarm) algorithm, designed to transform a static jamming system
into a dynamic, adaptive countermeasure unit. The operational logic is structured
as a closed-loop adaptive process consisting of sequential evaluation, selective
action, and feedback-based verification.

2.1. Algorithmic Logic and Threat Prioritisation

At the core of the intelligent control mechanism lies a closed-loop
decision-support cycle whose primary function is the accurate assessment and
prioritisation of detected targets. For each UAV within the swarm, the algorithm
computes a dynamic threat coefficient (T,) based on a weighted combination of key
parameters:

Va
1) Ta=wi F+wy S

approach velocity Vg, distance to the protected perimeter D, and received signal
intensity Si; (serving as an indicator of command-link strength). By applying
configurable weighting factors w;, w,, the system can automatically prioritise
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highly dynamic and high-risk targets — for example, assigning greater weight to
rapidly approaching objects. As a result, maximum energy resources are directed
toward the most critical threats (those with the highest T,), while lower-risk targets
remain under secondary monitoring with reduced countermeasure intensity.

The logical sequence of the algorithm unfolds in three main phases:

1. Spectral Analysis Phase — Immediately after detection, the system
performs rapid spectrum scanning to identify active legitimate frequencies within
the protected area. Based on this scan, protected spectral regions (guard bands) are
defined to prevent interference with authorised communications.

2. Execution Phase — Using the computed threat coefficient T, the
algorithm activates selective transmission by combining frequency-domain notch
filtering with spatially selective beamforming. Countermeasure energy is therefore
concentrated only where and when it is required.

3. Verification Phase — RF sensors continuously evaluate the target
response in real time (failsafe-state monitoring). Upon confirmation of successful
neutralisation or link disruption, transmission resources are automatically
reallocated to the next highest-priority target within the swarm [1]. This feedback
loop ensures efficient resource reuse and prevents unnecessary prolonged emission.

RF Spectrum Scanning

Define Goals & Parameters

(Vapp, D, Sint)

l NO

Calculate Detection Coefficient

(Ty)

’75pmml Analysis & EMC Scanming

(Identifying Guard Bands)

B

Generate Notch Filters &
Beamforming Configuration NO (Adjust

Power/Emission)

ACTIVATE Selective Emission
(SDR Transmitters)

Failsafe Mode Check

Terminate Emission &

Switch to Monitoring

Fig. 2. Adaptive decision-making cycle of the DRAAS algorithm
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The graphical representation of the algorithm in Fig. 2 illustrates the
dynamic real-time threat-processing cycle. The system operates in a continuous
monitoring mode and transitions to an active emission phase only when the critical
threshold of the threat coefficient T, is exceeded. A key element of the algorithmic
logic is the introduction of an intermediate spectral analysis stage that precedes
signal transmission. This verification step ensures that countermeasures are not
initiated before protective guard bands for authorised communications have been
properly defined. Such a closed-loop feedback mechanism enables precise
adjustment of the countermeasure effect until complete target neutralisation is
achieved, while minimising the risk of software conflicts and unnecessary energy
allocation within the system.

2.2. Frequency-Selective Isolation Algorithm (EMC-Notch Method)

The primary challenge in countering UAV threats is not merely signal
suppression itself, but the prevention of electromagnetic degradation affecting
legitimate communication systems operating within the same spectrum — including
Wi-Fi networks, Bluetooth devices, cellular infrastructure, and specialised
operational radio services.

To achieve full electromagnetic compatibility (EMC), the proposed
approach applies a form of “surgical” jamming. Instead of emitting conventional
wideband noise across the entire band, the algorithm adaptively synthesises
spectral notches around authorised signals. This enables dynamic spectral isolation,
allowing security and operational communications to remain functional while
UAV command-and-control links are selectively disrupted through digitally
synthesised interference generated in real time [2].

The process is implemented in four principal stages:

1. Spectral Monitoring and Identification — The RF scanner performs
continuous real-time spectrum monitoring. It reports active legitimate frequencies
within the protected area (for example, a local Wi-Fi channel centre frequency).
These signals are classified as protected spectrum users.

2. Dynamic Notch Filter Computation— The algorithm calculates
protective guard bands with adaptive bandwidth around each identified legitimate
signal. The guard band width Af is selected to ensure sufficient isolation margins

and to eliminate the risk of harmful interference [7].

3. Adaptive Spectrum Shaping — The transmitter generates controlled
broadband interference across the target band (for example, within the 2.4 GHz
range), while digitally carving out spectral notches at the frequencies reserved for
legitimate communications. This produces a shaped emission spectrum that
preserves authorised channels while suppressing hostile control links.
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4. Dynamic Spectrum Tracking— The system performs high-speed
continuous monitoring to detect frequency-hopping behaviour and other rapid
spectral changes. When such shifts are detected, the notch filters are repositioned in
near real time, ensuring that protected spectral windows continuously follow
legitimate signals regardless of their frequency agility.

The effect of the proposed algorithm on the radio-frequency spectrum is
illustrated in Fig. 3.

Graph A — Broadband Jamming Graph B — Selective Jamming
(Full Sprectral Blocking) (Frequency Isolation with Notch Filters)
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Fig. 3. Comparative spectral diagrams of radio-frequency impact
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The visual comparison of the energy spectrum in Fig. 3 demonstrates the
practical realisation of the frequency-isolation concept. Under conventional
broadband jamming (Graph A), full suppression across the operating band is
observed. In contrast, the adaptive model (Graph B) clearly reveals software-
synthesised notch filters within the emission spectrum. These precisely defined
spectral notches allow legitimate signals within the protected area to preserve their
integrity and amplitude, even under active electronic countermeasure conditions.
The presented diagrams confirm the algorithm’s ability to concentrate energy
resources exclusively on UAV command-and-control links while maintaining
reliable protective guard bands for critical infrastructure communications.

3. Comparative Analysis of Operational Effectiveness and Energy
Characteristics

The effectiveness of the proposed adaptive model is evaluated through
comparison with conventional broadband electronic countermeasure techniques.
The comparative assessment focuses on electromagnetic compatibility, spectral
purity, energy efficiency, operational resilience under swarm attack conditions, and
response autonomy. The results of the theoretical and architectural analysis are
summarised in Table 1.
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Table 1. Comparative Analysis of Key Performance Indicators

Performance
Indicator

Electromagnetic
Compatibility
(EMC)

Spectral Purity

Broadband Jamming

Adaptive DRAAS
Model

Contribution

Low — full disruption of Wi-Fi, High — notch filtering Preservation of more

cellular, and operational radio
services is likely.

Low — generates wideband
electromagnetic noise across
the operating range.

Constant maximum power

enables isolation of
legitimate signals.

High — selective
spectral suppression
using software-
defined radio
techniques.

Dynamic power

than 85% of protected
network capacity.

Minimisation of
frequency collisions in
dense electromagnetic
environments.

Estimated energy

control based on the

savings of approximatel
computed threat g op y

40-50% during
sustained operation.

Energy Efficiency  COnSUmption ( P ), with

increased thermal stress and

reduced hardware longevity. coefficient Tq )

Automatic resource
focusing on high-
priority or leader

Improved neutralisation
capability against
multiple simultaneous

Resilience Under

Swarm Attack Risk of overload due to lack

of target prioritisation.

Conditions nodes within the targets.
swarm.
Manual operator Cognitive adaptation .
configuration of frequency  to real-time spectral Reductlon of fesponse
Response Autonomy time to the millisecond

conditions with self-
adjusting logic.

The comparison indicates that the proposed algorithm achieves a practical
balance between countermeasure effectiveness and infrastructure preservation. Reduced
energy consumption directly improves hardware reliability and supports longer
autonomous operating cycles, which is critical for continuous protection scenarios.

ranges and emission

scale.
parameters.

4. Prospects for Artificial Intelligence Integration for Autonomous
Cognitive Control

In the context of rapidly evolving autonomous UAV technologies, the
future development of countermeasure systems is closely linked to the integration
of cognitive modules based on artificial intelligence (Al) and machine learning
(ML). The incorporation of such methods enables a transition from operator-
defined response scenarios toward fully autonomous, real-time adaptive protection.
Three principal development directions can be identified.

e Autonomous Signal Signature Recognition (RF Fingerprinting)

Instead of relying solely on static libraries of known frequency profiles and
protocols, Al-based models enable deep signal decomposition and feature
extraction. By applying neural network architectures, the system can identify
previously unknown or modified control protocols based on micro-anomalies and
fine-grained spectral features. This capability supports detection of zero-day or
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obfuscated command links that may not be recognised by conventional RF
scanning techniques [8].

e Predictive Energy Resource Management

Predictive analytics models enable forward-looking allocation of countermeasure
energy resources during swarm attack scenarios. An Al module can estimate likely
trajectories and behavioural patterns of UAV groups and pre-position directional
countermeasure beams accordingly. Through predictive beam steering and timing
optimisation, countermeasure energy can be concentrated within a narrow spatial
sector milliseconds before a target enters a critical zone. This approach reduces total
emission time and prevents unnecessary load on high-power amplifier stages.

o Self-Adaptive Electromagnetic Compatibility Control (Self-Healing EMC)

One of the most significant advantages of Al integration is the ability to
construct and continuously update dynamic spectral maps of the protected
environment. The system can autonomously identify and classify legitimate
communication signals — including next-generation wireless and broadband
services — and maintain real-time protected-frequency whitelists. This reduces
operator dependency and minimises configuration errors in notch filter placement.
As a result, stable electromagnetic compatibility can be maintained even in rapidly
changing and congested spectral conditions [5].

Conclusion

The results of the study demonstrate a substantial improvement in counter-
UAV protection effectiveness under high-density aerial threat scenarios. The
proposed algorithm replaces static broadband jamming with a dynamic, resource-
optimised model of selective electronic countermeasures, directly addressing the
key practical constraint in modern systems — the trade-off between required
transmission power and electromagnetic compatibility [3].

The developed DRAAS algorithm introduces a formalised framework for
threat prioritisation, frequency-selective spectral isolation, and a closed-loop
verification process with real-time feedback. The combined application of these
mechanisms leads to measurable gains in energy efficiency, reduced spectral
interference, and increased resilience against large-scale swarm attacks. The
integration of optimisation-driven control logic, EMC-oriented spectral shaping,
and adaptive transmission management forms a unified architectural basis for
algorithmically controlled electronic countermeasure systems.

Future extension through Al-based modules for signal signature
recognition, predictive resource allocation, and autonomous EMC adaptation
outlines a transition toward cognitive counter-UAV platforms with a high degree of
operational autonomy. This positions the proposed approach as a sustainable
technological foundation for next-generation intelligent electronic protection
systems based on balanced active intervention and controlled spectral impact.
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AJITOPUTMU 3A AJAIITUBHO YIIPABJIEHUE HA EHlEPFI/IfIHI/ISI
PECYPC IIPM PAJUOEJIEKTPOHHO IMTPOTUBOAEUCTBUE
HA TPYIIOBHU ATAKH OT BJIA

@. Hnues, I'. Comupos

Pe3rome

Koopnunupanute ataku c¢ posuu BJIA HamaraT mnpeocMHCIsHE Ha
KJIACHYECKHUTE TOAXOIM 3a PATUOETCKTPOHHO MNpoTuBojeicTBHEe. OCHOBHHTE
OTpaHWYEeHHsI Ha MIMPOKOJICHTOBUTE METOJIN 32 3arilylliaBaHe ce U3pa3qBaT He CaMo
BbB BHCOKAaTa €HEpPruifHa KOHCyMallds, HO W B JIMIICaTa Ha CIIEKTpaJlHa
CEJIEKTUBHOCT M  KOHTPOJHUPYEMOCT Ha  Bb3JeWcTBUETO. ToBa  Hayara
pa3paboTBaHETO Ha ANTOPUTMHYHHM MOJCIH, MPHU KOUTO MPOTHUBOJCHCTBUETO Ce
peanu3upa Karo ONTUMM3ALMOHEH MpOIEC, a HEe KaTo CTaTWUYHO W3Ib4BaHe. B
CTaTUsITa Ce HW3ClieABa MPOOJEMBT C HapacTBalllaTa 3aluiaxa OT KOOPAWHHPaHU
aTaK| C IPOHOBE (POSIIH) CPENTy OOCKTH C BUCOKA CTEIICH Ha 3HAYMMOCT. DOKYCHT
€ BbPXY pa3paboTBaHETO Ha AJTOPUTHM 32 aJIalITUBHO YIPaBJICHUE HAa CUTHAJIUTE
3a paJMoENIEKTPOHHO NpoTuBoAekcTBUE. Ilpeanmara ce Monen 3a B3eMaHE Ha
pelIeHnsl B peajHo BpeMe, KOWTO ONTHMH3NpA SHEPTUHHUS PEecypc Ha CUCTEMHTE
3a 3aryylaBaHe upe3 CEJIeKTHBHO BH3/ICHCTBUE BhPXY KaHAIHTE 3a YIPaBICHHUE U
HaBUTAIUA HA aTaKyBaIIUTE TUIAT(HOPMHU.
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Abstract

This study investigates the corrosion behaviour of aluminium alloy AA7075 (B95),
reinforced with 0.1 wt.% nanodiamond powder and tungsten. Two sets of alloy samples were stored
for 28 months under different conditions: ‘“reference” — under natural terrestrial conditions, and
“space” — in outer space, mounted on the International Space Station (ISS). The corrosion resistance
of both sample types was evaluated using gravimetric and electrochemical methods in a 3.5% NaCl
solution. Despite similar average corrosion rates (~0.06 mm/year), significant differences in surface
corrosion morphology were observed. The ,,space” samples exhibited deeper pitting and localised
corrosion along specific microstructural phases, whereas the , reference” samples demonstrated
more uniform surface degradation. Electrochemical tests confirmed enhanced corrosion resistance of
the ,,space” alloy, showing a threefold reduction in corrosion current density and a more positive
corrosion potential compared to the “reference” samples. This behaviour is attributed to
microstructural changes induced by prolonged exposure to outer space, including the formation of a
denser protective Al:Os layer and the migration of alloying elements (Zn, Cu,).

Introduction

The safe operation of high-strength aluminium alloys, which are widely
used as primary structural materials in the aerospace, marine, and automotive
industries, requires accurate data on their corrosion resistance under various
climatic conditions and in aggressive environments. Maintaining the mechanical
properties of aluminium alloys while enhancing structural weight efficiency
without compromising strength and technological performance is a strategic
priority in the development of materials intended for extreme environments,
particularly for applications in outer space. To improve mechanical performance,
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the high-strength aluminium alloy B95 (AA7075) [1-5] was modified with
nanodiamond powder [6] and tungsten.

The 7000-series aluminium alloys possess complex chemical compositions.
The primary role of alloying elements is to enhance mechanical properties;
however, their effects on corrosion resistance vary significantly depending on the
type and concentration of the added elements. Zinc has a minimal effect on
corrosion resistance, but in 7000-series alloys, its presence in combination with
other elements may accelerate corrosion processes [7]. Copper reduces corrosion
resistance in high-strength aluminium alloys [8]. The influence of magnesium on
corrosion resistance is complex and not exclusively positive [9], whereas
manganese typically exerts a slight beneficial effect [10]. Silicon is not a principal
alloying element in AA7075, but when present, it may exert a neutral or slightly
negative effect on corrosion resistance [11]. Iron decreases corrosion resistance and
should be kept at low concentrations to ensure optimal performance in corrosive
environments [8].

In various engineering applications, preliminary data on the corrosion
behaviour of aluminium alloys are essential for material selection and design.
The objective of this study is to perform a comparative analysis of the corrosion
behaviour of aluminium alloy AA7075 (B95), modified with ultrafine diamond
powder and tungsten, after 28 months of exposure to two different environments:
natural terrestrial conditions and outer space.

Materials and Methods
Materials

A material based on the high-strength aluminium alloy AA7075, modified
with 0.1 wt.% ultradispersed diamond powder (UDDP) with particle sizes ranging
from 4 to 7 nm and tungsten, was investigated (Table 1). The initial raw materials,
including aluminium powder, alloying elements, UDDP, and tungsten, were
homogenised using a planetary ball mill. The resulting mixture was melted and
then cast. For the purposes of the study, cylindrical specimens with dimensions of
g 6 mm and a height of 6 mm were prepared. The specimens were stored for
28 months under two different environmental conditions. One set, designated as
“reference” samples (R), was kept under natural terrestrial conditions. In contrast,
another set, designated as “space” samples (S), was mounted on the exterior of the
Russian module “Zvezda” aboard the International Space Station (ISS) [12]. In
space, temperature fluctuated within a broad operational range from —120°C to
+150°C every two hours, depending on the ISS's position. Radiation measurements
were conducted using the Radiation Risk Dosimeter Radiometer (R3D)-R2 solid-
state detector [13], which was also installed on the exterior of the ISS. The
accumulated radiation dose was estimated to be approximately 425 kGy [13-14].
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Table 1. Chemical composition of alloy B95

Al Zn Mg Cu Mn Cr Fe Si Ti W+UDDP
[Wt.%] | [wt.%] | [wt.%] | [wt.%] | [wt.%] | [wt.%] | [wt.%] | [wt. %] | [wt.%] | [wt %]
86.3-91 5-7 1.8-2.8 1.4-2 0.2-06 |0.1-0.025| to 0.5 to 0.5 to 0.1 to 0.1

The microstructure of both types of samples (R and S) consists of an
Al a-solid solution, intermetallic compounds, and several types of structural phases
exhibiting Chinese script-like morphology [15]. After exposure to open space, the
alloy’s microstructure exhibited coarsening. The average size of the Al grains
increased from 30.4 nm (before exposure) to 36.8 nm (after exposure).
Additionally, in the intermetallic MgZn. phase present in the “reference” sample,
isomorphic substitution of zinc with copper cations occurred, leading to the
transformation of this phase into Mg(Zni.ssCuo.02), accompanied by an increase in
particle size from 15.1 nm to 22 nm [16].

A HIROX 5500 scanning electron microscope (SEM, HIROX Europe,
Limonest, France) equipped with a BRUKER EXDS system (BRUKER Co.,
Berlin, Germany) was used to observe the morphology of the corroded surface
after the uniform corrosion tests and electrochemical studies.

Corrosion test methods

A: Uniform Corrosion Test

Uniform corrosion tests were performed by continuously immersing
“reference” and “space” samples in 3.5% NaCl for 240 hours at 25°C in a
laboratory thermostat. Before testing, the samples were degreased in acetone and
treated in dilute HNO;. The samples were weighed on an analytical balance
(KERN ABS-N_ABJ-NM). The corrosion rate (CR) was calculated in mm per year
according to ASTM G31 [17]. All CR results obtained are averages of three
parallel tests. After the corrosion test, the samples were repeatedly washed with
warm distilled water, dried, and analysed by scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (XEDS).

B: Linear Polarisation Test

The electrochemical tests were carried out in the 3.5 wt% NacCl solution in
a 3-electrode cell at room temperature. The working electrodes, with a surface area
of 1.0 cm2, were made from the investigated samples. A silver chloride (Ag/AgCl)
electrode and a platinum (Pt) plate were used as reference and counter electrodes,
respectively. The samples were cleaned with 800-grit sandpaper, degreased with
alcohol, treated with dilute HNO3, and dried before testing.
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Linear polarisation was measured vs stable Eocp over a potential range of
+ 10 mV, at a scan rate of 0.1 mV/s. Potentiodynamic curves were recorded at
1 mV/s potential scan rate, starting at 250 mV negative to the stable Eocp.

The electrochemical tests were performed using an Autolab galvanostat-
potentiostat model PGSTAT 204 and computer software NOVA 2.1. Corrosion current
density (jor) and corrosion potential (Ecorr) were obtained from the polarisation
curves.

Results and Discussions

The results of the uniform corrosion tests of the “reference” and “space”
samples are presented in Fig. 1, Fig. 2 and Fig. 3. The calculated average corrosion
rate of the “reference” samples is 0.0600 mm/y, which is close to the average
corrosion rate of the “space” samples — 0.0573 mm/y.
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Fig. 1. Average corrosion rate of “reference” (R) and “space” (S) samples

Despite the similar average corrosion rates of the two types of samples
(R and S) in 3.5% NaCl solution, the nature of the corrosion damage differs, as
evidenced by the surface morphology images. The “reference” sample exhibited
surface corrosion characterized by areas with scale formation and shallow cracks
(Fig. 2a, b), whereas the “space” sample showed wider corrosion ditches and deep
pits (Fig. 3a). Energy Dispersive Spectroscopy (EDS) analysis revealed a decreased
concentration of aluminum in the ditches and pits, accompanied by elevated levels
of copper, manganese, and oxygen within these areas (Fig. 2d and Fig. 3d). The
observed differences in corrosion behavior between the two types of samples are
attributed to structural changes in the alloy induced by exposure to the outer space
environment. Radiation exposure led to the formation of defects in the crystal
lattice, facilitating elemental migration, particularly of Zn and Cu [16]. Due to
temperature fluctuations, these migration processes were accompanied by
interdiffusion, resulting in the segregation of aluminium and magnesium oxides,
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which localised on the surface of the samples [16]. This led to the formation of
partially protected regions with limited access to oxygen and aggressive ions from
the corrosive medium, thereby promoting corrosion development along the
observed Chinese script-like morphology phases (Fig. 3b).
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Fig. 2. Morphology and elemental composition of the surface of the “reference” sample
after uniform corrosion test. a) SEM image of the corroded surface,
b) Analysed area, c) EDS spectrum, d) EDS map of the analysed area
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Fig. 3. Morphology and elemental composition of the surface of the “space” sample
after uniform corrosion test. a) SEM image of the corroded surface,
b) Analysed area, c) EDS spectrum, d) EDS map of the analysed area
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Fig. 4 displays the electrochemical behaviour of both sample types
(R and S), which shows notable similarities. The linear polarisation curves of both
the “reference” and “space” samples (Fig. 4) are dominated by the anodic region,
corresponding to the dissolution of the aluminium matrix. The anodic curves
exhibit multiple fluctuations, likely caused by the formation of a thin hydrated
aluminium oxide layer, AIO(OH), during the test [18]. Due to the inhibited anodic
dissolution by the denser AlOs layer, the fluctuating anodic region in the “space”
sample is shorter, ranging from —0.500 V to +0.600 V (Fig. 4), compared to the
“reference” sample. It was established that the AIO(OH) layer predominantly
forms in aluminium alloys exposed to terrestrial conditions, while exposure to
space conditions favours the formation of a denser, protective Al-Os layer, with an
Al203:AlO(OH) ratio of approximately 3:1 [16].
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Fig. 4. Linear polarisation curves of “reference” (R) and “space” (S) samples
in 3.5 % NacCl solution

Table 2. Electrochemical parameters

iCOH ‘JCOH ECGH CR
Sample
[A] [Alem?] vl [mm/y]
“Reference” sample (R)| 1.696E-07 | 6.7848E-08 -0.759 0.0022
“Space” sample (S) 3.064E-08 2.188E-08 -0.724 0.0007

During the application of electrochemical methods for corrosion testing,
real-time data on key electrochemical parameters were obtained. The shape of the
polarisation curves provides both qualitative and quantitative information about the
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development of the corrosion process, from the moment the specimen is immersed
in the electrolyte until the end of the test [19].

The electrochemical parameters recorded during the corrosion tests
indicate that the “space” sample exhibits superior anodic protection compared to
the “reference” sample. This is evidenced by the corrosion current density (igor) Of
sample S, which is three times lower than that of R (Table 2). Furthermore, the
corrosion potential (E.,) of S is more positive than that of R. The corrosion rate of
the “reference” sample obtained from electrochemical testing was 0.0022 mm/y,
which is higher than the rate for the “space” sample (0.0007 mm/y, Table 2). This
difference is attributed to the rapid dissolution of the loosely bound AIO(OH)
layer. In contrast, the presence of a dense Al:Os layer on the surface of the
aluminium matrix in the “space” samples limits the contact with the 3.5% NaCl
electrolyte and slows down the corrosion process [16, 17].

Corrosion in both sample types (R and S) primarily initiates at sites where
electrochemically active intermetallic cathodic phases such as MgZn. and
Mg(Zni1.9sCuo.02) are localised within the anodic aluminium matrix.

Fig. 5 and Fig. 6 present SEM images of the corroded surfaces of the
“reference” and “space” samples following the linear polarisation test. The
“reference” sample shows corrosion distributed across the entire surface (Fig. 5a).
In contrast, in the “space” sample, corrosion is primarily confined to the Chinese
script-like morphology phases (Fig. 6a). Fig. 5d and Fig. 6d clearly show the Zn-
and Cu-rich areas where corrosion has occurred.

Al. s et o [ B3 S0 .
4

Fig. 5. Morphology and elemental composition of the ,, reference ” sample (R)
after linear polarisation. a) SEM image of the corroded surface, b) Analysed area,
c) EDS spectrum, d) EDS map of the analysed area
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Fig. 6. Morphology and elemental composition of the “space” sample (S)
after linear polarisation. a) SEM image of the corroded surface, b) Analysed area,
¢) EDS spectrum, d) EDS map of the analysed area

Conclusion

The average corrosion rate of AA7075 alloy samples modified with
0.1 wt.% ultrafine diamond powder and tungsten, which were exposed to terrestrial
conditions for 28 months, is 0.060 mm/y, while those exposed to outer space
conditions exhibit a rate of 0.057 mm/y. Surface corrosion developed on the
“reference” samples, manifested in areas with scales and shallow cracks. In the
“space” samples, wider corrosion ditches and pits were observed.

Electrochemical corrosion tests confirmed the results obtained from the general
corrosion test and demonstrated better corrosion resistance of the “space” samples. The
real-time corrosion rate of the “space” samples is three times lower than that of the
“reference” samples, which is attributed to changes in the alloy’s microstructure and the
migration of Zn and Cu elements during exposure in open space.

These findings suggest that exposure to outer space can beneficially alter
the corrosion resistance of advanced aluminium-based composites used in
aerospace applications.
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N3CJIEABAHE HA KOPO3MOHHOTO ITOBEJIEHUE HA
AJTYMHUHHUEBA CILIJIAB B95 (7075) YAKYEHA C HAHOAUAMAHT U
BOJI®PAM CJUIEJ TPECTOU B OTKPUTUSA KOCMOC

A. Bysexoea-Ilenkosa, B. /[akosa, H. Kocmosa,
X. Cnacosa, A. Mumeea

Pesrome

ToBa mpoyuBaHe H3ciieABa KOPO3WOHHOTO MOBEIEHUE Ha aTyMUHHEBA
crutaB AA7075 (B95), momcunena ¢ 0,1 wt.% HaHOAMaMaHT Ha Tpax M
BoJiidpam. JlBa komIuiekTa oOpa3uu oT ciiaBTa Osixa chXxpaHsBaHHM 28 Mecena
NpY Pa3IniyHU yCJIOBUS: “pedepeHTHH” — MPU €CTECTBEHH 3€MHHU YCIOBHS U
“kocMuYeckn” — B OTKPUTHS KOCMOC, MOHTHpaHM Ha Oopjga Ha
Mexnynapoanara kocmudecka cranims (MKC). YeroitunBocTTa Ha KOpO3uUs
Ha JBara Tuma oOpa3uu Oemie OIGHEHAa dYpe3 TpaBUMETPUYHU U
eNleKTpoxuMuuHu TectoBe B 3,5% pastBop Ha NaCl. Bempeku cxomnurte
cpenHu ckopoctu Ha kopos3us (~ 0,06 mm/y), ce HaOiromaBaT 3HAYUTEITHU
pasiuku B MopdosorusTa Ha Kopo3HWpajgara HOBBPXHOCT. ,,Kocmuueckure*
o0pa3ny TMOKa3BaT MO-ABIOOKH THTHHTH U JIOKAJIM3UpaHa KOpO3us, IO
CHelM(pUIHN MHUKPOCTPYKTYpHU (a3u, mokaro “‘pedepeHTHHTE” 00pasiu
MOKAa3BaT MO-PaBHOMEPHO pasrpakiaHe Ha MOBbPXHOCTTA. EjxexTpoxumuuHuTe
TECTOBE TMOTBBPAMXA TOBUIIEHA YCTOWYMBOCT HAa KOPO3US B HM3JIOKEHAaTa B
KOCMOCa CIIJIaB, C IUTBTHOCT HAa KOPO3WOHHHMA TOK TPH I'BTH IO-HUCKA U
MO-TIOJIOKUTEICH KOPO3MOHEH TIOTeHLHal OT TO3W Ha ‘‘pedepeHTHUTE”
oOpa3iu. ToBa MoBeeHNE Ce IBJDKH HA WHAYIMPAHU OT MPECTOS B OTKPUTHS
KOCMOC MHUKPOCTPYKTYPHH MPOMEHH Ha CILIaBTa, BKIIOYUTEITHO 00pa3yBaHETO
Ha TO-TUTBTEH 3amuTeH cinoit Al,O; u murpanus Ha enemenTH (Zn, Cu).
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Abstract

Atmospheric processes governing air pollution are inherently nonlinear, multi-scale, and
characterised by substantial uncertainties arising from emissions, meteorology, chemical
transformations, and sensor noise. This critical narrative review synthesises contemporary intelligent
modelling paradigms for atmospheric pollution analysis using satellite (Sentinel-5P TROPOMI,
Sentinel-3) and ground-based observations, identifying the operational role of each method family
and their integration in a unified hybrid architecture. Building on our SES-2025 review [1], we
synthesise individual method families into a modular five-layer pipeline. The framework delivers
physical consistency via Earth System Digital Twins, predictive power via neural and Extreme
Learning Machine surrogates, interpretability via symbolic regression, calibrated uncertainty via
Monte Carlo ensembles, and natural-language accessibility via grounded LLM interfaces. A
benchmarking strategy targeting Balkan-region NO: and PM-.s episodes is outlined. The novelty lies
in synthesising the complementary roles of these methods within an auditable modular architecture,
with explicit separation between quantitative modelling backends and LLM-based interaction layers.

1. Introduction

Atmospheric composition and pollution dynamics constitute one of the
most pressing environmental and public-health challenges of the Anthropocene.
Accurate, timely, and uncertainty-aware modelling is indispensable for air-quality
forecasting, source apportionment, population exposure assessment, health-impact
studies, and evidence-based policy design at urban, regional, and continental scales
[2, 3]. The Copernicus programme delivers petabyte-scale, heterogeneous,
multi-temporal datasets, most notably from Sentinel-5 Precursor (TROPOMI) with
daily global observations of NO., CO, SO., HCHO, tropospheric ozone, and
aerosol optical depth (AOD); and Sentinel-3 SLSTR for fire radiative power and
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smoke plume tracking. Extracting physically consistent, actionable intelligence
from these streams demands methods that transcend traditional numerical weather
prediction or chemical transport models (CTMs) alone. Physics-based CTMs
remain essential for process understanding and long-term projections. Yet, they are
computationally expensive and subject to structural uncertainties in emission
inventories, boundary conditions, and sub-grid parameterisations. Data-driven and
intelligent methods machine learning, deep learning, symbolic regression,
uncertainty quantification, and, more recently, foundation models and LLM
interfaces offer complementary strengths in speed, downscaling, pattern
recognition, and accessibility.

2. Review Methodology

This work constitutes a critical narrative review and conceptual framework
paper. Literature was identified through searches of Scopus, Web of Science,
IEEE Xplore, ScienceDirect, and arXiv (2018-2026). Inclusion criteria:
peer-reviewed publications or accepted conference papers on method families in
atmospheric remote sensing or pollution modelling; preprints only for systems
accepted at major venues (ICCV, Nature) or with official institutional
documentation. Of approximately 85 sources reviewed, 30 are cited. Method
families were categorised thematically: physics-based backbones (ESDTs, CTMs,
system dynamics), ML surrogates (NN, ELM), uncertainty and explainability
(Monte Carlo, Bayesian networks, symbolic regression), foundation and
multimodal models, LLM/RAG interfaces, and complementary nonlinear methods
(phase-space reconstruction, Markov chains, fuzzy logic, reinforcement learning).

3. Identified Research Gaps

3.1. Absence of hybrid benchmarks. Existing EO benchmarks focus on
single tasks (segmentation, regression, change detection) and rarely combine
physics simulators, ML surrogates, policy scenarios, and human Al interaction
with explicit metrics for physical consistency, uncertainty coverage, and decision
quality. This is the primary structural gap the proposed framework and
benchmarking strategy (Section 12) address.

3.2. Physical consistency of foundation models. Most multimodal
pre-training objectives do not enforce conservation laws or atmospheric chemistry
constraints. Hybrid pipelines embedding symbolic constraints inside fine-tuning
loops constitute a promising remedy, prototyped in this framework using
Copernicus-FM and Aurora backbones [11, 16].

3.3. LLM-model integration gap. Grounded LLM interfaces (e.g., Observia Al)
are not yet coupled to validated atmospheric simulation backends in any peer-
reviewed operational deployment. The proposed Layer 5 architecture provides a
blueprint for this integration.
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3.4. Regional data sparsity. The Balkans and South-Eastern Europe are
under-represented in atmospheric Al benchmarks relative to Western European
urban corridors. The case studies proposed in Section 12 explicitly target this gap.

3.5. Uncertainty propagation across interfaces. End-to-end propagation of
uncertainty from satellite retrieval through CTM coupling to policy indicator is
rarely performed; each layer interface that does not propagate uncertainty produces
overconfident downstream outputs.

4. Atmospheric-Pollution-Specific Modeling Challenges

4.1. Satellite Column-to-Surface Conversion

TROPOMI delivers tropospheric vertical column densities (VCDs), not
surface concentrations. Conversion requires knowledge of the vertical profile
shape, which depends on planetary boundary layer height (PBLH), temperature
inversion strength, and chemical gradients. PBLH uncertainties from ERAS5 alone
contribute 15-30% relative error in surface NO: estimates over complex terrain.

4.2. Spatio-Temporal Mismatch

TROPOMI has a single daily overpass (~ 13:30 local solar time) with a
3.5 x 5.5 km? pixel at nadir. Ground stations report hourly data at point locations.
Simple co-location introduces representativeness errors of up to 40% for PM..s in
complex urban environments [28].

4.3. Emission Inventory Uncertainty

National emission inventories carry relative uncertainties of 20-50% for
road transport NOx and up to 100% for agricultural NHs. These propagate directly
into CTM forecasts and data-assimilation backgrounds.

5. Earth System Digital Twins and System Dynamics

5.1. Earth System Digital Twins (ESDTSs)

Earth System Digital Twins constitute dynamic, multi-scale virtual replicas
that fuse real-time Earth-observation streams, numerical simulation ensembles, and Al
surrogate models to enable "what-now", "what-next", and "what-if" analyses [2, 3]. In
the atmospheric domain, they support high-resolution pollutant transport modelling,
urban air-quality digital twins, wildfire-smoke plume forecasting, and policy-scenario
comparison under varying emission trajectories and meteorological regimes [2].

5.2. System Dynamics

System dynamics (SD) modelling formalises delayed feedback loops,
nonlinear couplings, and policy levers that govern emission generation, atmospheric
dispersion, population exposure, health impacts, and mitigation effectiveness [4, 5, 29].
SD complements ESDTs by making the causal skeleton explicit and communicable to
non-technical stakeholders, policy makers, local authorities, and the public. When
embedded inside an ESDT, SD supplies the structural backbone for transparent "what-
if" simulations.

274



6. Machine Learning Surrogates: Neural Networks and Extreme
Learning Machines

6.1. Neural Networks and Physics-Informed Variants

Deep neural architectures excel at cloud classification, AOD retrieval,
pollutant-plume segmentation and tracking, chemical-transform emulation, and fast
surrogate modelling of expensive CTM components [10, 11]. Convolutional
networks extract spatial features from multispectral imagery; recurrent and
transformer models capture temporal dynamics; graph neural networks handle
pollutant transport on irregular grids. Physics-informed neural networks (PINNS)
embed governing equations (continuity of mass, advection-diffusion) as soft
constraints in the loss function, improving generalisation under distribution shift
relative to unconstrained architectures.

6.2. Extreme Learning Machines (ELMs)

Extreme Learning Machines [23] employ random hidden-layer projections
with analytically solved output weights, offering training speeds two to three orders
of magnitude faster than gradient-based deep networks while retaining competitive
accuracy on streaming time-series, anomaly-detection, and nowcasting tasks.
Online ELM variants support incremental learning as new observations arrive,
directly addressing temporal distribution shift in operational monitoring.

7. Uncertainty Quantification and Equation Discovery

7.1. Monte Carlo Methods

Monte Carlo (MC) methods remain the reference technique for propagating
uncertainties from emission inventories, meteorological fields, model-parameter
ensembles, sensor noise, and structural model error into probabilistic risk metrics
and forecast envelopes [6, 7]. In the hybrid context, MC is applied both to
ESDT cores and to Al surrogate outputs, delivering calibrated confidence intervals
indispensable for risk-sensitive decisions. Surrogate-based UQ methods
(polynomial chaos expansion, Gaussian process emulation) can reduce the required
model evaluations by one to two orders of magnitude relative to naive MC while
preserving coverage properties.

7.2. Genetic Programming and Symbolic Regression

Genetic programming and symbolic regression extract compact,
human-readable mathematical expressions directly from data, optionally
embedding physical priors, conservation constraints, or known chemical reaction
pathways [8, 9]. These techniques are valuable for reduced-order modelling of
atmospheric processes, discovery of governing equations for sub-grid phenomena,
and generation of interpretable relationships that complement black-box neural
predictions. Recent benchmarks demonstrate that SR can recover known
atmospheric scaling relations (e.g., simplified NOx—Os titration relationships) with
relative errors below 5% from synthetic data generated by full CTM runs [9].
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8. Foundation Models for Earth Observation and Atmospheric
Applications

The period 2024-2026 witnessed rapid growth in foundation-model
research tailored to Earth observation [14, 17, 18, 21]. TerraMind [15] is a large-
scale generative multimodal model designed for Earth observation, accepted at
ICCV 2025, supporting any-modality generation and retrieval across optical, SAR, and
auxiliary streams. Copernicus-FM [16] is a unified foundation model trained on the
Copernicus data ecosystem for cross-mission, cross-sensor generalisation. Aurora
[11, 30] is an Earth-system foundation model pre-trained on more than one million
hours of geophysical reanalysis data, achieving competitive skill in medium-range
weather forecasting at a fraction of operational NWP inference cost. SkySense++ [19]
delivers strong performance on scene classification and change detection. Panopticon
[20] demonstrates zero-shot generalisation across heterogeneous EO sensors.

9. Grounded LLM Interfaces: Case Study on Copernicus Observia Al

Large language models must not be treated as atmospheric models. Their
scientific role in the proposed framework is precisely delimited: retrieval,
orchestration, explanation, and human—model interaction. Quantitative prediction
must remain grounded in observations, CTMs, ESDTSs, validated ML surrogates, or
statistically calibrated models.

9.1. Copernicus Observia Al: Documented Current Functionality

In June 2025, the European Environment Agency (EEA) launched the beta
version of Copernicus Observia Al ("Ask Copernicus™) [12, 13], a conversational
assistant for finding, understanding, and using Copernicus products. Based on
official documentation, the system implements a retrieval-augmented generation
(RAG) pipeline on local EEA servers, with a vector database over CLMS and CAMS
documentation and source-grounded responses; on-premise execution is stated as a
GDPR/EUDPR design goal [13]. Independent peer-reviewed evaluation of its
atmospheric-domain accuracy or TROPOMI-specific coverage is not yet available.

9.2 Proposed Integration in the Hybrid Workflow

Table 1 distinguishes documented current functionality from proposed future
integration targets. In the hybrid pipeline (Section 11), Observia Al would function
in two complementary roles: (a) front-end conversational interface translating user
intent into pipeline actions (data retrieval, scenario launch, report generation)
consistent with the documented beta capability; and (b) automated retrieval agent
supplying fresh Copernicus scenes, metadata, or model diagnostics to upstream
layers on demand requiring future API or agentic integration not yet available.
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Table 1. Copernicus Observia Al — documented current capability vs proposed hybrid
pipeline integration

Current Observia (beta)

Capability [12, 13] Proposed hybrid pipeline extension
Copernicus data Yes — documented Automated scene staging into Layer 1
discovery
Product explanation / Yes — documented Model-aware metadata validation pre-
QA guidance ingest
Natural-language Yes — documented Trigger structured data pulls into
archive query Layer 1
Scenario simulation No direct evidence Via ESDT/CTM backend (Layer 2);

requires future API
Monte Carlo UQ No direct evidence Via Layer 4; results surfaced through
Layer 5
Policy impact No direct evidence Via coupled exposure health module;
assessment requires validation

Automated provenance Partial — draft summaries Full pipeline provenance;
reports documented uncertainty-qualified indicators

Sources: [12] EEA announcement; [13] Ask Copernicus beta documentation. "No direct
evidence" denotes a proposed future integration target, not an existing feature.

9.3. LLM/RAG Risk Register

Table 5 provides the full risk register. Key risks specific to the LLM/RAG
layer include: (a) hallucination of atmospheric quantities LLMs can confidently
generate incorrect numerical values without flagging uncertainty; (b) stale grounding
if the vector database is not updated, the system may cite superseded TROPOMI
algorithm versions or outdated CAMS forecasts; (c) prompt-injection vulnerability in
agentic deployment; (d) attribution laundering users may trust LLM-synthesized text
as the primary source rather than the underlying Copernicus datasets.

10. Complementary Nonlinear and Probabilistic Methods

10.1. Phase-Space Reconstruction and Nonlinear Dynamics

Takens' embedding theorem [24] guarantees that a scalar time series can be
used to reconstruct the geometry of the underlying attractor via delay embedding,
provided sufficient embedding dimension and lag [25]. These invariants serve as
physically meaningful features for downstream neural and ELM predictors in Layer 3.

10.2. Bayesian Networks

Dynamic Bayesian Networks provide principled probabilistic graphical
models for multi-sensor data fusion and sequential belief updating as new satellite
overpasses or ground measurements arrive. They represent dependencies among
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emissions, meteorology, satellite observations, and ground measurements while
naturally propagating uncertainties. Strengths: explicit uncertainty representation;
principled fusion of heterogeneous sources.

10.3. Markov Chains and Hidden Markov Models

Markov chains and HMMs capture regime transitions (clean <> moderately
polluted < smog episode) driven by synoptic meteorology, emission changes, or
seasonal cycles. They supply compact state representations that improve sample
efficiency for reinforcement learning agents and furnish stochastic scenario
generators inside MC ensembles.

10.4. Fuzzy Logic Systems

Fuzzy logic systems provide a mathematically rigorous framework for
handling inherent vagueness in air-quality index definitions, expert rules for
episode classification, and multi-criteria decision support when combining health-
protection and economic objectives.

10.5. Reinforcement Learning

RL agents can learn adaptive strategies for intelligent satellite tasking
during detected pollution events, real-time control of urban traffic management, or
active learning to identify the most informative Copernicus scenes for uncertainty
reduction.

Table 2. Role of complementary nonlinear and probabilistic methods in the hybrid pipeline

Method Atmospheric role Strength Limitation Pllzsgpe
Phase-space / Attractor geometry;  Nonlinear Requires long Layers 1, 3
CCM causal inference causality; no low-noise series

distributional

assumptions
Bayesian Multi-sensor fusion;  Principled Structure Layer 4
Networks UQ propagation uncertainty; learning NP-hard

heterogeneous

fusion
Markov Chains/  Regime transitions; Interpretable; Markov Layers 4, 5
HMMs scenario generation low cost assumption may

fail
Fuzzy Logic AQI; episode Handles Manual rules; Layer 5
classification linguistic limited

vagueness scalability
Reinforcement Adaptive satellite Learns optimal ~ Sample- Layer 5
Learning tasking; control strategy inefficient;

reward design
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11. Proposed Integrated Hybrid Workflow

The five-layer hybrid pipeline for atmospheric pollution analysis (Fig. 1) is
designed to be modular, auditable, and extensible. Each layer has defined inputs,
outputs, and validation requirements. No single component is irreplaceable; the
architecture supports incremental implementation starting from any subset of layers.

Table 3. Hybrid pipeline layer specifications

Layer

1. Data
Integration

2. ESDT + SD
Core

3. Neural /
ELM
Emulation

4. Symbolic +
UQ Layer

5.LLM
Orchestration
+ Analytics

Inputs

TROPOMI
VCDs; ERAS;
EEA stations;
AERONET; GIS
layers

Layer 1 output;
boundary
conditions;
emission
inventories

Layers 1-2
outputs; real-time
Sensor streams

Layers 2-3
outputs;
observational
data

All upstream
outputs; user
queries

Outputs

Harmonised
feature space;
uncertainty
metadata; QA
flags

Physically
consistent
pollutant fields;
scenario
trajectories

Surrogate
predictions;
anomaly scores;
real-time alerts

Interpretable
equations; MC
ensembles;
calibrated
uncertainty
intervals

Cited natural-
language answers;
provenance-
tracked reports;
pipeline triggers

Key method(s)

Spatio-
temporal
alignment; QA
filtering; gap
detection

CTM / ESDT;
SD feedback
models

PINN; ELM;
foundation
model fine-
tuning

Symbolic
regression;
Monte Carlo;
Bayesian
networks

Copernicus
Observia Al
(beta); RAG;
LLM
orchestrator

Validation
metric

Data
completeness (%);
temporal
coverage; QA
pass rate

RMSE vs station
holdout; mass-
balance check

MAE; RMSE;
CRPS; 90%
interval coverage

Symbolic
compactness;
calibration curves;
CRPS

Grounding
accuracy;
hallucination rate
(requires
independent
evaluation)

CRPS: Continuous Ranked Probability Score. Validation metrics for Layer 5 cannot yet be
computed for Observia Al in the absence of independent benchmark datasets.
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1. Data Integration Layer

EO (Sentinel-5P/3/2. MODIS), in-situ (AERONET, EEA), reanalysis (ERAS, CAMS)

2. Earth System Digital Twin + SD Core

Physics-based dynamics, causal feedback loops, policy scenario engines

3. Neural / ELM Emulation Layer

CNNALSTM/Transformer for plume detection: ELM for real-time nowcasting

4. Symbolic + UQ Layer

Genetic Programming for equation discovery; Monte Carfo for robust risk envelopes

5. Interactive Analytics & Decision Layer

Copernicus Observia Al
LLM orchestration + Copernicus Observia Al for queryable, explainabie output RAG-grounded chatbot for
Copemicus data & renoet

and back-end (sutomated data recrieval 1o ML/Twin [ayers), enabiing Seamiess human-Al COBDOrMION in SIMOSPNENc POILION STudies

Fig. 1. Hybrid atmospheric modelling workflow integrating Sentinel-5P TROPOMI,
Sentinel-3, ERA5, and EEA ground data into five layers: data integration, ESDT/CTM
physics core, neural/ELM emulation, symbolic/UQ analysis, and LLM orchestration.
Copernicus Observia Al supports user interaction and automated data retrieval.

12. Benchmarking and Validation Strategy

A validated hybrid pipeline requires a structured benchmarking approach
that evaluates each layer independently and the integrated system end-to-end. The
following strategy targets Balkan-region atmospheric pollution episodes, selected
for their relevance to the identified regional data sparsity gap (Section 3) and for
the availability of co-located TROPOMI and EEA ground data.

12.1. Case Study Candidates

1. Winter NO: inversion episodes, Sofia  agglomeration
(November—February). Rationale: strong PBLH suppression, topographic trapping,
high satellite-to-surface discrepancy. Data: TROPOMI L2 NO: (QA > 0.75);
AQMD and EEA surface NO: (hourly); ERA5 PBLH and temperature profiles;
AERONET Sofia.

2. Summer ozone episodes, Balkan urban corridor (June—August).
Rationale: high photochemical activity; cross-border transport; health relevance.
Data: TROPOMI tropospheric ozone and HCHO; EEA Os surface (hourly); CAMS
regional ensemble forecasts.

3. Wildfire smoke transport, Balkan—Eastern  Mediterranean
(July—September). Rationale: extreme distribution shift; multi-sensor challenge.
Data: Sentinel-3 SLSTR fire radiative power; CAMS fire emissions;
AERONET AOD; EEA PM..s.
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12.2. Performance Metrics

- RMSE, MAE, bias: standard point-prediction accuracy against held-out
EEA surface observations

- CRPS: probabilistic forecast quality for MC ensemble outputs

- 90% interval coverage: calibration of uncertainty estimates

- Spatial generalisation: leave-station-out cross-validation on withheld
EEA sites

- Symbolic compactness: number of terms in SR-extracted equations;
parsimony vs accuracy trade-off

- Inference cost: wall-clock time per prediction per layer; relevant for
real-time deployment

- Physical consistency: mass-balance check; monotonicity of pollutant
concentration with emission rate in sensitivity experiments.

13. Interrelationships, Synergies, and Comparative Discussion

No single method family suffices across the full spectrum of atmospheric
remote-sensing tasks. Fig. 2 visualises the hierarchical synergies that emerge when
the components are combined under a unified hybrid architecture.

Multimodal FMs

TerraMind, Copernicus-FM
Prithvi, Clay, Aurora

Physics & Digital Twins Vision-Language models Neural & ELM
ESDTs CNN/Transformer
System Dynamics Physics-informed NN

Causal inference Real-time ELM

Hybrid Atmospheric

Analysis Pipeline

+ Observia Al

Symbolic & XAl - - UQ & Monte Carlo

Genetic Programming Uncertainty prop.
Symbolic Regression Risk assessment

Interpretable equations LLM Interfaces Robust ranking

Copernicus Observia Al
RAG-grounded chatbats
Query-driven workflows

Arrows Indicate bidirectional information flow and mutual reinforcement fe.g., FMs provide features to NNs; Observia queries Twin outputs; Symbolic extracts from FM embeddings).
I 1

Fig. 2. Synergies among intelligent methods for atmospheric remote sensing. Foundation
models and grounded LLM interfaces provide the user-facing integration layer, while neural,
symbolic, Monte Carlo, and causal-validation components reinforce the hybrid workflow.
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Table 4. Comparative characteristics of primary method families for atmospheric pollution modelling

Method Predictive
Family accuracy
Digital High
Twins +
CT™M
NN /PINN  Very High
ELM High
Symbolic Medium
Regression
Multimodal = High
FMs
LLM N/A
Interfaces

Interpretability

High

Low—-Med.

Low

Very High

Low—Med.

High
(grounded)

Real-
time

Low—
Med.

Medium

Very
High
High

Medium

High

Physical
consistency

Very High

Med.—-High
(PINN)

Medium

High (w/
priors)

Emerging

Depends on
backend

Atm.
maturity

High

High

Med.—
High

Medium

Rapid
growth

Beta
2025

Key limitation

High compute
cost; emission
inventory
dependence

Data-hungry;
distribution
shift without
physical
constraints

Weaker spatial
representation
than deep nets

Instability on
noisy high-
dim. inputs

Physical
consistency
not
guaranteed;
high inference
cost

Not a
quantitative
model;
hallucination
risk without
grounding

Qualitative assessments based on reviewed literature 2018-2026. "Emerging" indicates
rapid development with limited long-term validation in atmospheric pollution applications.

The addition of grounded LLM interfaces lowers the activation energy for
domain experts, local authorities, and policymakers to exploit sophisticated
pipelines, while mandatory source citation and provenance tracking address the
black-box concern in regulated environmental decision contexts. LLM interfaces
must remain a communication and retrieval layer; they must not be treated as
substitutes for validated quantitative models. The framework enforces this through
the layer architecture in Table 3 and the risk register in Table 5.
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User Interface Query Processor & EEA GPT-LAB LLM
(Web Chat / API) —_— Intent Detection —_— (Orchestrator)
Natural Language Queries NER, Entity Linking On-premise inference
(e.g., "NO: trends over Sofia") to EO concepts Grounded generation
Retrieval Augmented Generation (RAG) Module Copérnicus Knowledge Base & Data Lake
= Vector search over Copernicus documentation & metadata CLMS (Land): CORINE, Phenology, Impervicusness
» Knowledge graph linking products, variables, regions CAMS (Atmosphere}: NOs, PM, O, AOD from Sentinel-5P
« Relevance ranking & context assembly CMEMS, C35, Sentinel Hub metadata & docs
Ground-truth: AERONET, EEA stations
Compliance & Grounding Engine Response & Analytics Layer
* EU Al Act & GDPR compllance + Cited, explainable answers
* Source cltation & provenance tracking + Data download links & visualizations
* Hallucination mitigation via grounding * Integration haoks to hybrid models
* Local/on-prem execution (no external cloud) + Atmospheric scenario summaries

Key Features for Atmospheric Research Support

+ Natural language access to multi-mission EO data
t olic: b

TROPOM| for pollution, Sentinel-3 SLSTR for fires)
th digital & M lo layers

Fig. 3. Current and proposed roles of grounded LLM interfaces in hybrid atmospheric-
pollution modelling: data discovery and product explanation vs scenario launch, MC-UQ
queries, and provenance-tracked policy reports.

14. Limitations, Threats to Validity, and Future Research Directions

14.1. Scientific and Engineering Limitations

1. Cross-domain generalisation: neural surrogates and foundation models
degrade under distribution shift from new sensors, extreme events, or
under-sampled regions. Physics-informed regularisation, continual adaptation, and
meta-learning are active remedies.

2. Physical consistency of foundation models: most pre-training objectives
do not enforce conservation laws. Hybrid fine-tuning of Copernicus-FM and
Aurora with embedded symbolic constraints is a promising remedy.

3. Absence of hybrid benchmarks: community-standard benchmarks
combining EO streams, physics simulators, ML surrogates, and explicit
physical-consistency metrics are largely absent. The benchmarking strategy in
Section 12 addresses this gap for the Balkan domain.

4. LLM grounding and evaluation: independent evaluation of Observia Al's
atmospheric-domain hallucination rate and factual accuracy on TROPOMI-specific
gueries is a near-term research priority.
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Table 5. Threats to validity and proposed mitigations

Threat

Type

Publication bias toward successful  Literature

Al models

selection bias

Limited atmospheric-specific External validity

validation of EO foundati
models

on

Fast obsolescence of LLM tools Construct

(Observia beta may be
superseded)

Hallucinated metadata or

validity

Internal validity

unsupported causal claims from

LLMs

Regional data sparsity in
stations

Balkan External validity

Satellite—ground mismatch Measurement

confounds validation

SR instability on noisy in
yield spurious equations

validity

puts may Internal validity

14.3. Near-Term Research Directions

Priorities for 2026-2027: (a) benchmarked hybrid pipeline prototype for
Balkan NO. and PMa.s episodes; (b) physics-constrained pre-training experiments
using Copernicus-FM, TerraMind, and Aurora; (¢) independent evaluation of
Observia Al grounding accuracy for TROPOMI-specific queries.

Proposed mitigation

Explicit inclusion of failure-mode
analyses; preprint coverage

Restrict performance claims to
validated tasks; cite benchmark
datasets

Version-controlled integration;
modular LLM orchestration layer

Mandatory source citation; human-in-
the-loop for policy outputs

Leave-station-out CV; spatial
extrapolation uncertainty reporting

Explicit representativeness error
quantification in Layer 1

Physical prior constraints; cross-
validation against independent datasets

PhD Thesis Core

Hybrid Pipeline

Copernicu:

P s
+ Twins + NN/ELM + Symbalic + U Observia Al Integration

Data Sources
TROPOMI, Sentinel-3,
AERONET, EEA stations

Atmospheric Applications
Balkan/Sofia episodes,
Wildfire smoke, Inversions

Expected Outcomes.
Publications, Benchmarks,
Operational prototype

enabling data-driven discovery, phy:

The hybrid pipeline with Observia Al serves as the central integrative platform for the PhD research,
riven sics e

slation, interpretable madelling, and natural-language decision support

Fig. 4. Research and implementation roadmap for hybrid atmospheric-intelligence systems,
organised by pipeline layer and covering near-, mid-, and long-term milestones for
benchmarking, federated deployment, and LLM interface evaluation during 2025-2028.

284



15. Conclusion

This review has synthesised the contemporary landscape of intelligent
atmospheric modelling into a modular five-layer hybrid framework integrating
Earth System Digital Twins, system dynamics, Monte Carlo uncertainty
quantification, neural and Extreme Learning Machine surrogates, symbolic
regression, multimodal foundation models, and grounded LLM interfaces. The
proposed architecture should be understood as a research agenda and integration
blueprint rather than a validated operational system. Key conclusions are: (a) each
method family occupies a specific, non-redundant role in the five-layer architecture
with defined inputs, outputs, and validation metrics; (b) LLM interfaces are a
communication and retrieval layer, not quantitative atmospheric models; (c)
Copernicus Observia Al represents a promising but beta-stage grounded data-
discovery interface whose atmospheric-domain performance requires independent
evaluation; and (d) the primary outstanding gap is not the availability of individual
method components but the absence of community-standard hybrid benchmarks
combining EO streams, physics simulators, ML surrogates, and explicit physical-
consistency and uncertainty-coverage metrics.
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XUBPUJIHO UHTEJUTEHTHO MOJIEJIMPAHE HA ATMOC®EPHO
3AMDBPCSIBAHE UPE3 JIAHHU OT JUCTAHIIMOHHU HABJIIOJEHUS
HA 3EMSITA: KPUTUYEH IPETJIE] HA JUTUTAJTHUTE JIBOMHULIN,

HEBPOHHHU CYPOT'ATHHA MOJIEJIM X TOJIEMY E3UKOBU MOJEJN

/. Maxapues, I1. Tpenues

Pesrome

ATtMochepHOTO 3aMBpCsABaHE € HEIWHEEH, MHOromamradeH Iporiec,
MOBJIUSIH OT 3HAYMUTENHNM HEONpPEAEJICHOCTH, CBBP3aHH C €MHCHH, METEOPOJIOTHS,
XMMUYHU TpaHCPOpMalM¥ M OTpaHWYeHus] Ha ceHzopute. HacTtosmusar o030p
CHHTE3Mpa ChBPEMEHHH MHTEIUTCHTHH MOAXOAN 32 MOJIETIMPaHe Ha aTMOC(epHOTO
3aMBbpPCABAHC UPE3 JaHHU OT JUCTAHIIMOHHU U3CJICABAHUSA N HA3EMHU Ha6J'IIOI[eHI/IH.
B3 ocHoBa Ha mpemxomnus o0030p or SES-2025 e mpemioxkeHa MomIysiHa
xuOpUIHA paMKa, WHTErpupama IUQpoBH ONW3HAIM Ha 3eMHAaTa CHCTEMa M
XUMHKO-TPaHCIIOPTHH MOJend, HeBpoHHH U Extreme Learning Machine
eMyJATOpH, CHUMBOJNHA perpecus, Monre Kapno kBaHTHQHKauus Ha
Heomnpenenenocrra u grounded LLM wunTtepdeticn. CrnennanHo BHUMaHHE €
OT/ICJICHO Ha TMpeoOpa3yBaHETO Ha CATEIWTHH KOJIOHHH W3MEpPBaHUSA KbM
NPU3EMHU KOHIICHTPALUU, MPOCTPAHCTBCHO-BPEMEBOTO HECHOTBETICTBUE MEXKIY
CaTCJIMTHU W HAa3€MHU JaHHHU, MCTCOPOJIOTMYHOTO BIIMAHUEC, HCOIPCACICHOCTTA B
€MHCHOHHUTE WHBEHTApU M YCTOWYMBOCTTA HA MOJIEIUTE TIPH EKCTPEMHH SITU30I1
Ha 3ambpcsBaHe. Pasriemanu ca ChBpeMEHHHM (YHIAMEHTAJIHH MOJCIH 3a
HaOmo/enne Ha 3emsara, BrimrountenHo TerraMind, Copernicus-FM, Aurora,
SkySense++ u Panopticon. Copernicus Observia Al e aHanu3upana kato HOB OeTa-
uHTepdeiic 3a mocten 10 gaHHM oT Copernicus, KaTro SICHO ce pasrpaHH4YaBaT
JOKYMCHTHUPAHUTE Bb3MOXKXHOCTHU OT MPCAJIOKCHUTE 6T))Z[CIHI/I HUHTCTpalu.
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New Books
DOI: https://doi.org/10.3897/arb.v38.e26

AEROSPACE TECHNOLOGIES AGAINST NATURAL DISASTERS

The monograph AEROSPACE

FARQ. MAFANEOCHH TECHNOLOGIES AGAINST NATURAL DISASTERS
P\IJo (el VU RIPGITNI’E  — author Prof. GARO MARDIROSSIAN (Sofia, 2026.
B BOPBATA CPELLY BAS Publishing House "Prof. Marin Drinov") is dedicated
MPUPOAHUTE BEACTBUA to the possibilities and realization of some of the highest
P\ scientific and technological achievements of humanity —

' aerospace methods and technical equipment in solving the

eternal and current problem — the study of natural disasters
and ecological catastrophes as a path to successful fight
against them.

According to the performance of good
practices of international  publishing  houses,
terminological clarifications are made first, then general
issues about natural disasters are briefly examined (their
physical foundations and the possible consequences
they cause), descriptions of the aerospace equipment on
board which helps the research is carried out are given,
and the main directions in the fight against natural disasters are commented on, too.

They are successively described — earthquakes, floods, tropical cyclones, volcanic
eruptions, tsunamis, dust storms, forest fires, lightning and some others. Their elements that
can be most effectively studied with remote sensing are assessed. The goals are:
forecasting, determining occurrence and location, monitoring temporal development,
establishing negative consequences and damage, monitoring rescue and restoration
activities, etc.

The method used by the author is chronologically developed — the method,
technical means and acquisition of remote sensing data are presented. Their processing is
also included. This is illustrated with elementary theory and practical applications (specific
examples are given). Particular attention is paid to Bulgarian achievements in this field.

The book is intended for a wide interdisciplinary readership — scientists and
specialists in ecology, geophysics, geography, geology, meteorology and hydrology,
aviation and space research, fire and civil protection, military specialists, medical, mountain
and other rescue services, insurance workers, engineers of various specialities, studying in
civil and military higher educational institutions. Presented in a popular form, this
publication expands opportunities to educate specialists and the general public to reduce the
negative consequences of natural disasters on the population, infrastructure, and our entire
society.

Prof. Boyko Ranguelov

Mardirossian, G. Aerospace technologies against natural disasters. Publishing House of
BAS ,.Prof. Marin Drinov”, Sofia, 2026, 224 p. ISBN 978-619-245-574-3 (in Bulgarian)
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