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1. EXPERIMENTS FOR MEASUREMENTS IN SPACE
J. BaB d.,Strharsky, N. Werner

Experiment SERENA/PICAM on board of ESA-BepiColombo mission

TheInstitute of Experimental Physics, Slovak Academy of Sciences, contributed to ESA
BepiColombo mission to planet Mercury in the frame of scient#ahnical cooperation with
Space Technology Ireland (STIL) and Institute for Space Research of AustriamAcatie
Sciences (IWFOAW). The Institute contributed to design and construction of the ion mass
spectrometer PICAMRlanetary lon CAMera

Figure 1.1. SERENA / PICAM device.

PICAM is a part of a complex space science suite SEREBEarch for Exospheric
Refilling and Emitted Natural Abundangder particle detection at environment of the planet
Mercury. Since the launch of the mission off 2&tober 2018, BepiColomtspacecraft passed
one flyby of Earth, two flybys of Venus and six flybys of Mercury. With the advantage of a
clear field of view, PICAM is able to operate effectively during cruise flight as well as during
planetary flybys. Contrary to the planned ingertof the spacecraft into orbit in December
2025, the insertion was postponed to November 2026 due to insufficient power of the ion
thrusters of the MTM transfer module. The problem with the lack of power was localized in the
MTM distribution unit. To dat¢February 2026), the science suite SERENA operates nominally
and contributed to valuable science results from the Mercury environment as well as to the
interplanetary and heliospheric physics, e.g. [1], [2], [3].

The detailed descriptions of the SERENAvides and science objectives are provided in
[4] and [5].

Experiment PEP/JDC for ESA-JUICE mission

Experiment PEPRarticle Environment Packagevill provide comprehensive detection
and analysis of the plasma and particle environment in the system ef plgiter and its
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Galilean moons Europa, Callisto and Ganymede. PEP will measure density and flux of positive
and negative ions, electrons, exospheric neutral gas, thermal plasma and energetic neutral atoms
in the energy range from <0.001 eV to >1 MeVhnitll angular coverage. The PEP suite
includes six sensors (JDC, JEI, JoEE, NIM, JNA and JENI) that were developed at several EU
and US institutions led by Swedish Institute of Space Physics (IRF). Based on invitation from
IRF, the Institute of ExperimeaitPhysics contributed to development and construction of anti
coincidence particle detection module (ACM) for JDC sendovian plasma Dynamics and
Composition of the PEP suite. The purpose of the ACM is to provide improvement of the
plasma particles dection efficiency on the background of penetrating electron radiation from
the Jovian radiation belts. The ACM module consists from silicon solid state detector (SSD)
located in the axis of the JDC sensor and from processing electronic module thatsprovide
amplification, charge/voltage conversion, shaping and discrimination of the SSD signal.

PEP/JDC
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Figure 1.2. PEP/JDC sensor with position of the ACM module.

The JUICE mission was successfully launched dhAgril 2023 on board of the Ariane
5 launcher from European spaceport Kourou in French Guiana. During the Baotbnflyby
in August 2024 the data recorded from the ACM clearly showed transition of the JUICE
spacecraft through the Van Allen electron radrabelt. The ACM data were recorded with the
constant discrimination threshold of 90 keV and demonstrated very good compliance with the
RADEM radiation detector of the JUICE spacecraft. During the next Earth flyby that is
scheduled for September 2026isiforeseen to operate the ACM over all energy thresholds to
better characterize its performance in a real space radiation environment.

The arrival to Jupiter and insertion to the orbit is planned for June 2031. The JUICE mission
including the PEP sciensglite description is provided in [6].

The participation of IEP SAS to JUICE mission was supported by-ESBS Plan for
European Cooperating Stadeproject namedfi S| ov ak ¢ o nt-JUIdEunissioo:n t o
Development of AnrtCoincidence Module ACMfdtar t i cl e Environment P
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Figure 1.3. JUICE spacecraft passage through the Van Allen electron radiation belt and data
recorded by the ACM and RADEM devices.

Experiments GRBAIpha nad GRBBeta

GRBAlphawas a 1U CubeSat, which launched in March 2021 to a&gachronous orbit
at an altitude of 550 km and naturally deorbited in June 2025. The mission was international
and included the Hungarian Konkoly Observatory, Czech Masaryk University, Japanese
Hiroshi ma Uni versity, and t h 8lovaka.cThemiaic abjectvdofi v er
the mission was to perform an-ambit demonstration of a novel gamwray burst detector
developed for CubeSafg]. This instrument, which detected gamnags in therange of 30
900 keV, consisted of a 56 ém mm thin Csl(TI) scintillator readut on one side by a set of
8 SIPM detectors, mulpixel photon counters by Hamamatsu. The mission allowed the
characterisation of the degradation of SiPMs due to particlesistared in polar orb[B].

The scientific motivation was to detect gammag bursts (GRBs) and other highergy
transient events and serve as a pathfinder for a larger constellation of nanosatellites that could
localise these events via triangulatioheTsatellite ands detector operated until the end of the
mission, and over its lifetime, GRBAIpha detected 227 transients confirmed by larger GRB
missions [9]. 124 of them are identified as garmanabursts, including "brightesif-all-times™
GRB 221009, where the smaller size of odetectors allowed us to determine the peak
emission of the burst when other monitors were saturated [10].

The follow-up mission, called GRBBetavas launched in July 2024 on the maiden flight of
Ariane 6. The international mission includes the Hungarian Konkoly Observatory, the Czech
Masaryk University, the Canadian Dunlap Institute of Astronomy and Astrophysics at the
University of Toronto, thelapanese Hiroshima University, and the Technical University in
K o ¢ ,iShhwakia



Photo by EXOLAUNCH

Figure 1.4. GRBBeta CubeSat.

Next to the gammaay burst detector, which is practically identical to the one on
GRBAIpha the mission carries a prototype CM®&ed UV amera to demonstrate
technology for future UV space telescope missions. As of February 2026, GRBBeta operates
nominally, its GRB detector has detected around 20 transients [9] and the UV camera continues
taking images.
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Figure 1.5. The light curve of the gamnray burst GRB 250313A detected by both
GRBAIpha and GRBBeta CubeS4#§ .
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2. SPACE PHYSICS, GEOPHYSICS ANDASTRONOMY

P. Bob?2k, AlGaladlo r oktod:Wostazova) . Kuban| 8k
R. LangerG . MacRovMakl ov MIRevalg J. Rjbakg y ,
|. Strhérsky,J . Gi |l ha, J. T-1th

The Department of Space Physics at ligtitute of ExperimentalPhysics, Slovak
Academy of Sciences (IEP SA$)n K ohitp://space.gaske skcontinues its mulki
platform research in space physics through grehasked observations, satellite measurements,
and the development ofiginal numerical and daidriven models.

Hi gh Altitude Cosmic Rays Observatory of
member of the NMDB (Neutron Monitor Database) project, provides data witindte
resolution for a broad range of users. Thetioolous datasdfl] with 42 years of measurement
was published and is available for the scientific community together with a discussion of the
most interesting detected events. In cooperation with the Czech Academy of Sciences (CZ2),
new results were obtaied ([2],[3]) and new instruments (i.e., SND neutron detector) were
installed at the observatory to measure the effects of accelerated particles from space in
thunderstorm clouds. Thanks to the development and operation of the network SEVAN, the
first parallel winter ontinental gammaay glows in Central Europe were observed during a
rare winter thunderstorif@]. The application of NM data for the calculation of heliocentric
potential, which is needed for the estimation of radiation doses for aircrew, is performad with
the newly started project ESA ESADOS (ESA Support for Aircrew Dosimetry Services). IEP
SAS also cooperates with other higlitude observatories in Europe via the VAO (Virtual
Alpine Observatory) consortium.

In the field of cosmic raymodeling, reseech at IEP SAS is mainly focused on the
modulation and distribution of cosmic rays in the heliosphere and on the motion of cosmic rays
i n Earthods magnetosphere. The SDE met hod f
statistical error and solution wpieness was presented[b}. In [6] the authorgvaluated how
various machine learning techniques approximate the temporal evolution of th®2ANtsly
proton flux from 2011 to 2019. The study focuses on the feasibility and effectiveness of
machine leanmg approaches compared to the traditional force field model in approximating
cosmic ray proton spectra. The machine learning methods are very accurate and significantly
improve the force field approximation. The activities have also been devoted tangttiayi
relationship between cosmic rays and cloud formation.

The study of geomagnetic storms prediction by the ML approach started at IEP SAS more
than two decades ago. The current computational capabilities, SW frameworks, and actual
datasets allow us farovide these predictions in much higher precision. In the $@jdyt was
developed a unique approach for the prediction of the Dst index 4 and 8 hours ahead by
combining L1 point optical coronagraph images ansiin solar wind parameters. The results
are based on the study and data preparation similar to those that will be produced by the ESA
Vigil mission ([8]). Such a dataset can also be used for otherdilatan models and thus
contribute to improving the reliability and timeliness of predictioos the ESA Vigil mission
data streams. The study was conducted in co
(SK), Politecnico di Torino (IT), and the European Space Agency. The research on the
thermospheréonosphere also utilizes the ML appch. It is performed in cooperation with
Boston University (US) by using their network ofslly imagers. The automated approach has
been developed to effectively process the acquired [fd)a (
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IEP SAS participates in the international KM3Net projettie nextgeneration neutrino
telescope. This year, the collaboration published a significant discovery of the {eigbesy
neutrino ever observed.
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The Faculty of Mathematics, Physics and Informatics, Comeniumniversity,
Bratislavawas involved in the following directions of research as listed below.

Meteor observations and analyses by AMOS global meteor network

The AMOS (Allsky Meteor Orbit System) global meteor network continued its systematic
monitoring d meteor activity using combined alky trajectory stations and AMGSpec
spectrographs. This instrumentation enables a comprehensive study of small Solar System
bodies in terms of their dynamics, physical properties, and emission spectra, with {tezriong
goal of constraining the compositional distribution of meteoroids from different Solar System
source regions. The global network currently consists of 1&kgllsystems and 19
spectrographs deployed across Slovakia, the Canary Islands, Chile, Haws#iglia, South
Africa, and Arizona, providing one of the widest coordinated datasets for meteor spectroscopy
currently available (Fig2.1). Hardware and software used within the AMOS network have
been developed and constructed at the Faculty of Matlem&hysics and Informatics of
Comenius University in Bratislava [1].

During 20242025, we continued to expand the AMOS spectral program through new
international collaborations. New spectrographs were installed in cooperation with the Desert
Fireball Nework in Australia and with the Vatican Observatory at Mount Hopkins Observatory

in Arizona, further improving the geographical coverage of the network and the probability of
obtaining multistation meteors with simultaneously measured trajectories antlsspEutese
observations are being used in an ongoing survey aimed at the spectral classification of
meteoroids and at linking their measured atmospheric behaviour with plausible meteoritic
analogues.

A major basis for this work is our recently concludealgsis of laboratory meteorite
ablation experiments. Numerous studies utilizing various instrumentation methods for studying
the emission, ablation and fragmentation for meteoroids were published in a special issue
summarized in [2]. The experiments corteeacontrolled plasma wind tunnel experiments with
meteor observations and provided the largest reference dataset of laboratory meteor analogues
obtained to date. The experiments included a broad range of meteorite types and were designed
specifically to mprove the interpretation of meteor spectra and the identification of incoming
planetary material. The results were notably used to characterize the diagnostic spectral
properties of ablated meteorite samples and showed that ordinary chondrites, cat®onaceo
chondrites, achondrites, steirgns, and irons can be distinguished using relative line
intensities and other spectral indicators measured under nli@E@onditions [3]. These
results now serve as an important reference for the interpretation oSAlEDeor spectra and
for improved compositional diagnostics of meteoroids observed in the atmosphere.

In our most recent world], we identified the first achondritic meteoroids in AMOS meteor
data, including candidate aubriend eucritdike impactorspased on their spectra, dynamics,
and physical properties (Fi@.2). This study demonstrates that meteor spectroscopy can
directly reveal rare differentiated bodies among predagtmeteoroid populations and opens
a new pathway for tracing the real disto ut i on of pl anetary mat el
atmosphere.
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We have demonstrated the capability of the update&kIMeteor Orbit System (AMOS
and AMOSSpec) to provide photometric calibration of the unique Alberta fireball [5] and in
comparison to ther meteor systems like FRIPON, GMN, Desert Fireball Network in j@per
where meteor trajectory and heliocentric orbits from the same source of data were compared in
very good agreement. In 2022 AMOS systems were deployed in Arizona desert and ohboard
dedicated jet plane to cover Tau Hercluids meteor shower activity on May 31 due to comet
73P/SchwassmarfWachmann 3 brealp in 1995. Special meteor cluster of Tau Herculids was
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17 all-sky AMOS systems and 19 AMS%c systems. Red crosses are active location of AMOS
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Figure 2.2. Emission spectrum of an eucrite meteoroid capturedhbyAMOS station in
Manuakea, Hawaii. The composition was identified using spectral analysis. The surviving
meteorite fell into the Pacific Ocean.
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recorded from the plane at the altitude of0Q0 ft and later analyzed as one of the most
numerous clusterof 52 members fragmented from original meteoroid just few days before
atmospheric entry by thermal stress [7].

Automated Detection and Dynamical Evolution of Disc Galaxies

The department of astronomy and astrophysics at FMPI CU is actively engaged in
investigating the structure of the Milky Way galaxy and other galaxies as well. In collaboration
with domestic and international institutes (e.g. University College London, Tékhnical
University in Kogice), we have made signifi
theoretical understanding of galactic dynamics.

In collaboration with the Mullard Space Science Laboratory at University College London and
the Technich Uni versity in Kogi ce,deapéarhingalgoritine vel o
designed to automatically identify and extract edg®n and highly inclined galaxiesfrom
astronomical images [8]. This work represents a significant advancement in prodessiasf t
amounts of data from modern astronomical surveys.

Using a sample of 16,000 edga spiral galaxies from the Galaxy Zoo database and the
Sloan Digital Sky Survey (SDSS), we trained the YOLOV5 algorithm for detection purposes
and the SCSS8let neuralnetwork for segmentation. Our algorithm achieved impressive
performance metrics with precision of 0.80 and recall of 0.94, demonstrating its reliability in
identifying edgeon galaxies.

The algorithm was successfully applied to the full SDSS DR17 samptectihg
approximately 12,000 higbonfidence edge n gal axi es (confidence
detection and segmentation capability is particularly valuable for future-daede surveys
such as Euclid, the Roman Space Telescope, and the Large 8yhopey Telescope (LSST),
where the volume of data will necessitate machine learning approaches. The extracted galaxy
cutouts and compiled catalogue provide a valuable resource for future studies of galactic
structure, particularly for investigating wartpbdisks in edg®n galaxies.

We have conducted a comprehensive theoretical study compteilag radial migration
(churning) in Milky Way -like galaxies under two different gravitational frameworks the
classical Newtonian approach with dark matter andlifexd Newtonian Dynamics (MOND)

[9]. This work provides important insights into how different gravitational theories predict
distinct dynamical evolution of galactic disks. Through numerical simulations integrating 2 x
10 stel |l ar o rtdid rotating galaetic po@ntidh, ye investigatad the effects of
nonaxisymmetric structuresspecifically the galactic bar and spiral armos stellar migration.

We explored various configurations of spiral arm parameters, including different spieah pa
speeds (q = 19, 25, and 31 km s T kpc 1)
kpc T).

Our results reveal striking differences between the two gravitational regimes, s28.Fig
Radial migration is significantly more pronounced in M@Nompared to the dark matter
approach. Specifically, we observe up to five times as many stars with a maximum change in
the guiding radius exceeding 1.5 kpc during thie®Gyr time interval in the MOND regime
compared to the dark matter configurationhisT enhancement occurs because -non
axisymmetric galactic components represent a larger fraction of the total gravitational influence
in MOND, leading to stronger resonance effects.

Analysis of the frequency phase space revealed that the most promineahpesodriving
radial migration are the emtation resonance with the spiral arms (m = p = 1), the outer
Lindblad resonance with both the galactic bar and spiral arms, and-tb&aton resonance
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(m =2, p = 1) with the superposition of the galacticarat spiral arms. These resonances create
distinct patterns of stellar redistribution across the galactic disk.

We also found that increasing the amplitude of the spiral structure amplifies radial
migration effects in both regimes, while increasing theaspattern speed reduces the relative
difference between dark matter and MOND predictions. Th®tation resonance with spiral
arms proved especially important in enhancing migration effects, significantly impacting the
spatial distribution of stellaroenponents and the structural evolution of the galaxy.

These findings have important implications for understanding the dynamical history of the
Milky Way and for constraining gravitational theories through observations of stellar
kinematics and chemical abdances in our Galaxy. The distinct predictions for radial
migration in the two frameworks provide potential observational tests that could help
distinguish between dark matter and alternative gravity theories.

[ 102
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Figure23.Di stri buti on of <c¢changes in the guiding
function of Rgi (initial guiding radius) for different time intervals during the 6 Gyr integration.
Vertical lines represent the theoretical values of resonances: grees for resonances
produced by the galactic bar and grey lines for resonances caused by the spiral arms. In both
cases, the solid lines represent OLRs and the dashed line the m = prothtton resonance.

Space debris photometry and spectroscopy resedrc

The Faculty of Mathematics, Physics and Informatics of Comenius University in
Bratislava, Slovakia (FMPI) operates its own-thM™Newtonian telescope (AGO70) dedicated
to the space surveillance tracking and research, with an emphasis on space dehnes [8]
observation planning focuses on objects on geosynchronous (GEO) and eccentric (GTO and
Molniya) orbits.Light curve acquisition programme conducted over the years-2027 led
to buildup of an extensive spacephothrmdrici s ¢
measurements of 759 individual objects. The light curve catalogue of space debris is freely
available to the scientific communityww.sdlcd.spacelebris.sk and can be used for further
scientific applications such as support of active debris removal missions, rotation axis
determination, BVRI photometry, object's shape and albedo estimation, etc.

Each material has reflective signatures, which enable ustiogiiish different features on
t he objectbs surface and provi de i nfor mat
categorization into the population or material groups. In the work [10] authors proposed new
physicsbased taxonomy characterization reflectance spectra of ASOs. To establish this
method, authors used 107 reflectance spectra publisheelavailable literature (Fig-4, left).
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Authors defined regions of interest in the wavelength range with commonly present
absorptions. Authors comgered the range of visible spectrum wavelengths to analyze between
370nm and 90hm. Three major materials have been distinguishazsorbing materials (A)
which exhibit significant absorption features, materials with moderate sign of absorption due
to some absorbing elements added to their mixture (M) anehhsorbing materials showing
no signs of absorption (N). Additionally, identified have been three wavelength ranges
containing absorption banigu) for ultraviolet, (b) for blue and (v) for visial A special case
of aluminum absorption feature at 850 nm has been assigned as well as category (a). Eventually,
all these properties could be organized intoxa33matrix where absorbing, mixtures and f©ion
absorbing materials (A, M and N) are given iwsoand the specific wavelength ranges (u, b,
v, -a) are defined in columns. In total, 9 taxonomy categories were défivedAb, Av, Mu,
Mb, Mb-a, N, Nb, Na. Authors successfully applied new defined spectra classification method
to spectra collected byL1] as well as on newly collected spectra using therBelescope
operated by the Astronomical Institute of the University of Bern. &4 right).

In work [12] authors focus on darkening and reddening effects induced by space
weatheringand aging on single geostationaryatellitesand satellites with similar platforms.
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Figure 2.4. Left: Reflectance spectra of aerospace material samples measured in a laboratory
with absolute reflectivity relative to silicon and normalized to 550 nm. Right: Spectra of two
upper stage rockets CREB with Norad 43624 and 43110, and two spectra of tiieZEsatellite
(23560) observed at different attitudes, glinting phase (red) aneghioting (green). Source:

[10].
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The published results contain BVRI color index measurements and thetoyesar variation

rates. In total, 18 active GEO satellites have been monitored over the course of four years
(Figure 2.5, left). Authors observed change in related color indicesyell as in absolute
brightness. The averagbange values measured were 0.1 mag/yeéaMimndex, 0.5 mag/year

in R-I index and 0.21 mag/year Bl index. Observations showed that all objects undergo
reflectivity losses in each passband and that atesolagnitude losses are not equal in different
passbands.

Photometric observations and research of asteroids using a -6tnh telescope
at AGO Modra Observatory

Part of our archive photometric data contributed to the spin and shape analyd$esof
nearEarth asteroids [13, 14] and to the orbital characteristics of distant satellites of some main
belt binary asteroids [15]. After 13 years, our photometric surveytgp¥ asteroids ended in
2025. The results are planned to be mentioned ingkereport.
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At the Earth Science Institute of the Slovak Academy of Sciences in Bratislava
and Hurbanovq research on space weather modeling and forecasting was conducted,
alongside groundbased geomagnetic field measurements.

In May 2024, an extremely intense magnetic stooturred, the strongest observed in the
past 20 years. This exceptional event remained at the forefront of interest among space weather
experts in 2025. It was intensively discussed at scientific forums and was also the subject of
special issues of profeienal journals. The May 2024 magnetic storm was analyzed in [1] from
the perspective of auroral activity, with particular emphasis on the auroral electrojet (AE) index
and its modifications. An adjusted AE index was proposed, designed to capture the
intersification of auroral currents taking into account the equatorward shift of the amwvalal
to mid-latitudes (Figs. 2.6 and 3.7The results of the study were published in the journal
Advances in Space Reseagts part of t he s p &darlerrestrialsasdu e i
Space Weather Eventin May 202®0b s er vati ons, Data and Preld]
were also presented in the poster session at the ESWW 2025 conference in Sweden [2].
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Figure 2.6. Variations of the horizontal geomagnetic field intensity (H) at selected
observatories within the auroral oval on 11 May 2024 between 00:00 and 03:00 UT. Quiet
daily variations have been subtracted from the data. The upper and lower thick grey lines
represent the adjusted AUand AL?indices, respectively. The IAGA codes indicate the
observatories contributing to the index extrema. (From [1].)
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Figure 2.7. Hourly means of the AU and AL indices (top panel, a) and the AE index (bottom
panel, b). Solid lines without added symbols represent the standard AE index. Dashed lines
denote the adjusted AEndex; periods of high gedhmegnet i
mar ked with circle symbols, while an exampl
by square symbols. The solid line witlsymbols in panel (b) show the modified"ARdex
calculated using greviusly derived empirical modeQuestion rarks indicate suspicious

values resulting from limitations of the applied procedure. (From [1].)

In [3], a systematic overview was presented of the physical mechanisms associated with
the extreme geomagnetic storm of May 2024, with emphasis on magoeticdevelopment
and solar windmagnetosphere interaction. In the classical framework, magnetic storms are
primarily associated with the development of the ring current. Their basic characteristics can
be described by considering processes in the subsgamn of the magnetosphere and its
interaction with the solar wind. Coupling functions derived from satellite and gioased
observations are used to characterize energy transfer across the solanaginetosphere
boundary. Modéing approaches taketmaccount the temporal evolution of the interaction as
well as nonlinear processes during the recovery phase. Attention is also paid to the turbulent
region between the bow shock and the magnetopause and to the solar drivers of geomagnetic
disturbances.

Further interest in extreme magnetic storms led to study [4], which investigates changes in
magnetic declination recorded at European -laiilude observatories during the extreme
Carringtontype geomagnetic storm of 29 October 2003 (the Halloween stopajiaband
temporal variations of declination (Figs82and 29) were analyzed to assess their relationship
with intense magnetospheric and ionospheric current systems. The study contributes to a better
understanding of the manifestations of severe spasther disturbances in midtitude
regions.
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Figure 28. Variations of (a) horizontal geomagnetic field intensity and (b) magnetic
declination at European milhtitude observatories during the 29 October 2003 event. (From

[41.)
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Figure 2.9. Variations in magnetic declination at European fatitude observatories during
the passage of the current wedge centre across the stations on 29 OctobgF26034].)

Building on previous research of historical geomagneticors; unique archival
magnetograms from the Ogyalla Observatory were analyzed iiB].[3n particular,
geomagnetic observations from 16 April 1938 reveal the presence of a dayside current wedge
during asignificant magnetospheric disturbance [8]. Charatterfeatures in the magnetic
data were identified and interpreted in the context of the dayside current wedge system. The
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study provides historical evidence of this phenomenon and contributes to a better understanding
of magnetospheric dynamics duringostg disturbances.

In addition to its theoretical research activities, regular observatory measurements of the
geomagnetic field are carried out at the Hurban@emmagnetic Observatory of the Earth
Science Institute of the SAS. The observatory is located at a geographic latitude of 47.87° and
a geographic longitude of 18.18°. It performs continuous monitoring and recording of the
geomagnetic field components. Gménute mean values of the geomagnetic field components
are available. Kindices characterizing geomagnetic activity at4aiitudes are computed on
a regular basis. The main equipment includes a digital variometer station TPM (manufactured
in Poland in 996) and a Dfluxgate magnetometer (Magson), acquired through cooperation
with the GeoForschungsZentrum Potsdam and the Volkswagen Foundation. Absolute
geomagnetic measurements are performed usingfan@jate magnetometer and a proton
precession magnateeter. Onaminute magnetovariational data are transmitted via the Internet
to the INTERMAGNET centre and are subsequently forwarded to the World Data Centers in
Paris, where they are made available to the international geomagnetic and space weather
communty. The data are also published on-BDMs prepared within the INTERMAGNET
framework. The observatory is a member of INTERMAGNET, the international network of
world first-order magnetic observatories. Information on current geomagnetic activity is also
avd | abl e on the ovwwe.geomagskor ydés website (
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In the Slovak Central ObservatorfECO)in Hurbanovolttp://www.suh.ska number
of activities related to space research were performed. We observed sunspots (the Wolf number
data were submitted to the SILSO in Brussels, Belgium and to the SONNE Netz in Germany)
solar chromosphereand prominences (images are published héps://www.kozmos
online.sk/obs/aktivita/activity.htjn We performed also spectrographic observations of the
solar spectrum (variations of selected spectral lines during a solar aciyeig) using a
horizontal solar telescope wipectrograph. Using this horizohsolar telescope combined
with an image selector and HU t el esegisigped we
solar radio bursts using a solar radio spectromett CGSTO. The research activities comprise
study of thdlifferential rotation of the solar corona

One researcher from the SCO is the national ISWI (International Space Weather Initiative,
http://iswi-secretariat.org) coordinator for the Slovak Republic and sbateber 2022he is
alsodelegate of the Slovak Republic in the programme board of ESAp&messafety (PB
SSA).He is member of the National Committee of the SCOSTEP and chair and representative
to the COSPAR.

We continued to publish at the website of the SCO data omdtiuified coronal index
(MCI) and themodified homogeneous data &HDS) of coronal intensities based on satellite
EUV measurements as a replacement of grenaskd coronagraphic observations at Lomnicky
Gt2t. Both the MCI and the MHDS data sets c
activity and its cycle. These data are availabletiats://www.kozmosnline.sk/sInko

In the SCO we developed also an alternative software tool to estimate the solar rotational
profile based on crossorrelation (CC) methad\nalysis of additional SDO data from the years
2024 -205 is being performed.

E. Kol i, researisakhD stidend ab the Beemad€ti® Observatory
Hurbanovo of thé&earth Science Institute of the Slovak Academy of Sciences (Bratislava). His
publishedresults are referencéa the previous section.

The SCO organised in the year 202K o ¢ the Z" National Solar Physics Meeting with
participation from abroad. The goal of the Meetivas to present new results of solar physics
and from the field of the space weather (&ath connections), to provide overview of present
status in selected fields of solar physics, geophysics, meteorology, and climatdlegpyarate
space was devoted to the presentation of research results of undergraduate and PhBfstudents
university andacademic departments and also to results of scientific and popularisation
activities of Astronomical Observatories in the Slovak Republic and the Czech Republic.
Invited talks, short contributions and posters covered the following fields: physical phenomen
in the solar atmosphere, solar activity, total solar eclipses, space weather, geoactivity,
meteorological events with solar forcing.
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Figure 2.11. KELT-7b atmospheric retrieval of the infrared occultatiori®p left panel:
retrievals assuming thermochemical equilibrium with Pyrat Bay (blue) and PLATON (pink).
Top right panel: retrieved -P profiles for each software. The gray hatched area denotes the
range of pressures probed by the observations. Bottoglgpaame as above, but for the free
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(T-P) profiles in the presence of optical absorbers, such as TiO and VO. Recently, an inverted

T-P profile of KELT-7b was detected, in agreement with the theolgtiealictions. However,

the diagnosis of -P inversions has long been recognized as a raefendent process. We

used the Characterisingxoplanet Satellite (CHEOPS), the Transiting Exoplanet Survey

Satellite (TESS), and additional literature data toattarize the atmosphere of KEL7D [26].

We find that when adopting a thermochemiequilibrium atmospheric composition, the

emission retrievals return a namverted FP profile, in contrast with previous results. When

adopting a freehemistry atmosphier parameterization, the emission retrievals return an
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inverted FP profile. The 3D general circulation model supports a-iniduced temperature
inversion. We can conclude that the choice of a-étemmistry approach or a thermochemical
equilibrium chemisly is the main factor determining the retrieval results. {eteamistry
retrievals generally yield better fits; however, assuming free chemistry risks adopting
unphysical scenarios for ultrahot Jupiters, such as KBLT
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c omet rhaarvye, not detected formation of H2 ¢
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3. LIFE SCIENCES

M. Musilowa

At this time, life sciences research in Slovakia, related to the space sector, is primarily
performed through a negprofit organization called Michaela Musilova, 0.z. The 4poafit is
focused on astrobiology and human space exploration research andoediicativities, in
collaboration with multiple Slovak and international partners. The Slovak collaborating
organizations include the Comenius University Science Park, and the Cosmic Regiaes]
space st at avaQbseavatory Teams Rom&NRSA Goddard Space Flight Center,
NASA Headquarters, University of Maryland, Georgetown University, University of Zurich,
Honeybee Robotics and others are among the international partners of-thenorf i t 6 s pr

The research of Michaela Musilovd,. z. 6 s team can be subdi vi
First of all, it is concerned with studying the limits of life in extreme environments to define
the possibilities of where to search for life beyond Earth for astrobiology purposes. This
research also happlications to the pharmaceutical, food and other industries, since substances
from these extreme liforms (secalled extremophiles) can enhance the products of these
industries. The second area of research involves studying human behaviour in &sothted
extreme and/or confined conditions with the goal of preparing humans for long duration space
exploration missions.

The astrobiologyfocused research projects include Astro Seven Summits, which involves
performing a series of scientific and educatloegpeditions to the summits of the tallest
mountain on each continent (the Seven Summits), in collaboration with NASA, the Comenius
University Science Park in Slovakia and multiple other institutions around the world. Michaela
Musi | ov 8, oistzallécts bidcheraichl, microbielagital and geological samples to
understand what lifeforms can survive in these extreme conditions and whether similar extreme
lifeforms could potentially survive in similar environments on Mars. The team also conducts
sensor measurements to evaluate the changing environmental conditions in some of the most
extreme habitats on the planet.

With regards to the human space exploration research by Michaela Musilova, o.z., it is
being performed during the Astro Seven Summitpeeditions in collaboration with the
University of Zurich, as well as in collaboration with the European Space Agency (ESA) and
the newly established Cosmic Region simulated space station at gh&vR®bservatory in
Slovakia. The collaboration with theniersity of Zurich involves performing psychological
studies of human performance in small teams under stressful conditions during expeditions in
isolated and extreme environments.

As for the coll aboration with sEWasaskedltoc hace
join ESAG6s Topical Team to evaluate space
research that is conducted during simulated space missions. The Topical Team reviewed analog
space habitats and their missions worldwide and prepaesd@amendations checklist for ESA
and future simulated space missions.

Finally, the Cosmic Region station was created in collaboration with Michaela Musilova,
0.z. in 2025 to provide a facility for simulated space mission research, as well as educational
and outreach progr ams. Mi chael a Musil ovs8, o
the research aspects of the Cosmic Region, since they have experience with organizing over 40
simulated missions to the Moon and Mars. These missions were pedfanncollaboration
with NASA, ESA and numerous other space organizations and companies from around the
world.
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A simulated space mission involves a crew of six people living as if they were on the Moon
or Mars, while performing various scientific and eregring projects. This means that they are
subject to time delays when communicating Vv
eat freezadried astronadlike food and they have to survive on their own with very limited
supplies of all the materiathey bring with them. They are also isolated from the rest of the
world, as if they were truly on another planet. The missions typically last from several days up
to a whole year, depending on the research goals of the mission.

The overall objectives ofelog space missions are to fieébt scientific and technological
initiatives aimed to help humans return to the Moon and explore Mars one day. Cosmic

Regionébés goal is not only to perform simul a
for research in astrobiology, geology, engineering, psychology, physiology, botany, in situ
resource wutilization and others. Addi tiona
purposes, it can be used for educational and outreach activities.

Mi chaela Musilovs8, o0.z.06s representatives r

worldwide at multiple international conferences, including the International Astronautical
Congress (IAC) run by the International Astronautical Federatidf)(lAmerican Geophysical

Union (AGU), European Geophysical Union (EGU), Europlanet Science Congress (EPSC),
Lunar and Planetary Science Conference (LPS@)ious NASA workshops and forums,
COSPAR Scientific Assembly and othefdli c hael a Mu sdarh éasvcrientlyo . z .
preparing several peeeviewed publications from the results of their research as well.

Mi chaela Musilovs8, o0.2z.0s |NASAIPlasetaiy@rotéction t i ¢
Research Program and many otgeant programs and reseh journals in space lifgciences,

such asAstrobiology and the National Science Foundatiddditionally, they are a Global

Faculty of the International Space University, where they lecture and organize workshops in
astrobiology, and the robotic and hamexploration of the Moon and Mars.

Mi chaela Musilovs8, o0.z.06s |l ead scientist is
astrobiology research during a NASA scientific expedition in Iceland in 2025. (Photo credit:
Michaela Musilova)
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; ; oy -
The Astro Seven Summits project lead is examining extreme lifeforms that can survive in
challenging cold conditions with limited nutrient availability for astrobiology research during

their expedition to Mount Vinsdnthe tallest mountain in Antarctica. (Plwotredit: Michaela
Musilova)

=

Sensors, developed by Slovak high school and university students, are being tested by Michaela
Mu s i | o viéad scientist duiing their expedition to Mount Eveiietlie tallest mountain
in Asia and the world. (Photo credit: Michaela Musilova)
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There are a couple of other Slovak scientists performing space life sciences research in
collaboration with internatica institutions. Their research also includes astrobiology and
analog space mission studies. A Slovak scientist is part of research conducted by the Space Agri
Technologies Department of Chemistry and Biochemistry Mendel University in the Czech
Republic. heir research has implications for léepport systems during space missions and
future settlements on the Moon and Mars. I n
synthetic biology. Theyodére tryi nsgdtdimprovee e i f
current bioregenerative IHfgupport and in situ biomanufacturing plans for future {dagation
crewed missions. These microbes could potentially help reduce the resupply dependence of
human space missions and improve the performance ohgdacrop systems in controlled
space habitats and extraterrestrial cultivation scenarios.

Furthermore, two Slovak scientists, including the principal investigator, were involved in
a Czechlaiwanese consortium led by the Hydronaut Project in Prague, Geghblic,
between 2023 and 2025. They developed a platform to assess and maintain the physical fithess
of teams operating in isolated, confined and extreme (ICE) environments. The primary
objective of the project was to study and mitigate the negatieetefbf ICE conditions on
human physical health. To achieve this, a tool called the "Virtual Trainer" was developed, which
incorporates various biosensors utilizing artificial intelligence/machine learning and augmented
reality. The Virtual Trainer consstof hardware, software and exercise routines specifically
designed for the ICE environment. It provides-teak feedback to users and visualizes correct
exercise execution. The tool was tested during analog space missions at the DeepLab HO3
habitat in little Moon City, Prague in the Czech Republic, with support from the Czech
Technological Agency under the Delta program (Project number TM04000062).
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4. RESEARCH IN MATERIALS AND TECHNOLOGIES
FOR SPACE APPLICATIONS

M. Gebura, N. Beronska, E. Hodulova, T. DvorlakkKaraffa, _
R. Seker ka, M. Lavoj skl

During the 202%2025 reporting period, the Institute of Matesiahd Machine Mechanics
of the Slovak Academy of Sciences (IMSAS) continued and significantly advanced its research
on Contact Capacitor Discharge Stud (CCDS) welding for space applications. The results
presented here from highvel perspective represehie final experimental phase of the ESA
PECS contradiFeasibility Study of Contact Capacitor Discharge Welding Gear fordrbit
and Lunar Application® (Contract No. 4000141916/23/NL/MH/rp), with a primary focus on
validating the robustnessepeatability, and mechanical relevance of CCDS joining under
spacerepresentative vacuum conditions. The final presentation of this activity is already
planned on 30 of April 2026.

The research activities concentrated on two scenarios defined ampamt welding
without electrical breakdown (with spring loaded stud being in contact to the workpiece), and
impact welding without electrical breakdown (stud ejected from above the workpiece surface
by the means of actuated spring assembly towards the woe§pivhich are both particularly
relevant for robotic irorbit assembly where controlled mechanical contact and predictable
energy input are required.

4.1.Experimental Infrastructure Overview

During the 20242025 reporting period, IMSAS completed the development and
commissioning of a dedicated experimental infrastructure for the investigation of Contact
Capacitor Discharge Stud (CCDS) welding under spapeesentative conditions. The
infrastiucture was designed to enable controlled, repeatable experiments conviiriign
environment, high-power pulsed electrical systems, mechanical loading, and
synchronized diagnosticsforming the experimental backbone for the CCDS feasibility study.

The infrastructure integrates three core subsystems:

1. a laboratoryscale CCDS welding system with modular power electronics,
2. an upgraded vacuum chamber and pumping system,
3. aninstrumented laboratory model of the welding-efidctors and workpiece interface.

The laboratory model allows:

precise control of discharge voltage and energy,

integration of current and voltage probegibbe and Vprobe),
high-bandwidth acquisition of electrical and mechanical signals,
flexible adaptation to different stud geometries aadace conditions.
Variations in spring assembly to control loading conditions for welding

= =4 =4 —a 4
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Figure 4.1. Assembled CCDS laboratory infrastructure integrated with the vacuum chamber.
The setup includes a modular capacitor bank system withualtjhge charger, current and

voltage probes, oscilloscofmsed data acquisition, and an instrumented vacuum chamber.
The inset shows multiple welding egifliectors installed inside the chamber during vacuum
operation (10 | Pa), enabling simultaneous
electromechanical actuation during CCDS welding experiments.

The welding headind workpiece interface were deliberately designed to allow slight
misalignment and compliance, reflecting realistic conditions expected during robotigitin
assembly rather than idealized laboratory contact.

The CCDS laboratory model was integratetb ian upgraded vacuum chamber system
equipped with rotary and diffusion pumps. The chamber was modified to accommodate
multiple electrical, mechanical, and diagnostic feedthroughs, enabling operation of the welding
system and sensors directly inside thewan environment. Functional tests of the upgraded
vacuum infrastructure demonstrated the ability to reach pressures on the drder ojwithid a
approximately 12 hours even with the welding erefffector and associated cabling installed
inside the chatmer. This pressure range is representative of low Earth orbit conditions and
sufficient to suppress atmospheric effects such as oxidation arakgjated arc behaviour
during welding.

The vacuum control system provides continuous monitoring of chambssupeeand
stable operation during welding experiments, ensuring reproducible environmental conditions
across test campaigns.

The experimental infrastructure was instrumented to ersfolehronized, mult-modal
diagnostics which is essential for understamg CCDS joining behaviour. The system
supports simultaneous measurement of:

T welding current and voltage,

1 instant electrical power,

1 dynamics of the mechanical forces acting on the stud and substrate,
f vacuum pressure during operation.

This instrumentation framework enabled the identification of characteristic electro
mechanical process signatures associated withdqughty CCDS joints, as discussed in the
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subsequent results sections. The developed infrastructure does not represgiaed flight
system, but rather eesearchgrade experimental platform specifically tailored to study
CCDS welding physics under spaetevant conditions. Its modular design allows systematic
variation of:

1 environmental conditions (air vs vacuum),

1 surface states (bare, anodized, painted, insulated),

1 electrical parameters,

1 mechanical compliance at the interface.

4.2.Systematic Weldability Mapping

A comprehensive weldability matrix was experimentally evaluated using AA661
aluminium alloy workpieceand commercially available 1ISO 13918 studs. The study covered
a wide range of discharge voltages, stud materials, and surface conditions, including bare
metallic surfaces, anodized layers, painted coatings, Kapton tape, andageiltinsulation
(MLI). Experiments were performed both under atmospheric conditions and in vacugm (10
Pa level).
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Figure 4.2. Crosssectional optlcal micrographs of CCDS joints produced using®@3teel

studs on MLicovered aluminium substrates under atmospheric conditiefiy &énd under
vacuum (a1io j Pa, right), for discharge vol
in air exhibit extensive porosity, discontinuous fusion zones, and irregular interfacial
morphology, whereas joints produced under vacuum showara continuous fusion interface

with reduced porosity and improved metallurgical cohesion across the investigated voltage
range.
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Out of 48 predefined process states for-mopact welding scenarid6 states (96%) were
already successfully testedproviding a neacomplete mapping of the intended parameter
space. The results demonstrate that CCDS welding under vacuum conditions is not only feasible
but, in many cases, exhibits a broader and more stable process window than under atmospheric
conditions. In particular, A0 steel studs showed robust weldability across multiple surface
conditions, including noionductive layers, when appropriate stud geometry and voltage
ranges were applied.

4.3.Electro-Mechanical Process Signatures of HigiQuality Joints

To move beyond binary weldability assessment, IMSAS established characteristic electro
mechanical process signatures associated with-dqughty CCDS joints. Synchronized
measurements of force, current, voltage, and instant power enabled tifeeadem of distinct
process phases during joining.

A typical highquality joint exhibits:

1 an initial phase characterized by stable electrical contact and gradual tip softening,

1 a contact closure event marked by a transient force peak and voltages;ollaps
1 a short rebound phase without loss of electrical continuity,
1 athermemechanical phase with sustained current flow and decreasing instant power,
1 and a controlled cooling phase under maintained mechanical preload.
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Figure 4.3.Representative electimechanical process signature of a higimality CCDS joint
(nonrimpact welding scenario). The upper plot shows the evolution of forces acting on the
substrate and spring during welding, while the lower plot presents the correspandiegt,
voltage, and instant power. Distinct process phases are identified, including initial contact and
tip softening (E), head contact (H), first rebound (R1), themachanical interaction (TM),

and subsequent mechanical loading and joint cooling Stable coupling between electrical
energy input and mechanical response is characteristic of successful joints formed under
vacuum conditions.
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The repeatability of this coupled electreechanical signature across successful welds
confirms that CCDS joimg under vacuum conditions is governed by controlled thermo
mechanical interactions rather than stochastic arc behaviour. These signatures provide a
physically meaningful basis for process monitoring, quality assessment, and future automation.

4.4. Mechanical Performance under Vacuum and Atmospheric Conditions

The mechanical relevance of CCDS joints was evaluated through tensile testing. A
pronounced dependence of joint strength on environmental conditions was observed. For A2
50 steel studs welded to AB61-T6 substrates, joints produced under vacuum conditions
achieved ultimate tensile strengths in the range of approxin@@es0 MPa, whereas joints
produced under atmospheric conditions remained significantly weaker, typically B&low
MPa.

The tensilestrength exhibited a nemonotonic dependence on discharge voltage, with an
optimal voltage window identified arountil5 140 V under vacuum conditions. At lower
voltages, insufficient interfacial plasticization limited joint strength, while at highergesdta
excessive melting and material redistribution reduced the effectivéokrthg crossection.

Welding through representative spacecraft insulation materials was further investigated
using MLI. Under vacuum conditions, mechanically stable joints tetisile strengths up to
approximatelyd5 MPa were achieved. In contrast, specimens produced under atmospheric
conditions were mechanically unstable and often detachable by hand, exhibiting tensile
strengths below MPa. These results demonstrate that CGH&ling through noitonductive
surface layers is feasible only under vacuum conditions and can yield structurally meaningful
joints when appropriate parameters are applied.

A particularly important outcome of the mechanical testing concerns the combieetd ef
of environment and surface condition on joint strength. For anodized aluminium surfaces
welded using A0 steel studs, joints produced under atmospheric conditions at high discharge
voltage (500 V) achieved an ultimate tensile strength of 81§ £4.2 MPa Performing the
same joining operation under vacuum increased the streng@@a 5.3 MPaconfirming the
beneficial role of vacuum conditions alone.

However, when the anodized surface was locally {ab&ated prior to welding under
vacuum, tle required discharge voltage could be reducetédtd V, while the resulting joint
strength increased markedly 49.7 + 7.6 MPa This strength level is comparable to that
obtained on clean, neemodized aluminium surfaces welded under identical condifighs +
17.2 MPa at 140 V.

KEY update on mechanical tensile tests

I Vacuum
Anodized = Anodized Ablated Pure surface
500V = 500V 140V 140V
16.5 MPa 28.8 MPa 40.7 MPa — | 441 MPa
+-4.2 +-53 +-7.6 - +-17.2

Figure 4.4. Effect of environment and surface condition on CCDS joint strength, showing the
transition from atmospheric to vacuum welding and the impact of local oxide removal on
anodized surfaces.

46



These results demonstrateat the dominant limitation in CCDS welding on anodized
surfaces is not the vacuum environment itself, but the presence of the oxide layer. Once this
layer is locally removed, CCDS welding under vacuum converges toward the mechanical
performance of jointproduced on clean metallic substrates, while operating at significantly
lower energy levels. This knowledge turned our attention to laser ablation as one of the critical
subsystem of the technology in the next development.

4.5 Summary of CCDS Research Qizomes (20242025)

During the 20282025 reporting period, IMSAS finalized the experimental validation of
Contact Capacitor Discharge Stud (CCDS) welding within the ESA PECS framework. A
dedicated laboratory infrastructure was established, combining alan@dpacitor discharge
welding system with an upgraded vacuum chamber capable of reaching pressures on the order
of 10 | Pa, together with synchronized el ec

A systematic weldability campaign was conducted for-imgpact welding without
electrical breakdown (Scenario C), achieving rmanplete coverage of the predefined
parameter space. The results demonstrate that CCDS welding under vacuum is a stable and
reproducible process across a wide range of surface conditiohgjiigcbare aluminium,
anodized layers, painted coatings, Kapton tape, and-laydr insulation (MLI), with broader
operational windows than under atmospheric conditions.

Electromechanical process signatures derived from force, current, voltageosred
measurements revealed repeatable phase behaviour characteristic -gtidtigh joints,
confirming that the joining process is governed by controlled thenechanical interaction
rather than stochastic arc phenomena. Mechanical testing showedirtspjoduced under
vacuum exhibit significantly higher tensile strength than those produced in air, reaching
approximately 3050 MPa for A250 steel studs on AAG606I6 substrates. A key result
demonstrated that appropriate surface preparation enabiesty@ngths comparable to clean
metallic surfaces while operating at substantially reduced discharge voltage.

In parallel, IMSAS was successful in a national space programme call and is now
contracted to develop a largescale vacuum chamber equipped witka robotic arm and an
instrumented measurement plate.This new infrastructure will enable the transition from
componerdevel experiments toward a robotic CCDS simulator, supporting further
advancement of the technology toward higher technology readivets le
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5. REMOTE SENSING

| . Barka, K. Buchovsg&, J. LernecklI,

M. Gallay, T. Goga, 0. Hal ada, A.

M. Kopeck8, S. Kog8novs§, K. Mergan

RPaz%r, M. Rusn8k,”ML. SSal &y, DM. S¢
J. Tomes, A. Zverkova

Selected activities of five institutbns are included in this report
Institute of Geography, Slovak Academy of Sciences in Bratislava
Destructed grassland identified using the PlanetScope satellite images

Completion of the ESA RPA project solution:Land Cover Change Monitoring for
Identification of Potential Illegal Activities in Slovakia (LAPIA) No.
4000141176/23/NL/SC/r(20232024): Institute of Geography, Slovak Academy of Sciences,
Bratislava (prime contractor); National Agricultural and Food Cent8wil Science and
Conservation Research Institute, Bratislestmvak University of Technologyaculty of Civil
Engineeing, Department of Theoretical Geodesy and Geoinformatics, Bratislava
(subcontractors)

One of the results achieved by solution this progettines a methodology for detecting
potential illegal environmental activities in Slovakia using Earth observditay focusing on
the destruction of protected grasslands andfoest woody vegetation, ecosystems essential
for climate resilience. Experimental areas were selected based on illegal activities identified by
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Figure 5.1.Example of illegal activityecorded by the Slovak Environmental Inspectorate: destructed
grassland identified using the PlanetScope satellite images with corresponding S2MiD| profile.
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the Slovak Environmental Inspectorate between 2017 and 2022. A custom web application,
devdoped in the Google Earth Engine environment,was utilised for visualisation and
verification, integrating the Normalised Difference Vegetation Index and the Bare Soil Index
generated from the Sentir2lsatellite imagery. The cutting abnforest woody vegetation

was identified using NDVI anomalies, which indicated disruptions in vegetation phenology. At
the same time, lower NDVI values and changes in surface reflectance detected the destruction
of grasslands. The results highlight tteefulness of optical remote sensing data for detecting
landscape transformations. However, challenges remain in distinguishing between legal and
illegal activities and their representation through maps and infogra@ucm et al., 2025)

Multi -sensor amd machinelearning-based assessment of ecological
and riparian land-cover changes in Slovak watercourses.

Resultwas achieved within the framework of thfelovak Research and Development
Agency (SRDA/APVV) project 23-0265 solution 3D technology andmachine learning
methods for remote environmental monitoring and assessment of river health

The research aims to assess the trend in the development of Slovak watercourses in the
context of a changing climate and the intensive influence of direct himteawentions. The
first part of the research was devoted to the incision of the Bela River channel, where the
original multi-channel system is changing into a simple river system (Rusnéak et al22a324,

Modern 3D technologies offer new opportunitiesanalyse and assess parameters that were
previously difficult to obtain or could not be identified with sufficient accuracy. Degradation
of the Bela River in the Western Carpathidress been monitored since 1949 using lidar data
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Figure 5.2.Chamel incision of the former braided and mwthannel wandering river system

is transforming into a singkhread channel. Paper Rusnék et al. (2024) answers questions
about the natural channel transformation of the Bela River in Slovakia. Evaluatéeiong
channel pattern alterations using an innovative approach by a combination of aerial images,
LiDAR data and drone mapping. The results quantify channel incision in some sections up to 4
m from 1949. Drone survey confirms erosion of 22,756freediment &tween 2015 and 2022,
equivalent to roughly 3832 trucks.
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analysis, historicabherial imagery andUAV data. Themodel analysesindicate a maximum
channel deepening of up to 4 m, at a rate of 5.7 cm/yr, in the most degraded reach. Overall,
volumetricchanges from the drone survey indicated the entrainment of 22,¥69 gravel
sediments between 2015 and 2022 and a total erosion of 573%3fi8nmthe analysis of
historical data between 1949 and 2020.

High-resolution 3D data are later compared withiekite data for longerm river
monitoring of the Belda and Danube River (Afzali et al. 2025, Afzali and Rusnak, 2026).
Historical aerial photographs are wkfiown as a reliable source of information on historical
land cover and land use. However, exirag this information can be challenging due to the
limited spectral characteristics in blaakdwhite images. The texturblased approach using
Machine Learning (ML) models enables the detection of the spatial pattern of the braided
wandering multichannesystem from historical aerial images, with an emphasis on riparian
vegetation. Despite limitations, the proposed approach addresses key challenges in extracting
information from historical orthophotos and can be extended to broader ecological and
envirommental applications. Monitoring riparian vegetation using a pseltisor approach
(Landsat5/8 and Sentine?) enabled evaluation of ecological processes, spatial errors,
misclassification, and the spatial distribution of LC changes within the ripari&n zon

Mapping of land use intensity pattern in agricultural landscaped dissertation
focused on the use of Sentinel satellite data

The dissertat i oncompleteMig202foc@e ononappidyphe mtensity
of grassland use in agricultural landscape using remote sensing data. The research compares
two major mountain regions of Europe, the Alps and the Carpathians, which are characterized
by different trajectories of agricultural dédepment. In the first stage, the author increased the
accuracy of grassland identification through the consensual integration of multiple land cover
datasets derived from Sentinel data. In the second stage, he focused on the detection of mowing
as an indiator of management intensity using satellite time selaésanalysis. The result is a
spatially transferable methodological framewaplicablein the assessment of grassland
management and the support ofaagnvironmental policies
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Figure 5.3.Mean mowing frequency at 10 km grid, calculated only for grasslands mown at
least once during 2020024 period.
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Project:G4B 1 Grasslands for biodiversity: supporting the protection of biodiversity
rich grassland and related management practices in the Alps and Carpathigast
of the Biodiversa+ project)

Within our G4B project we developedgeospatial dataset of grassland habitats for the
European Alps and Carpathian mountain ranges, two of the contimeos’s significant
biodiversity hotspots. The classification framework is based on the European Nature
Information System (EUNIS) Habitat Classification, consistent with Eurcpéde
monitoring and conservation standartise model outputs were generatedvad hierarchical
levels of the EUNIS classification and identified the temperate, alpine, and subalpine grassland
types with a high accuracy of accuracy. The outcomes provide a baseline for further research,
conservation planning, and ecosystem management

Figure 5.4. lllustration of the results of mapping the habitat structures. The categories are as
follows: R1 Dry grasslands, R2 Mesic grasslands, R3 Seasonally wet and wet grasslands, R4
Alpine and subalpine grasslands, R5 Woodland fringes and ctgsaaind tall forb stands.

Institute of Landscape Ecology, Slovak Academy of Sciences (ILE SAS)

Within the reporting period 2022025, the main E@®elated activities at ILE SAS focused on
advancing Copernicus/ESA mission readiness througlleivelopment of hybrid retrieval
workflows for nextgeneration hyperspectral products, (ii) laegea monitoring of agricultural
production potential and vyield stability from Copernicus Seninéime series, and (i)
strengthening Cal/Vabriented tehnical infrastructure for biophysical and structural product
validation.

1. ESA project completed in 2025CHIME_NPV i feasibility study towards
guantitative NPV products for Copernicus CHIME
In 2024 2025, ILE SAS successfully finalised the E8/dedCHIME_NPV feasibility study,
delivering an endo-end concept for quantitative retrieval of Apinotosynthetic vegetation
(NPV) variables from upcoming Copernicus hyperspectral mission (CHIME). The project
directly supports the planned Copernicus hypetsglemission CHIME by developing the
methodological and validation foundations for an operational L8@WdPV quantification
product (with an emphasis on quantitative variables rather than only fractions/classes). The
work explicitly targets the identifiedap between widely used fractional/atesed NPV
indicators and physically meaningful quantities (e.g., NPV biomass, crop residue biomass,
brown LAI), which remain underrepresentedainly due to referencedata scarcity and
transferability linitations.
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Figure 5.5. Left: Example of Baseline Classification Map. RigBihsemblébased NPV
biomass prediction (g.f

Core technical outcome is a hybrid workflow that linRsstructured field spectroscopy +
biomass sampling campaigns across diverse agricultural NPV forms, (ii) 3D-Haséd
synthetic data generation (DART LUTSs and inference), (iii) feawel unsupervised domain
adaptation using an MMIinimising neural netork, (iv) mult-model biomass regression
(Fig. 5.5, and (v) distributiorbased plausibility validation. The study also provided evidence
that such a combined physiddLi DA approach can overcome key obstacles that historically
prevented robust and transible NPV biomass models.

Project results and followp recommendations were presented to the CHIME Mission
Advisory Board (July 2025), supporting alignment of the proposed retrieval and validation
strategy with CHIME product priorities (including Lev&INPV quantification). Based on
recent consultations with ESA, folleup activities will aim to progress the workflow toward
higher TRL. In particular, firgisk management, e.g. implementing the hybrid approach in areas
where NPV is a key indicator of fuldad and fire risk, while maintaining robustness under
limited ground truth and domain shifts.

A critical technical bottleneck for hyperspectral algorithm development and Cal/Val is the
limited availability of airborne/UAS hyperspectral platforms. In 208ds limitation was
strategically mitigated by initiating a partnership with VUJE, enabling helictysised
acquisitions with the HySpex sensor infrastructure. This creates a practical bridge between plot
scale reference data and satellite products)gtinening future CHIMEoriented validation and
application transfer.

2. Continued Copernicus Senting? work (20182024): crop production potential
and yieldstability patterns over a large agricultural region

In 2024 2025, we continued the evaluationppbduction potential and lorgrm stability
over a large agricultural region using dense Copernicus SeAftiivee series, culminating in
a T7-year assessment (202824) of stable yield productivity zones (sYPZ) and unstable zones
at 10 m resolution. Thanalysis covered approximately 35,000 crop fields, highlighting that
unstable zones dominated (47% of cropland), while stable classes were partitioned into medium
(36.3%), low (10.2%) and high (6.5%) sYPZ; high sYPZ accounted for roughly 170 km?.

The stuly demonstrates that muitear SentineR trajectories can be used to derive robust,
comparable stability patterns at siigld scale and to separate persistent productivity signals
from yearto-year variability. Spatial aggregation revealed broader gnésli(e.g., high sYPZ
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more concentrated in the north, low sYPZ more prevalent in the south), supporting
interpretation across both local and regional drivers g=&).

The resulting stability layers provide an actionable baseline for (i) stratifiechviigtd
management and targeted interventions (precision agriculture), (ii) prioritisation of monitoring
and advisory services, (iii) riskware planning (e.g., identifying persistently low/unstable
zones), and (iv) integration with follewp yield estimaon workflows (including lateseason,
pre-harvest applications in cereals). The work also supports Copernicus downstream use by
translating freely available EO time series into managemneaaly stability products.

To support interpretation and improvertra f er abi | i ty, the accomp;
et al., 2025) applied an XGBoost classifier with SHAP diagnostics to explain SYPZ patterns
using environmental and management proxies (topography, wetness, climate/soil classes, and
soil spectral properties deed from a Sentine? baresoil mosaic). The SHAP results suggest
nontlinear effects of elevation and slope, and highlight a strong influence of SWIR2 (Sentinel
2 band B12) barsoil reflectance. These findings motivate folloyw work with a stronger
emphasis on causal links, particularly soil spectroscopy and soil health drivers underpinning
long-term yield stability.
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Figure 5.6. Left: Distribution of low, and high yield sYPZ and unstable YPZ at 10 m spatial
resolution. Right: Low, and high sYPRroportion within a 10 km window of respective
stability classes constitutes RGB composite.

3. Building technical and infrastructural background for Cal/Val initiatives linked to new
EO missions (CHIME, FLEX)

During 20242025, ILE SAS systematically strengttesl its technical and measurement
infrastructure to support calibration/validation (Cal/Val) activities for upcoming and new
generation Earth observation missions, with main focus on hyperspectral and fluorescence
based products and their downstream L&/ekvel3 biophysical retrievals. This capacity
building is directly aligned with the increasing demand for robust, metrologically sound Cal/Val
protocols and interoperable validation practices for optical -laradjing and advanced
vegetation products.

Theactivity was motivated by missiedriven product needs across (i) Copernicus CHIME
hyperspectral observations (VISWIR, 400G 2500 nm; 30 m class products and broad land
applications), whichrequires pre-launch algorithm readiness and traceable validataiasets,

i) ESA FLEX fluorescence observations and derived vegetation functioning variables (e.g.,
fluorescenceelated quantities and photosynthesis proxiesy (iii) ESA Biomasstargeting
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Figure 57.Fi el d Cal / Val I nfrastructure support.i
Left: Flux tower (L+Cor Env.) with FLOX box (JB Hyperspectral) continuous measurements.
Right: Mobile FLOX box for ambient SIF measurements.

(global maps of abovground biomasdorest height and disturbances and requiring extensive
Cal/Val reference capacityandcreas®e nsor consi stency. Il n this
Announcement of Opportunity provided an additional framework for positioning ILE SAS
infrastructure and ptocols within a broader European Cal/Val ecosystem.

A core technical step in 20R2025 was the integration and harmonisation of field optical,
physiological, and flux measurements around the ILE SAS-eddgriance site and associated
experimental plots\ PRV Pi egSany/ Borovce region). The
both (a) validation of lowelevel products (spectral reflectance; $#fated observables) and
(b) calibration and parameterisation of proeessl radiativearansfer models used generate
higherlevel biochemical/structural variables. In practice, this included dual field spectroscopy
capability (fixed toweibased FLOX plus mobile FLOX boxFig. 5.7, FieldSpec4 with
integrating sphere support, canopy structural sampling (Sun3darélated measurements),
thermal sensing, leaf g&xchange (LICOR 6800), PAMbased fluorescence measurements
and pigment analytics as complementary constraints for model parameterisation and
uncertainty reduction.

In parallel, structural measurement aejy relevant to both Cal/Val and RTM
parameterisation through mobile LIDAR scanning (Lixel 2 Pro, XGrids) and SLAM algorithm
processorsupporting structural priors and scene realism (Fig. 5.8) for radiative transfer
modelling (e.g., 3D RTMs)mprove interpretability of hyperspectral retrievals under canopy

Figure 5.8.Left: Mobile LIDAR (Lixel 2 Pro) acquisition over a forest stand (Babsky les): field
campaign for multsensor synergy product development. Right: Weed affected paacadt
(VURV Borovce): canopy height and weed volume representation for 3D RTM model
parameterisation.
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