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 Abstract 

 

COMPARATIVE PLANETOLOGY—WHAT DO WE LEARN ABOUT 
THE EARTH BY STUDYING OTHER PLANETS? 

Nigel John Mason 1,2* 

1University of Kent, School of Physics and Astronomy, Canterbury, United Kingdom; e-mail: 
n.j.mason@kent.ac.uk 
2Europlanet Research Infrastructure; e-mail: europlanet2024ri@kent.ac.uk 
 
What can we learn about the Earth from studying other planets? The answer is quite a lot! 
Studies of Venus can provide a guide to what the Earth may become if we do not address 
the causes of global warming whilst Mars gives clues as to how Earth may have looked when 
life first began. Why did the Earth (with its moon) sustain its oceans and atmosphere when 
Mars did not? What can we learn about interior dynamics and plate tectonics from other 
planets and the role they play in habitability? What does Saturn’s moon, Titan, tell us about 
the emergence of a life supporting atmosphere? Titan being a case study of the famous 
Urey-Miller experiment which provides clues as to formation of prebiotic molecules 
necessary for emergence of life. Only by studying other planets and their moons can we 
understand the myriad of exoplanets that we are detecting around other stars and thence 
seek those that may support life. 

These studies are known as “comparative planetology”, a term first coined by George 
Gamow, who reasoned that to fully understand our own planet, we must study others. Its 
goal is to develop a comprehensive theory of the origin and evolution of our planetary 
system and by this understand exoplanetary systems and the conditions necessary for 
support of life (at least as we know it). In this talk I will discuss the concept and why (and 
how) planetary scientists and geoscientists need to work together to unravel the history and 
future of both the Earth and other planets. 
 
Acknowledgements  
The author recognizes that Europlanet 2024 RI has received funding from the European 
Union’s Horizon 2020 research and innovation programme under grant agreement No 871149 

                                                           

*Corresponding author, e-mail: n.j.mason@kent.ac.uk 
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 Abstract 

 

LITHOSPHERE GEODYNAMICS INFERRED FROM STUDY OF MANTLE 
XENOLITHS: THE EXAMPLE FROM SERBIA  
Vladica Cvetković 1* 
1University of Belgrade, Faculty of Mining and Geology, Belgrade, Serbia; e-mail: vladica.cvetkovic@gf.bg.ac.rs 
 

Given that deep drillings reach only first 5% of the lithosphere thickness, peridotite xenoliths 
found in basalts and kimberlites remain the only rocks of the subcontinental lithosphere 
available for direct observations. From studying these xenoliths, we know that the lithospheric 
mantle is composed of olivine, orthopyroxene, clinopyroxene and, depending on depth, spinel 
or garnet. Moreover, we are able to characterize the physico-chemical state of the mantle 
portion “sampled” by xenoliths and interpret its geodynamic evolution. One of the most 
relevant information is the extent of depletion that tells us how much of basaltic magma was 
extracted from mantle peridotite in the geological past. This is estimated by the content of 
modal clinopyroxene, Al2O3 concentrations in bulk xenoliths and in minerals, the values of 
Mg# [100×MgO/(MgO + FeO) mol] in silicates and Cr#[Cr2O3/(Cr2O3+Al2O3)mol] in spinels as 
well as by the concentrations of trace elements including rare earths (REE). The information 
about depletion degree is important because it differs in mantle sections from various 
geodynamic environments. 

In Serbia, mantle xenoliths are found only in Palaeogene basalts near Sokobanja and Bela 
Palanka (SE Serbia). Our xenolith studies suggest that the uppermost mantle beneath the 
present-day SE Serbia is predominantly composed of highly depleted peridotites (≤ 5 vol. % of 
clinopyroxene) characterized by high Mg# in silicates (> 91) and Cr# in spinels (0.5–0.7) and low 
Al2O3 contents in orthopyroxene (1–2 wt. %). Modelling of REE concentrations in orthopyroxene 
from these xenoliths implies the amount of extraction of basaltic melts of 22–30%, which makes 
the SE Serbian mantle significantly more depleted than typical non-cratonic sub-continental 
lithosphere worldwide. Because of that, we hypothesized that the SE Serbian subcontinental 
mantle consists of pieces of the oceanic lithosphere of the Mesozoic Ocean Tethys, which were 
tectonically emplaced beneath the ancient European margin. This half-speculative scenario is 
corroborated by the fact that the same basalts host a sub-set of orthopyroxene-rich xenoliths 
which are similar to present day boninites known to occur exclusively in intraoceanic subduction 
zones. 

Acknowledgements 
This contribution is supported by the Serbian Academy of Sciences and Arts (F9, F17), the Ministry 
of Science, Technological Development and Innovations (“Contract on realization and financing 
of scientific research of SRI in 2023“, No. 451-03-47/2023-01/200126) and the Science Fund of the 
Republic of Serbia (No. 7744807). 
                                                           

*Corresponding author, e-mail: vladica.cvetkovic@gf.bg.ac.rs 
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 Abstract 
 

ENERGY TRANSFORMATION, RELEASE AND DISSIPATION 
DURING EARTHQUAKE PREPARATION PERIOD AS THE 
MANIFESTATION OF GEOSPHERE’S INTERACTION  

Sergey Pulinets1* 

1Russian Academy of Sciences, Space Research Institute, Moscow, Russia; e-mail: pulse@cosmos.ru 
 
The final stage of earthquake preparation can be described as a non-linear process in the open 
system with energy dissipation. It happens in the energy-saturated media concentrated within the 
area called the earthquake preparation zone (Dobrovolsky et al., 1979). Kadomtsev and Ryazanov 
(1983) claim that energy dissipation has irreversible character and can be transformed into other 
kinds of energy (oscillation of thermal atom’s movements, or electromagnetic emissions). Together 
with energy exchange, a mass exchange may take place. At the same time, it is difficult to find 
estimations on the relationship between the energy released by the initial event and consequent 
events after the energy transformation processes. We will report on the examples of exceeding 
secondary energy release as it happens in comparison of the mechanical energy released by an 
earthquake and thermal energy released as a precursory phenomenon (Pulinets et al., 2022) or 
explosive energy release due to autocatalytic reaction in the atmosphere as a result of air ionization 
(Pulinets et al., 2023). All these effects are considered within the framework of the intergeospheres 
interaction concept proposed by Sir John Murray (1913) and developed by academician Vladimir 
Vernadsky (2013). Now these ideas started to be implemented in just founded international program 
“International Magnetic Circle Program” where the studies of geospheres interaction put as a main 
scientific problem of the project. 

References  
Dobrovolsky, I. R., Zubkov, S. I., & Myachkin, V. I. (1979). Estimation of the size of earthquake preparation 

zones. Pageoph, 117, 1025–1044. https://link.springer.com/article/10.1007/BF00876083  
Kadomtsev, B. B., & Ryazanov, A. I. (1983). What the synergetics is? Priroda, 8, 2–11. https://ui.adsabs. 

harvard.edu/abs/1983Prir.........2K/abstract  
Murray, Sir John. (1913). The ocean: A general account of the science of the sea. Williams and Norgate. 
Pulinets, S., Ouzounov, D., Karelin, A., & Boyarchuk, K. (2022). Earthquake Precursors in the Atmosphere and 

Ionosphere. New Concepts. Springer Nature. https://link.springer.com/book/10.1007/978-94-024-2172-9 
Pulinets, S., Budnikov, P., Karelin, A., & Žalohar J. (2023). Thermodynamic instability of the atmospheric 

boundary layer stimulated by tectonic and seismic activity. Journal of Atmospheric and Solar-Terrestrial 
Physics, 246, Article 106050, https://doi.org/10.1016/j.jastp.2023.106050. 

Vernadsky V. I. (2013). Khimicheskoe stroenie biosfery Zemli i eyo okruzheniya [The chemical structure of 
the Earth’s biosphere and its environment]. Nauka. 

                                                            

*Corresponding author, e-mail: pulse@cosmos.ru 
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 Abstract 
 

A 50 YEARS RESEARCH ON EARTHQUAKE PRECURSORS: A 
PERSONAL EXPERIENCE 

Pier Francesco Biagi1* 

1University of Bari, Department of Physics, Bari, Italy; e-mail: pf.biagi@gmail.com 
 
The author started his research activity on earthquake precursors in 1973. At a site located 
near the epicenter of the Friuli earthquake (Mw = 6.5, 1976) an anomalous tilt variation 
appeared, during the three years preceding the earthquake. Then, a network of tilt-meters 
was put into operation in central Italy and several results were obtained. Furthermore, the 
author carried out research works related to groundwater Radon content (anomalies were 
detected before the Irpinia earthquake, Mw = 6.8, 1980), and other results were obtained in 
central Italy when performing systematic resistivity earth measurements. In addition, 
cooperation with Georgia and Kamchatka (Russia) researchers began; in this phase, anomalies 
in the Helium content in thermal waters (Georgia) had been revealed before the destructive 
Spitak (Mw = 6.9, 1988) earthquake and anomalies in ions and gases content in water of deep 
wells (Kamchatka) appeared before the largest (Mw = 6.6–7.1) earthquakes here occurred. In 
addition, since 1987, the author has put into operation instrumentation for detecting electric, 
magnetic, and seismic-acoustic signals inside natural caves located in the central Apennines 
obtaining several results. Then, the intensity of LF (150–300 kHz) and VLF (20–80 kHz) radio 
signals have been monitored and pre-seismic anomalies were revealed. Finally, in 2009, eight 
radio receivers for sampling VLF-LF radio signals were put into operation in different European 
countries and the INFREP cooperation started. Several results were obtained and new ones 
are expected as well.  

 

                                                            

*Corresponding author, e-mail: pf.biagi@gmail.com  

mailto:pf.biagi@gmail.com
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 Abstract 
 

MODELLING WAVE STRUCTURES IN THE EARTH-ATMOSPHERE-
IONOSPHERE AND RADIODIAGNOSTICS OF IONOSPHERIC 
SPACE WEATHER (ISW) 

Yuriy Rapoport1*, Volodymyr Grimalsky 2, Sergei Petrishevskii 3, Asen Grytsai 3, Oleksandr 
Liashchuk 4, Andrzej Krankowski 1 

1University of Warmia and Mazury in Olsztyn, Olsztyn, Poland; e-mails: yuriy.rapoport@gmail.com; 
kand@uwm.edu.pl 
2University Autonomous University of State Morelos (UAEM), Cuernavaca, Mexico; e-mail: v_grim@hotmail.com  
3Taras Shevchenko National University of Kyiv, Physical Faculty, Kyiv, Ukraine; e-mail: msergiyp@gmail.com; 
a.grytsai@gmail.com 
4Main Center of Special Monitoring, National Space Facility Control and Tests Center, State Space 
Agency of Ukraine, Kyiv, Ukraine; e-mail: alex.liashchukk@gmail.com 
 
New models of Ultra Low, Extremely Low, and Very Low Frequency (ULF, ELF, VLF, respectively) 
disturbances excited by given (current) sources placed inside Lithosphere (Earth)-
Atmosphere-Ionosphere-Magnetosphere (LEAIM) system (Grimalsky et al., 2022; Rapoport et 
al., 2020, 2022; Rapoport and Grimalsky, 2022; Yutsis et al., 2021), are developing. Such 
disturbances include both waves passing through LEAIM system and VLF excitations of 
Waveguide Earth-Ionosphere (WGEI), ELF disturbances of coupled Schumann and Ionospheric 
Alfven resonator (SR-IAR), effective ULF geomagnetic Alfven waveguide connecting 
magnetically conjugated regions. Disturbance sources can be located above the ionosphere 
(solar wind disturbances and strong magnetic storms) and within and below the ionosphere 
(electro-discharges, earthquakes, volcanoes, and tropical cyclones). Influences of these 
sources on LEAIM system form ISW, i.e., ionospheric modification by Hunga-Tonga eruption 
(D'Arcangelo et al., 2022). Relevant naturally occurring ionospheric wave structures include, 
i.e., Traveling Ionospheric Disturbances (TIDs) associated with ionospheric nonlinearities and 
magneto-acoustic-gravity waves; nonlinear structures, such as plasma bubbles, etc., caused 
by impact on the ionosphere “from below“ (Kuo et al., 2011); plasma structures at middle 
latitudes, based on (combined) Es (sporadic layer)-Perkins instabilities (Yokoyama et al., 2009); 
nonlinear plasma structures, for example, during magnetic storms, are generated at high and 
low latitudes, penetrating into middle latitudes, during period of maximum solar activity 2024–
2026. Results of simulation of (1) waves passing through the LEAIM system, which are 
important for ISW radiodiagnostics; (2) (VLF) excitation of WGEI; (3) (ELF) perturbations of 
coupled Schumann and SR-IAR, and (4) scattering of Very High Frequency EMW on 
ionospheric plasma structures, are presented. 
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 Abstract 

 

INVESTIGATING THE ALTITUDE PROFILE OF D-REGION 
IONOSPHERIC RESPONSE TIME DURING SOLAR FLARES 

Tamal Basak1*, Sayak Chakraborty1 

1Indian Centre for Space Physics, 466 Barakhola, Netai Nagar, Kolkata, India; e-mails: 
tamalbasak@gmail.com, sayak.kolkata@gmail.com  
 
In this work, the response of the D-region to the solar flares, as well as, its effective response 
time delay was studied. The 'electron continuity equation' is used to investigate the D-region 
at mid-latitude. D-region response time delay is defined (Δt) as the time difference between 
the peaks of electron density (Ne(t)) profile and solar X-ray flux (ϕ (t)). In this work, we report 
that Δt has a strong altitude (h) dependency and the nature of dependency is different for 
different classes of flares. Furthermore, the latitudinal and seasonal dependencies of Δt-h 
profiles were also studied. The C and M classes flares do hold minimum Δt during the middle 
of the year in the northern hemisphere and during the ending and beginning of a year in the 
southern hemisphere. Finally, we explain such altitude dependence of Δt with possible 
explanations from physical mechanisms going on there. 
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 Contributed paper 

 

MODELING LOWER IONOSPHERIC RESPONSE TO LIGHTNING-
INDUCED ELECTRON PRECIPITATION USING VLF RADIO SIGNAL 
RECORDINGS 

Aleksandra Kolarski1* 
1Institute of Physics Belgrade, Belgrade, Serbia; e-mail: aleksandra.kolarski@ipb.ac.rs 

Abstract: The Lightning-induced Electron Precipitation (LEP) events are well-known phenomena, with 
effects that are easily recognized on Very Low Frequency (VLF) radio signal night-time recordings, as 
VLF signal's amplitude and phase delay deviations of characteristic footprint compared to signal's 
regular nocturnal behavior. Since highly susceptible to causative agent of this type, nocturnal 
subionospheric VLF propagation is a suitable tool for indirect probing of transient lower ionospheric 
disturbances related to localized areas of short-lived electron density increases in the D-region altitude 
range, referred as Localized Ionization Enhancements (LIEs). An analysis of the lower ionospheric 
response to lightning-induced electron precipitation events during the last quarter of the year 2004 was 
carried out, for cases of two VLF signals transmitting from USA (NAA/24 kHz) and UK (GQD/22.1 kHz) 
towards Belgrade (Serbia). Based on amount of LEP driven VLF perturbations recorded in Belgrade, 
subionospheric VLF signal propagation parameters were modeled and through conducted numerical 
simulations ionospheric parameters were obtained. Main results are presented in this work. 

Keywords: lower ionosphere; VLF radio signal; perturbations; modeling 

1. Introduction 
Incident radiation and energetic processes localised within Earth's ionosphere in a great deal 
affect its physical and chemical properties (e.g., Kelley, 2009; Rycroft, 2006). Energetic events 
of terrestrial or extraterrestrial origins can pose as a source of induced disturbances within 
ionosphere and consequently influence all ongoing processes within this region (e.g., 
Goodman, 2005). Atmospheric discharges are source of radio waves that propagate along 
geomagnetic field lines into the plasmasphere and there interact with energetic electrons 
(30–300 keV). Through such interaction, some of electrons enter energy loss processes and 
consequently precipitate into ionosphere (e.g., Strangeways, 1993), producing within D-
region altitude range localised areas of increased electron densities, i.e. Localised Ionization 
Enhancements (LIEs; e.g., Nunn, 1997). Lower Ionospheric disturbances caused through the 
Lightning-induced Electron Precipitation (LEP) processes and corresponding ionospheric 
plasma irregularities cause amplitude and phase perturbations of man-made Very Low 
Frequency (VLF) signals transmited subionosphericaly (e.g., Silber & Price, 2017 and 
references therein) within Earth-ionosphere waveguide, where Earth’s surface is the lower 
boundary and lower ionopsheric edge is the upper boundary of this waveguide. 

                                                           

*Corresponding author, e-mail: aleksandra.kolarski@ipb.ac.rs  



 

 

Book of Abstracts and Contributed Papers 
International Conference on Recent Trends in Geoscience Research and Applications 2023 
Belgrade, Serbia & Virtual, October 23–27, 2023  
Editors: Aleksandra Nina, Snežana Dragović, and Dejan Doljak 

 

 

 
17 

Perturbations of VLF radio signals, related to such short-lived electron density increases 
due to LEP events, in period covering the last quarter of the year 2004 were monitored on 
data recorded by Belgrade VLF receiving system. VLF signals on frequencies 24 kHz and 22.1 
kHz, arriving in Belgrade from USA (transmitter located in Maine) and UK (transmitter 
located in Skelton) were chosen for detailed analysis. Based on measured VLF data, 
numerical simulations were carried out in order to obtain simulated propagation parameters 
and ultimately, electron density changes produced by these sudden events. 

2. Observations and Data 
Instrumental set-up used in this research consisted of Belgrade (BEL) VLF receiving system 
Absolute Phase and Amplitude Logger (AbsPAL), operating in narrow-band operational 
mode and located at the Institute of physics Belgrade (44.85°N; 20.38°E), Serbia. 
Observations were simultaneously conducted for all VLF signals recorded by BEL system 
within inspected period, with VLF signals transmitting from USA (NAA/24.0 kHz) and UK 
(GQD/22.1 kHz) were analyzed in detailed (Table 1). Map with NAA and GQD signals’ Great 
Circle Paths (GCPs), as registered in Belgrade, is given in Figure 1. 

VLF signal perturbations recorded by BEL station on monitored VLF signals, for a case of 
one typical LEP event, are presented in Figure 2. Recorded VLF signal perturbations appear 
as characteristic amplitude decrease and phase increase mirroring each other, with maximal 
perturbation corresponding to the occurrence of the LEP event. Maximal perturbation and 
unperturbed nocturnal signal related to LEP event from 16 November 2004, which effects 
are presented in this paper, are indicated by red and black arrows, respectively. Amplitude 
and phase perturbations induced by this LEP event are of common features, regarding 
absolute amount of amplitude (up to 5 dB) and phase (up to a few tens of degrees) changes 
and of maximal duration (of up to 2 minutes) as well, as other typical LEP driven 
perturbations recorded in Belgrade in inspected period. 

Table 1. VLF signals’ transmitter characteristics 
VLF signal 

(kHz) 
Transmitter location 
(latitude; longitude) 

Emitted power 
(kW) 

GCP distance* 
(km) 

NAA/24.0 Maine, USA (44.63°N; 67.28°W) 1000 6547 
GQD/22.1 Skelton, UK (54.72°N; 2.88°W) 500 1982 

Note. *Distance between transmitter and BEL receiver along GCP 

 

 

Figure 1. Map with analysed VLF signals' GCPs (black lines) emitted towards BEL receiver site (blue circle) 
from USA (NAA/24.0 kHz) and UK (GQD/22.1 kHz) (red circle). 
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Figure 2. Amplitude and phase (dark and light solid lines, respectively) perturbations induced by LEP 
event occurred on 16 November 2004 recorded on monitored VLF signal traces: NAA/24.0 kHz (A) and 

GQD/22.1 kHz (B). 

3. Results and Discussion 
Changes in amplitude ΔA (dB) and phase ΔPh (°) were obtained as differences between the 
measured maximum values of the perturbed signal compared to the regular nocturnal signal 
values before the perturbation onset. Based on values measured from the signal, modelling 
procedure was designed employing Long Wavelength Propagation Capability (LWPC) software 
(Ferguson, 1998) to obtain modelled values for both unperturbed and perturbed conditions, as 
best fitting to real measured data. In order to get simulated ionospheric conditions within 
waveguides to match as close as possible to real ones, pairs of propagation parameters 
sharpness β (km−1) and reflection height H’ (km) were modelled within selected sections of the 
waveguides through REXP subroutine and estimated as best fitting, so that obtained and 
measured values of the signals’ phase and amplitude at the place of the Belgrade receiver 
reach a good agreement. Measured and simulated data values are given in Table 2. 

Table 2. Measured and modelled amplitude and phase for monitored VLF signals related to maximal 
perturbation induced by the LEP event from 16 November 2004 

VLF signal 
(kHz)  

Measured ΔA 
(dB)  

Measured ΔPh  
(°) 

Simulated ΔA 
(dB) 

Simulated ΔPh  
(°) 

NAA/24.0 −1.05 12.95 −1.01 21.84 
GQD/22.1 −1.74 9 −1.75 5.66 
 
Numerically simulated propagation parameters β (km−1) and H’ (km) along GCPs of 

analysed VLF signals, related to maximal perturbation due to the LEP event occurred on 16 
November 2004, are given in Figure 3, in blue and green for parameter H’ (block diagram 
on left) and olive and orange for parameter β (block diagram on right) in cases of NAA and 
GQD signals, respectively. Path varying unperturbed values for both signals are given in light 
and dark gray for NAA and GQD signal, respectively. For the sake of visibility, comparison 
between NAA and GQD signals’ parameters is given only for the region covering slightly 
wider area corresponding to the GQD signal GCP. Place of GQD transmitter is indicated by 
black star, direction towards NAA transmitter by black arrow and BEL receiver location by 
red circle. 
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Figure 3. Propagation parameters’ changes related to analysed LEP event influence along NAA and 
GQD signal GCPs towards Belgrade. 

Note. Panel A: Parameter β (km−1). Panel B: Parameter H’ (km). For perturbed state NAA is in blue and 
olive and GQD in green and orange, while for unperturbed state in light and dark gray, respectively; RC 
is for BEL receiver, TR is for transmitter). 

As expected, due to the influence of analysed LEP event, propagation parameters 
changed in a great deal, compared to their unperturbed nocturnal values. Although 
propagating close to each other, especially near BEL receiver, conditions within waveguides 
of monitored VLF signals considerably differ indicating that these signals undergo divergent 
perturbations in spite that were induced by the same LEP event. In maximal intensity of the 
perturbation, in case of GQD signal reflection height is more lowered, while in case of NAA 
signal sharpness became more reduced, as compared with each other. After the LEP event's 
impact, in case of parameter β both waveguides recovered entirely and went back to their 
regular values at the place of BEL receiver, while in case of parameter H’, waveguide of GQD 
signal remained slightly perturbed. 

Based on modeled propagation conditions, relying on Wait’s theory application (e.g., 
Wait & Spies, 1964; Wait, 1970), electron density height profiles Ne(z) (m−3), for given 
parameters β (km−1) and H’ (km), were calculated using the Equation 1 for the nocturnal 
ionospheric conditions given by (Nunn, 1997): 

 

 Ne(z, H’, β) = 1.86 · 1011 · e–0.15·z · 78.57 · eβ(z – H’) ,      (m−3) (1) 

 
Electron density height profiles throughout lower ionospheric altitude range (50–90 km) were 

calculated for cases of analysed VLF signals, both for perturbed and unperturbed ionospheric 
conditions. Due to present ionospheric irregularity, propagation parameters deviated from 
regular values causing corresponding increase in electron densities within waveguides. 
Comparison between perturbed states within waveguides of NAA and GQD signals along their 
GCPs, at their reflection heights, corresponding to maximal perturbation due to the influence of 
the LEP event on 16 November 2004, is given in Figure 4. Electron densities along analysed VLF 
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signals’ GCPs, related to unperturbed and perturbed ionospheric conditions for NAA and GQD 
signals are given in light and dark gray and blue and pink, respectively. Ionisation increased by 
this LEP event for both analysed VLF signals stayed within the same order of magnitude, 
compared to unperturbed ionospheric conditions. 

 

 

Figure 4. Electron density height profiles along NAA and GQD signal GCPs towards Belgrade, for unperturbed 
(light and dark gray, respectively) and perturbed (blue and pink, respectively) ionospheric states related to 

analysed LEP event (RC is for BEL receiver, TR is for transmitter). 

4. Conclusions 
During the influence of LEP event on 16 November 2004, perturbations in amplitude and 
phase of similar amount and with features characteristic for this type of driving agent were 
observed on both monitored VLF signals at the place of BEL receiver. Decrease in amplitude 
in both analysed VLF signals is less than 2 dB, while increase in phase is roughly around 10°, 
with more pronounced change of amplitude in GQD signal and of phase in NAA signal. 
However, although in general with some similar characteristics, these two signals undergo 
different perturbations even though arising from the same inducing agent. Modelled 
amplitude and phase values of NAA and GQD signals, as well as their relative changes 
compared to unperturbed state, obtained trough conducted numerical simulations are both 
in good agreement with data measured at the BEL receiver site. Lowering of the VLF signal 
reflection height with reducing of reflection edge sharpness took place in case of both 
analysed VLF signals, as the effect of occurred LEP event. During maximal perturbation, in 
case of NAA signal reflection height was lowered for 0.5 km and reflection edge sharpness 
decreased for 0.10 km−1 compared to unperturbed state, while in case of GQD signal 
reflection height descended for 0.7 km and reflection edge sharpness decreased for 0.08 
km−1. Parameter of sharpness in both perturbed VLF signals reached values that are 
characteristic for daytime ionospheric conditions. After the perturbation, both waveguides 
went back to recovered states of regular nocturnal ionospheric conditions. Obtained 
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maximum electron density change at the signal's reflection height reached approximately 
10.9% for GQD signal, which is notably higher than in case of NAA signal where it reached 
approximately 7.7%, as compared to their unperturbed states. Obtained results are in line 
with other studies (Clilverd et al., 2002; Kerrache et al., 2021; Silber & Price, 2017; Šulić, Nina, 
et al., 2010; Šulić, Žigman, et al., 2010). 
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Abstract 

INVESTIGATION OF VLF TRANSMITTER AMPLITUDE VARIABILITIES 
BEFORE THE MW7.8 TURKEY SYRIA EARTHQUAKES OF FEBRUARY 6, 
2023 
Mohamed Y. Boudjada1*, Pier Francesco Biagi 2, Hans Ulrich Eichelberger 1, Giovanni Nico 3, 
Patrick H. M. Galopeau 4, Maria Solovieva 5, Helmut Lammer 1, Bruno P. Besser 1,  
Manfred Stachel 1, Franz Giner 1 
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5Institute of the Earth Physics, Russian Academy of Sciences, Moscow, Russia; e-mail: solovieva@ifz.ru 

We report on the recent earthquakes (EQs) that occurred with the main shock on February 6, 
2023 principally in the central southern part of Turkey and northwestern Syria. This region is 
predisposed to earthquakes because of the tectonic plate movements between Anatolian, 
Arabian and African plates. The seismic epicenter was localized at 37.08°E and 37.17°N with depth 
in the order of 10 km and magnitude MW7.8. We use VLF Graz facility (Biagi et al., 2019; 
Schwingenschuh et al., 2011) to investigate the amplitude variation of TBB transmitter (Bafa, 
Turkey; 27.31°E, 37.40°N) radiating at frequency of 26.7 kHz. TBB signal is daily detected by Graz 
facility with an appropriate signal to noise ratio predominantly during night observations. We 
study in this analysis the variations of TBB amplitude signals, as detected by Graz facility (15.43°E, 
47.06°N) eight weeks before and after the earthquakes occurrence. It is essential to note that the 
geographical latitude of the epicenter and the TBB transmitter is about 37°N, and the distance is 
in the order of 850 km. This distance is found smaller than the radius of the earthquake 
preparation zone, as derived from Dobrovolsky et al. (1979), taking into consideration the 
magnitude of the seismic event, i.e. MW7.8. We discuss potential fluctuations of TBB transmitter 
amplitude probably due to the ionospheric disturbances generated by the EQs preparation area. 
Those fluctuations are compared to previous TBB observations recorded from 2019 to 2022, and 
to the MW6.8 EQ that occurred on January 24, 2020, in the Anatolian region. 
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IONOSPHERIC VLF/LF ELECTRIC FIELD MEASUREMENTS IN 
EUROPE 
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Long-term investigations of strong (impending) earthquakes (EQs) could have a key role in 
the mitigation of socioeconomic outcomes related to these events, but powerful explanations 
about important processes and open research questions remain. In this study we investigate 
magnitude Mw ≥ 5.5 EQs in Europe since 2018 adapted from the United States Geological 
Survey data base (2023) with sub-ionospheric VLF/LF radio paths. The receiver systems in 
Graz, Austria, which are part of the spatially distributed INFREP network stations, permanently 
measure electric fields between transmitters and receivers and have the potential to 
characterize the seismic (nucleation) phases and couplings in the VLF/LF waveguide from the 
lithosphere up the lower ionosphere (Biagi et al., 2019, Schwingenschuh et al., 2011). Affected 
links are mainly from the transmitters TBB (26.70 kHz, Bafa, Turkey), ITS (45.90 kHz, Niscemi, 
Sicily, Italy), and ICV (20.27 kHz, Tavolara, Sardinia, Italy), i.e., path crossings in EQ prone areas 
within the radius of the effective precursor manifestation zone (Dobrovolsky et al., 1979) 
around the EQ epicenter. The findings suggest that the intricate patterns of VLF/LF electric 
field variations based on the nighttime amplitude method (Hayakawa et al., 2010) could be 
related to Mw ≥ 5.5 (threshold) EQs, the assumed significance level is 5%. In combination with 
complementary observations more robust results and extensions to lower magnitude 
thresholds could possibly be achieved. 
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NEW POTENTIAL EARTHQUAKE PRECURSOR: REDUCTION OF 
THE VLF SIGNAL NOISE 
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In this study we present a possible new earthquake precursor which is manifested as the 
reduction of very low frequency (VLF) signal noise several minutes or tents of minutes before 
an event. We analyse changes in the signal amplitude and phase in both the time and 
frequency domains. The observed events are divided in the two groups related to the 
seismic activity in a localised area during a short time period. Namely, the results show that 
the intensive seismic activity can induce long-term reduction of the signal noise which 
includes more earthquakes with magnitude larger than four. We analyse the VLF signal 
emitted in Italy and received in Belgrade by the Absolute Phase and Amplitude Logger 
(AbsPAL) receiver located at the Institute of Physics Belgrade. In the first group of the 
earthquakes occurred when intensive seismic activity were not recorded, we analyse periods 
around the four events with magnitudes larger than four which occurred near Kraljevo 
(November 3 and 4, 2010), in the Tyrrhenian Sea (November 3, 2010), and in the Western 
Mediterranean Sea (November 9, 2010). In the second group, we present a study of the 
signal noise reduction during the period of intense seismic activity when almost 1,000 
earthquakes occurred in Central Italy from October 25 to November 3, 2016.  
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ON THE DETECTION OF ANOMALIES IN TIME SERIES OF VLF 
SIGNALS RELATED TO SEISMIC ACTIVITY 
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In this work we present an application of the Perceptually Important Points (PIP) technique for 
the analysis of time series of VLF signals collected during some earthquakes (Mw = 5.0–6.0) 
occurred in the European area. The aim of the analysis is to detect “anomalies” of VLF signals 
with respect to the normal variations of the data trends; these anomalies could reveal possible 
radio precursors of the earthquakes. Since 2009, several radio receivers have been installed 
throughout Europe in order to realize the INFREP European radio network for studying the 
VLF (10–60 kHz) and LF (150–300 kHz) radio precursors of earthquakes (Biagi et al., 2011), 
(Righetti et al., 2012). The analysis has been applied to earthquakes with M ≥ 5.0 located inside 
the 5th Fresnel zone defined by each receiver and transmitter or inside a circle with a 300km 
radius around each receiver or transmitter. The time series which have been analyzed are 
referring to earthquakes that occurred on 2009-09-06 (Mw = 5.6), 2010-02-06 (Mw = 5.0), 
2010-03-08 (Mw = 6.0), and 2020-01-30 (Mw = 5.6). 
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AEROSOL VERTICAL PROFILES AND ABL HEIGHTS CORRESPONDING 
TO DIFFERENT PM10 POLLUTION LEVELS IN BELGRADE, SERBIA 
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Western Balkans is among the regions with the highest level of air pollution in Europe (European 
Environmental Agency, 2022). Particulate matter (PM) has been recognized as one of the most 
harmful air pollutants, posing threat to human health. To design efficient pollution control 
measures, better understanding of conditions that contribute to elevated PM concentrations is 
necessary. The information on aerosol vertical profile, along with vertical profile of meteorological 
parameters, is important to understand dispersion of PM, the development of air pollution and 
the contribution of the long-range transport to surface PM concentrations. 

In this study, the lidar measurements at 355 nm, performed in Belgrade, Serbia, are used to 
analyze the atmospheric boundary layer height (ABLH) and vertical profiles of aerosol 
backscatter coefficient. The ABLH is estimated with 1-min temporal resolution using the 
gradient method (Ilić et al., 2018), while the aerosol backscatter coefficient is derived from lidar 
signals averaged over 30-min intervals using Klett-Fernald retrieval method (Fernald, 1984; 
Klett, 1981). PM10 concentrations in Belgrade, used in this study, are obtained from the Serbian 
Environmental Protection Agency automatic monitoring stations. 

Focusing on the 2018–2020 period, excluding data collected in presence of low- or mid-
altitude clouds, we analyze the aerosol vertical structure and ABLH for periods of different 
levels of PM10 pollution in Belgrade, as well as the periods of different temporal changes of 
PM10 concentration. Additionally, the thermodynamic stability of the ABL in the analyzed 
cases is discussed, based on radiosounding measurements in Belgrade. 
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STUDY OF POLAR OZONE ANNUAL CYCLE WITH CCM SOCOL-3 

Andrey Mironov 1*, Vladimir Zubov 1,2, Eugene Rozanov 1 
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Comparison of the chemistry climate model (CCM) SOCOL-3 basic numerical experiment 
(without changing any parameters) with the Infrared Atmospheric Sounder Interferometer 
(IASI) satellite instrument shows that the greatest difference in total ozone content is observed 
in the polar region of the southern hemisphere. 

To resolve this problem and to assess the role of the main physical and photochemical 
processes that affect the annual cycle of polar ozone in the southern hemisphere, we 
considered changes in the following processes in the model: (1) the rate of ozone 
photodissociation for large zenith angles of the Sun; (2) rates of stratospheric heterogeneous 
reactions under polar night conditions; and (3) intensity of the meridional mixing on the model 
sub-grid scales in the polar southern hemisphere. 

A comparison of the model results with the corresponding IASI measurement data showed 
that photolysis and horizontal mixing are the most important features for improving ozone 
modeling. A reasonable adjustment of these factors has made it possible to significantly 
improve the model representation of the annual ozone cycle over the polar region in the 
southern hemisphere. 
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REXDAN—A NEW RESEARCH INFRASTRUCTURE WHOSE VESSEL 
WILL SOON SAIL ON DANUBE 
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During the last three years, a new research infrastructure (REXDAN) was built, consisting of a 
research vessel and an on-land research center (REXDAN, n.d.). The research vessel will 
undertake research activities in: chemistry, biology, physics, environmental science, ecology, 
bathymetry, topography, atmospheric chemistry, sustainable development, related to water, 
sediments, soil, air, biodiversity, bathymetry, hydromorphology and will cover a wide 
geographical area (2,000 km of the Danube navigable sector including wide coastal areas). 
Activities during research trip will be mainly collecting and preparing samples and 
performing physico-chemical and ecological analysis, bathymetric observations, atmospheric 
investigations. Research activities in on-land laboratories focus on in-depth analyses of 
water, soil, biological and zoological component, using state of the art equipment. A cloud 
remote sensing station is also part of the on-land research center, continuously investigating 
vertical atmospheric profiles of temperature, humidity, water vapour, planetary layer, aerosol 
composition. 
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INVESTIGATION OF THE ATMOSPHERIC CLOUDS AND 
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The changing climate has put atmospheric clouds and boundary layer in focus due to 
their potent role in the climate system. The atmospheric boundary layer (ABL) is the 
lowest layer in the troposphere which directly interacts with Earth’s surface, influences 
weather and the hydrological cycle, and is associated with low-level clouds. Clouds play a 
crucial role in the atmosphere, and their properties, such as cloud base height (CBH), 
cloud top height (CTH), cloud fraction, and vertical layer structure, significantly affect 
radiative balance, atmospheric circulations, and other meteorological processes. 
Therefore, monitoring and investigating clouds and ABL parameters and their interaction 
is essential for climate diagnosis and predicting future climate. 

This study uses ground-based Lidar, satellite, and reanalysis datasets to investigate the 
atmospheric clouds and boundary layer over the Western-Indian region. The study aims to 
get insights into the coupling of low-level clouds with ABL and to study the cloud formation 
and break-off factors under the influence of surface forces. Investigations over the Udaipur 
(24.58°N, 73.71°E) region showed that the boundary layer clouds (BLC) persist throughout 
the day by the transport of moisture to cloud heights by turbulent updrafts, and clouds deck 
broke off with the entrainment of free tropospheric air when the boundary layer deepens. 
On 21 July 2022, during the early hours, CBH was around 0.5 km and reached about 2 km 
during the peak sunshine and reduced after that. Due to strong coupling, the BLC sits atop 
the boundary layer throughout the day. This study will provide better insights into the cloud 
and boundary layer interaction and its impact on weather and climate sensitivity. 
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GEOMAGNETIC DISTURBANCE FORCING ON THE MIDDLE 
ATMOSPHERE 

Irina Mironova1* 
1St. Petersburg State University, Faculty of Physics, Department of Earth Physics, St. Petersburg, Russia; 
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Information about the energetic electrons precipitation (EEP) from the radiation belt into the 
atmosphere is important for assessing the ozone variability and dynamics of the middle 
atmosphere during magnetospheric and geomagnetic disturbances. The exact values of 
energetic electron fluxes depending on their energy range are one of the most important 
problems in estimation of atmospheric ionization rates, which, in turn, are taken into account 
when evaluating ozone depletion in chemical-climatic models. Despite the importance of these 
processes for the high latitudes of the middle atmosphere, the precipitation of energetic 
electrons is still insufficiently studied. To better understand EEP and related processes in the 
atmosphere, it is important to have many realistic EEP observations in order to correctly 
characterize their spectra. 

In this work, we compare the spectra of precipitating energetic electrons with energies 
from keV up to relativistic energies about 1 MeV, based on balloon observations in the high- 
latitude atmosphere and precipitation of energetic electrons recorded by the NOAA POES 
satellites in 2003. Here, we estimate the spectra and ionization rates of the atmosphere during 
energetic electron precipitation, according to various observations, in different periods of 
geomagnetic disturbances. Using a one-dimensional radiative-convective model with ion 
chemistry, we show the response to precipitation of energetic electrons in a polar atmosphere. 
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Human migrations, often driven by armed conflicts, have far-reaching and enduring impacts 
on landscapes, disrupting the natural environment, ecosystem health, food security, and 
biodiversity conservation. These conflicts disrupt traditional land practices, agriculture, and 
conservation efforts, limiting long-term conservation. 

However, conflict-related instability hinders comprehensive ground-level impact 
assessments, making it nearly impossible to track and understand the evolving situation at 
big scales. While satellite-based remote sensing provides valuable insights, limitations in 
temporal and spatial resolution constrain our ability to capture subtle landscape changes. 

In this context, inland deltas can serve as records of human activities and changes in land 
use. We propose monitoring their changes using remote sensing, fieldwork, and crowdsourced 
data to better understand the interplay between human actions and landscape degradation in 
post-conflict areas. 

As a case study, we apply this method to the Lake Kivu region, a conflict-prone area 
between the Democratic Republic of Congo and Rwanda. Our research indicates that 
monitoring inland deltas has the potential to inform lasting landscape effects, aid in conflict 
resolution, promote sustainable development, and contribute to post-conflict reconstruction 
efforts, ultimately mitigating environmental degradation in conflict-affected regions. 
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MODELING OF VERTICAL GRAVITY GRADIENT FOR PURPOSES OF 
GRAVIMETRIC SURVEY 
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The knowledge of the vertical gradient of the gravity field is of great importance in gravimetry 
and consequently in geodesy, since the gravity acceleration measured with the instrument 
must be reduced to a stabilized point. We can model vertical gravity gradient by using 
normal gravity field and different digital terrain models. In this research, we used an approach 
that belongs to the group of “forward modeling” methods and differs from the known and 
used vertical gravity gradient modeling procedures, as it does not contain data about the 
Earth's gravity field. We created various combinations of models from which we calculate the 
vertical gravity gradients. For all calculations, we assumed a constant density of topographic 
masses above the ellipsoid and included the effect of the Earth's curvatures, while using a 
square to determine the area of calculation and division into zones, all with the aim of 
improving calculation speed. In our approach, we model the gravitational influence of the 
topographic masses as the summation of the topographic masses between the ellipsoid and 
the geoid and the topographic mass between the geoid and the physical Earth surface, using 
the rectangular prism as the elementary body. 

Based on the deviations between the measured and modeled values, we were able to 
perform analyzes and statistical evaluations of the results. This allows us to determine the 
optimal model and data selection criteria for modeling vertical gravity gradients. 
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UAV-BAZED SURVEY OF THE NATURAL MONUMENT KUKLICA 
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This paper presents methods and techniques for UAV-based survey of the geosite “Kuklica” near the town 
of Kratovo, North Macedonia. Kuklica is a rare natural complex of earth pyramids with exceptional 
scientific, educational, tourist, and cultural significance. In this area, it can study the intensity of 
geomorphological processes on this type of denudation landforms and different levels of morphological 
evolution, from initial ones (young stage) to almost total destruction (old stage). Because of its 
significance, Kuklica geosite is proclaimed a Natural monument and legally protected area in 2008. 
However, after the proclamation, the interest in visiting this site rapidly grew, as well as the threats of its 
potential degradation. Because of that, the anthropogenic impact starts to show through the numerous 
interventions that have been made in this area in the last years (paved paths, channels, info-house, toilets, 
etc.). With increased threats for degradation of Kuklica and destruction of individual landforms, the need 
for detailed inventory and monitoring of this site appears. Given the small size of the site (0.8 km2), the 
freely available satellite images and digital elevation models do not allow its comprehensive analysis and 
monitoring, especially of the individual forms. Worldwide, for visual and 3D surveys or monitoring of 
similar geosites, new tools are increasingly used, including Unmanned Aircraft Vehicles (UAV) and Light 
Detection and Ranging (LiDAR). Given that professional LiDAR is very expensive and still poorly available, 
in this research, we used UAV (drone) for that purpose. First of all, the flight path and altitude of the UAV 
as well as ground markers (checkpoints), were precisely defined. Using Agisoft Metashape software, a 
digital elevation model and orthophoto imagery with ultra-high (sub-decimeter) resolution are produced. 
With the procedure, more than 100 earth pyramids were recorded, ranging in height from 1–2 m to 8.4 
m. In this stage, a very accurate UAV-based 3D model of the five biggest earth pyramids will be realized 
(accuracy is checked with the iPhone 14 pro LiDAR module) and their morphometrical properties will be 
calculated and analyzed with the assessment of all important erosion parameters. Also, anthropogenic 
constructions that can cause degradation will be identified and recorded for further monitoring. The final 
goal is to follow the changes and to minimize the degradation of the unique landscape, thus protecting 
the geosite and its values much better. 
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RAINFALL EROSIVITY IN BULGARIA–SERBIA TRANSBORDER REGION  
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The present study aims to analyze the influence of precipitation on soil erosion in the cross-
border region Bulgaria–Serbia, which includes territories with different climatic and orographic 
conditions. To achieve this goal, the erosivity of precipitation has been evaluated by indices 
based on monthly and annual sums (Fournier index—FI and modified Fournier index—MFI) 
for which numerous authors (Amara et al., 2020; Bonilla & Vidal, 2011; Coman et al., 2019; Li et 
al., 2022; Lukić et al, 2019) prove that they give reliable results and reflect the climatic features 
of the specific areas. The results of the analyzes show that, in most of the studied areas, in 
general, it is characterized by a low to moderate level of rainfall erosivity, but in individual 
stations, several years with a strong and even a very strong level of erosivity were found. 
Strong rainfall erosivity was observed mainly in the 1980s and 1990s, which were generally 
characterized by drought, and in years of high rainfall, for example, 2005 and 2014. In both 
cases, the higher level of erosivity of precipitation is due to uneven distribution of precipitation 
over the years and to individual cases of intense precipitation. Future research will continue 
to clarify the trends and causes of extreme rainfall events, which will contribute to the creation 
of appropriate strategies and the development of preventive activities, to reduce and possibly 
eliminate the negative impacts of climate change. 
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Ionospheric response to the onset of geomagnetic storms is an important aspect for 
developing models towards better understanding and prediction of ionospheric parameters, 
particularly over the equatorial and low latitude sectors that are associated with several 
complexities. Our paper discusses the time response of the ionosphere (Δtiono) where Δtiono 
is the time elapsed from the onset of sudden storm commencement (SSC) of a magnetic storm 
to the absolute maximum value of DVTEC (TEC: total electron content). Over the period from 
2014 to 2017, thirty-six storms are reviewed and their Δtiono are analyzed along with the 
magnetic and solar parameters. We defined a threshold value of TEC to be eight TECU. Three 
storms are studied in detail as a reference for the entire range of storms (March 2015, June 
2015, and September 2015). The stations used are Kourou (KOUR; 5.25°N/52.80°W) in the 
American longitude sector, Addis Ababa (AAE; 9.03N°/38.76°E) in the African longitude, Port 
Blair (PBRI; 11.63°N/92.71°E), and Patumwan (CUSV; 13.73°N/100.53°E) in the Asian longitude 
sector. In the Asian and American sectors, for all storms combined, there is no significant 
correlation (0.44 for the Asian sector and 0.22 for the American sector) between the delay 
(SSC time/time of maximum DVTEC) and the minimum of the Dst as found by previous studies. 
Instead, we considered geomagnetic storms satisfying the criteria: a) SSC occurs on the day 
side and b) the origin of the magnetic storm on the solar disk must be far from the limb or 
does not belong to the far side, to obtain a much better correlation. The highest correlation 
value is observed at Thailand (0.84), followed by India (0.79) and South America (0.759), and 
the minimum value at Africa (0.641). The average response time in our study was found to be 
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about 27.2 h. We observed positive and negative ionospheric storms, five negative storms in 
South America followed by two in Asia and a single negative storm in Africa from which it is 
realized that the most negative storms are in the time range of 9–15 LT. Nevertheless, there is 
hardly any relationship between the strength of DVTEC amplitude and the intensity of 
magnetic storms irrespective of longitude sectors. 
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MULTI-GNSS GLOBAL AND LOCAL IONOSPHERIC MAPPING 
UTILIZING EXCLUSIVELY PHASE OBSERVATIONS 

Artem Padokhin1,2*, Elena Andreeva1 
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Reliable ionospheric information is important for many scientific and practical applications. The talk 
proposes an original method for constructing global and local ionospheric TEC maps based on the 
analysis of solely phase measurements of GNSS signals at a pair of coherent frequencies, which does 
not require satellite/receiver DCBs estimations and thus makes it easier to combine different GNSS 
systems within single reconstruction algorithm. The proposed approach uses the representation of 
the ionosphere as a thin layer with the electron content given by a truncated expansion into a series 
of spherical harmonics in MODIP system. The expansion coefficients are determined by least squares 
with the inequality constrains representing the positivity of TEC, implemented by solving the 
corresponding linear complementarity problem. RHS of the solved system consists of TEC variations 
rather than from TEC biased by satellite/receiver DCBs as in commonly used strategies. Extensive 
testing of the proposed method on the data of synthesized observations using the real geometry of 
GNSS satellites and receivers and the ionosphere, given by NeQuick2 model showed mean deviation 
of reconstructed TEC values from modeled ones to be 0.03TECu with RMS 0.75TECu and maximum 
errors not exceeding 5TECu in the areas with poor coverage by GNSS receivers. The results of the 
comparison of global ionospheric maps obtained by the proposed method and maps of CODE 
center showed practically unbiased results with mean deviation 0.07TECu, RMS 1.75TECu and 
maximum deviations not exceeding 10TECu also in the areas with poor receiver coverage. The 
proposed algorithm is implemented as a set of Python scripts, which can be routinely used for 
ionospheric mapping given data form network of GNSS receivers. Those scripts are available by the 
request from authors. 
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NON-EXTENSIVE TSALLIS ENTROPY ANALYSIS ON LONG-TERM 
VARIATION OF JOULE HEATING AT HIGH LATITUDES 
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Abstract: The high-latitude thermosphere-ionosphere system receives a notable portion of the solar wind 
energy that crosses the magnetopause as a result of Joule heating, with remarkable and global-scale 
effects. A useful tool for examining many characteristics of nonlinear dynamical systems is nonextensive 
Tsallis entropy, a generalisation of Shannon entropy. By describing the level of nonextensivity, it can 
provide degree of intrinsic fluctuations. The computation of the Tsallis entropy of Joule heating in the 
upper atmosphere at high latitudes is reported for the first time in this paper, and its yearly relationship 
with the solar wind forcing during solar maxima and minima periods is discussed. We have used 
theoretical models to calculate the Poynting flux flowing onto the Earth's ionosphere and associated Joule 
heating due to the solar wind-magnetosphere-ionosphere dynamo. The investigation reveals that the 
Tsallis entropy values clearly reflect the complexity variations during solar maxima and minima periods of 
solar cycle 23. 

Keywords:Ionosphere; Tsallis entropy; Joule heating; Solar wind; 

1. Introduction  
A significant field of study in magnetosphere-ionosphere-thermosphere coupling 
investigations is the energy transference that occurs among the magnetosphere and the 
ionosphere-thermosphere region.  Extreme ultraviolet radiation from the sun, auroral particle 
precipitation, Joule heating from electric currents, and gravity wave transmission from the 
lower atmosphere are all ways that energy is deposited in Earth's upper atmosphere and 
ionosphere at high latitudes. While auroral particle precipitation and Joule heating are 
dominant during geomagnetic storms, forcing from the lower atmosphere plays a larger role 
during geomagnetic quiet periods.  

The energy input during the geomagnetic storm is by particle precipitation and Joule 
heating. Joule heating, however, accounts for the majority of energy injection and, at its peak, 
can absorb up to two-thirds of the energy placed onto the thermosphere (Knipp et al., 2004). 
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In accordance with earlier research, solar wind energy during a geomagnetic storm 
strengthens the convective electric field, and the enormous injection of high-energy particles 
raises ionospheric conductivity and, as a result, Pederson currents. Due to the auroral zone 
being the primary location of high-energy particle precipitation, the accompanying Joule 
heating also rises (Wilson et al., 2006). Due to the occurrence of massive gravity waves and 
wind surges, the heated thermosphere region at high latitudes increases, disrupting the 
thermospheric density globally. Due to inaccurate density predictions made by thermospheric 
models, the altered thermospheric density may have an impact on low-orbit spacecraft's 
ability to operate normally. Therefore, since the 1950s, a variety of semi-empirical 
thermospheric models that take these effects into account have been created in order to meet 
the rising precision demands of missile and space missions.   

With this aim Anil et al. (2023) developed a linear regression analysis technique to obtain 
the quantitative response of polar magnetic potential (Ψ) generated by this dynamo as in 
Equation (1) and associated electric potential (Φ) in kV as in Equation (2).  

 
 

 ΔΨ = 26.12 + 4.5NSWVSWBTsin4(Θ⁄2) (1) 

   

 ΔΦ = 27.30 + 3.7NSWVSWBTsin4(Θ⁄2) (2) 

 
where NSW number density of charged particles, VSW solar wind velocity, BT the root mean 
square magnitude of the IMF, and Θ is the angle of the IMF projected onto the Y-Z plane. For 
calculating the Poynting flux pouring into the ionosphere and the associated Joule heating as 
a result of the solar wind-magnetosphere-ionosphere interaction, Weimer (2005) developed 
a combined electrical and magnetic potential model. Joule heating near the Polar Regions is 
thought to be more significant than auroral regions in the current study because it has 
received less study.  

 Many years back, Tsallis (1988) proposed a generalization of the Boltzmann-Gibbs-Shannon 
entropic measure and this entropy functional proposed by Tsallis along with its associated 
generalized statistics is still being hailed as the possible basis of a theoretical framework suitable 
to deal with nonextensive settings. Tsallis entropy is a non-logarithmic entropy formalism which 
takes the form k(1/(q-1))(1-Σpqj), where Pj is the probability of j th microstate, k is the Boltzmann 
constant and q is the degree of non-extensivity of the system. According to thermo-statistics, the 
number of microstates is a measure of organization of a system and if the number of possible 
microstates for a given macrostate is high (or low), less-organized (or more-organized) the system 
will become. The classical Boltzmann-Gibbs-Shannon entropy is related to the condition q = 1 
where ordinary diffusion processes described by linear Fokker-Planck equations exist. According 
to Tsallis statistics, the case q > 1, corresponds to a regime with long-range correlations 
characterized by anomalous diffusion processes which can only be explained through nonlinear 
Fokker-Planck equations. For the subsystems, say M and N, the pseudo-additivity of non-
extensive Tsallis entropy can be described as:  
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Sq(M + N) = Sq(M) + Sq(N) +(1–q) Sq(M) Sq(N) (3) 

 
which is in contrast with the ordinary additivity: 
 

 
Sq(M + N) = Sq(M) +Sq(N) (4) 

 
of BGS entropy. The multiplicative term (1–q) Sq(M) Sq(N) accounts for non-extensive statistics 
that describes long-range correlations between subsystems where the degree of non-
extensivity is dependent on index (Burlaga et al., 2006; Pavlos et al., 2012).  

2. Data and methodology 
We used Level-2 data of Advanced Composition Explorer(ACE) Satellite from 2001 to 2010 to 
calculate Joule heating. We downloaded data from the web 
(https://ace.srl.caltech.edu/ASC/level2/cris_l2desc.html) for the parameters: solar wind 
velocity (Vsw), number density (Nsw), IMF-By and Bz and clock angle (Φ) of IMF. We used 
spherical cap harmonic analysis (SCHA). This SCHA involves the fitting of a potential function 
(zonal harmonics) with a series of oscillating functions: sine waves along parallels of latitudes 
and Legendre polynomials along circles of polar longitudes, Haines, (1985). The magnitude of 
Joule heating (S) is obtained by the combined model of electric and magnetic potential model 
as per the solution Equation (5) in the Weimer model (Weimer, 2005).  

 
 

S= E×(∇B/μ) (5) 

 
Since the height integrated ionospheric Joule heating is really the dot product of the 

electric field with the height integrated perpendicular current, hence it exhibits variations in 
both hemispheres with respect to season, solar activity and solar events. As per the modeling 
equation, the role of the ionospheric conductivity distribution in regulating the power 
delivered by the dynamo is implicitly contained within the statistical magnetic potential model. 
The hourly Joule heating for the high latitude region is estimated using the Weimer_05 model 
in IDL platform. This process requires corrected geomagnetic coordinates (CGM) of the 
locations, solar wind parameters (wind speed and number density), IMF (By and Bz) 
parameters, and date and time to calculate the dipole tilt angle. The time lag is corrected as 
suggested by Burns et al. (2012).  

2.1. Wavelet Tsallis entropy 
Time-frequency analysis methods such as wavelet transforms are applied to study the features 
of a non-stationary signal. The discrete wavelet transform (DWT) gives a non-redundant 
representation of the signal while its values represent the coefficients in a wavelet series. These 
wavelet coefficients could give complete information in an easy way while they provide direct 
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estimation of local energies at different scales. It is also possible to organize the information 
in a hierarchical way of nested subspaces namely multi-resolution analysis in L 2 (ℜ). In the 
present work, we employ orthogonal discrete wavelet family Daubechies as mother wavelets.  
 After computing the probability distribution of the energy, Tsallis wavelet entropy can be 
defined in terms of it as: 
 

 
Sq=(1/(q-1) (Σj[pj-(pj)q])     (6) 

 
where q is a non-extensivity parameter. Many complex systems in nature are described by a 
non-Gaussian distribution with different values of parameter q.  

3. Results and discussions 
In polar ionosphere, variations in Joule heating are predominantly controlled by changes in 
plasma convection, like the ones brought about by changes in the interplanetary magnetic 

field. The ionospheric Joule heating 
computed for the polar region is 
depicted in Figure 1 for the years 2001. 

Joule heating exhibits marked 
variations, during summer months and 
it can be as small as few ten of mW/m2 
to few hundreds of mW/m2 on 
background GW of the total Joule 
heating as shown in Figure 1. The 
conductivity of the ionosphere in the 
winter polar cap is ten order less than 
the conductivity in the summer polar 
cap. Billet et al. (2018) observed that 
solar-induced conductivity is higher in 
the hemispheric light months, resulting 
in higher magnitudes of Joule heating. 
Since, Earth's orbits is in its perihelia in 
the beginning of January and the 
region is lighted better. Therefore the 
ionospheric conductivity should slightly 

larger during this period. The perihelia-aphelion difference in the Sun-Earth distance is about 
three percent which means that the corresponding ionospheric electrodynamics will also 
differ. The consistently high conductivity of the sunlit summer ionosphere provides ideal 
conditions for the closure of field-aligned currents of any intensity (Akhila et al., 2020). 

As the plasma velocities exceed mW/m2 the neutral velocities by far, the role of neutral 
winds in Joule heating is usually ignored at high latitudes. Fujii (1981) studied the seasonal 
Birkeland current intensity and discovered that larger currents co-varies with both higher 
ionospheric conductivity and the efficiency of power output which is available. Most of the 
energy due to Joule heating in Polar Regions are dissipated to lower latitudes. It produces an 

 
 

Figure 1. Joule heating rate in the ionosphere in 
southern hemisphere during the year 2001. 
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asymmetry in pattern geometry due to change in conductivity even though Weimer model 
provides realistic patterns parameterized by the IMF components direction and magnitudes. 
The perihelion-aphelion difference causes the difference in ionospheric electrodynamics.  

In order to analyze the solar cycle dependence of the Joule heating rate, Tsallis entropy 
values can be compared for both solar 
minimum year 2008 (where solar radio 
flux at 2,800 MHz which is an excellent 
indicator of solar activity shows 70 sfu) 
and solar maximum year 2001 (solar 
radio flux shows 200 sfu). Figure 2 
shows the first difference Joule heating 
time series for the year 2001.  

It is used to create the probability 
distribution function. Figure 3 shows 
PDF vs. q-Gaussian function (blue 
circles) and the nonlinear model fit (red 
solid line) for the Joule heating time 
series of 2001. For the solar maximum 
year 2001, the q = 1.5413 and β = 
1.2044 with a mean squared error 
(MSE) of 0.00078. For the solar 
minimum year 2008, the q = 1.5402 
and β = 1.2221 with an MSE of 0.0022. 
Similarly, the nonlinear fits were 
calculated independently for each year 
in order to give an account of the end 
values for other years also. It is found 
out that the average value of q is 1.54.  

Karakatsanis et al. (2013) have 
studied the phase transition process in 
the solar flare dynamics from a high 
dimensional non-Gaussian self-
organized critical (SOC) state to a low 
dimensional non-Gaussian chaotic state. 
A magnetospheric phase transition 
associated with magnetic storms will 
produce a shift from high-dimensional 
quiet SOC state to a low-dimensional 
global chaotic state such that the non-
extensive statistical character of the 
magnetospheric plasma is seen to be 
strengthened during storm periods. 
They have reported that the q index is higher in most cases during the storm period compared 
to the geomagnetically quiet periods preceding the storm in most cases.  

 
 

Figure 2. First difference Joule heating time 
series for the year 2001. 

 

 
Figure 3. PDF P(z) vs. z q-Gaussian function 

(blue circles) and the nonlinear model 
(equation 15) fit (red solid line) for the joule 

heating time series of 2001. 
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Figure 4 shows the wavelet decomposition showing approximation coefficients and detail 
coefficients (levels 1–7) from Joule heating time series of 2001. Using wavelet entropy method, 

Tsallis entropy variations of Joule 
heating for the years 2001–2010 is 
depicted in Figure 5. During solar 
maximum year of 2001, the system 
was in a self-organized critical state 
which marks the reduction in Tsallis 
entropy which shows a value 0.1. As 
the system slowly comes out of the 
SOC state, during the subsequent 
waning of the sunspot cycle, 
entropy gradually increases. The 
entropy remained high during the 
period of 2004–2006, which is mid-
way between the solar maxima and 
the succeeding minima. The 
decrease of the entropy during the 
onset of deep minimum at 2006, 
suggests a change in the 
organization level of the Joule 
heating—solar wind dynamics 
system connected with self-
organization processes and the 
emergence of another newly 
developing self-organized state 
quite similar to the one that the 
system attained during solar 
maxima, with a lower complexity 
level, as evidenced by the loss of 
entropy. This is evident from the 
Tsallis entropy value of 0.14 during 
the year 2008. The entropy 
increases after the minimum, 
indicating a recovery of the global 
complexity of the system.  

Joule heating depends on 
injection of large amount of 
energetic particle flux into the polar 
and auroral oval regions during 
magnetospheric disturbances as a 
result of losing of magnetospheric 

currents. The particle fluxes will collide with neutrals and eventually lose their kinetic energy 
through Joule heating. As this happens mainly in the high-latitude region, the concentration 

 
 

Figure 4. The wavelet decomposition showing 
approximation coefficients and detail coefficients 
(level1–7) from joule. Heating time series of 2001. 

 

 
 

Figure 5. Tsallis entropy variations of joules  
heating for the years 2001–2010. 
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of generated heat is high around this region. According to our results, it can be summarized 
as, for Joule heating, the existence of a non-extensive mechanism of energy 
dissipation/injection which can be characterized as fractal dissipation/energization 
mechanism as the variations in dissipation/energization corresponds to changes in fractal 
distribution.  

4. Conclusion 
According to our understanding, the Tsallis statistics is not only a simple generalization of 
thermodynamics for chaotic and complex systems, or a non-equilibrium generalization of 
Boltzmann-Gibbs statistics, but also serves as a powerful theoretical foundation for the 
unification of macroscopic and microscopic physical complexity. The present work will 
contribute to the understanding of non-extensivity and associated statistics related with the 
long-term variation of energy transfer in the high latitude ionosphere-thermosphere system. 
From the results, it is evident that, even though there is intermittent forcings by 
magnetospheric substorms and relative phenomena, non-extensive entropy of Joule heating 
rate predominantly depends on solar activity. The results of these analyses show that the non-
extensive statistics are a general characteristic of Joule heating, suggesting that the associated 
system have a strong temporal correlation and a long-range interaction, such as with the solar 
wind-magnetosphere-ionosphere coupling.  
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TROPOSPHERIC REFRACTION AND ITS INFLUENCE THROUGH 
ZENITH TOTAL PATH DELAY AT DIFFERENT IGS STATIONS 
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Abstract: The propagation of the Global Navigation Satellite System (GNSS) signals through the 
atmosphere is affected by the electron content in the ionosphere and the air density in the electrically 
neutral troposphere, thus causing a signal delay and leading to errors in the GNSS observations and the 
estimated positions.  Our research has been conducted related to the influence of the tropospheric layer 
of the Earth's atmosphere on signals at geodetic observation stations in the zenith direction. Since 
tropospheric refraction cannot be directly estimated, the signal delay has been quantified by applying 
several developed models. As the lowest layer of the atmosphere, the average height of the troposphere 
is approximately ten kilometers, and it is variable concerning the latitude of the measuring station and 
seasonal conditions. The tropospheric delay of the GNSS signal - Zenith Total Delay (ZTD), was analyzed 
on the examples of three International GNSS Service (IGS) stations at different latitudes. Two epochs in 
July 2022 and January 2023 for each IGS station are considered regarding seasonal differences in the 
atmospheric parameters. It was found that at each of the IGS stations, there is an oscillation of the ZTD 
amplitude with a half-day period. Different patterns were distinguished at each station, depending on the 
station latitude and epoch, i.e., summer or winter atmospheric conditions. For example, a random walk 
signal was dominant at the ROAG, San Fernando IGS station. 

Keywords: IGS station; ZTD; GNSS signal 

1. Introduction  
The characteristics of the atmosphere's natural structure are variable in both space and time. 
Depending on them, the propagation of GNSS signal through the atmosphere is differently 
affected, and it is reflected in signal delay. High accuracy in the estimated positions of the 
geodetic stations will be enabled with appropriate modeling or with the reduction of signal 
delay errors. A simplified atmosphere model in the form of concentric layers of different 
heights is used to determine atmospheric parameters. 

The lowest layer of the atmosphere is the troposphere, and according to Saastamoinen's 
model (Saastamoinen, 1972a, 1972b), the troposphere is the layer of the Earth's atmosphere 
with an average height of 10 km with a rate of temperature decrease of 6.5 degrees 
Celsius/km. Above the tropospheric layer, from the tropopause is a stratospheric layer with an 
average height of 70 km, in which the temperature is assumed to be constant.  
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The analysis of ZTD of the GNSS signal was performed on the examples of three IGS 
stations at different latitudes METG, METSAHOVI, Finland, GOP6, ONDREJOV, Czechia and 
ROAG, SAN FERNANDO, Spain, for two epochs in July 2022 and January 2023. ZTD 5 min time 
series were downloaded from the NASA website (n.d.). This analysis has been performed 
regarding seasonal differences in the atmospheric parameters.     

2. Theoretical aspects of ZTD and applied estimation models 
At the zenith of GNSS stations, the tropospheric refraction is about 2.3 m, and the delay for 
signals closer to the horizon can be up to seven times higher. The basic mathematical 
expression of the correction for atmospheric refraction (Saastamoinen, 1972a, 1972b) in a 
spherically layered atmosphere is: 

  

∆z =�
tan z

z  

n1

1

dn ; �0 ≤ z1 ≤ 90°� 

 

(1) 

Solving the integral of atmospheric refraction, the refractive index function n is expanded 
following the trigonometric function of the zenith distance z, that the equation for obtaining 
ZTD according to Saastamoinen (1972a, 1972b) has the following form: 

 
  

ρ = 0.002277 ∙ 
�P0+ �0.05+ 1255

T0+273.15� e0�

f(φ,h)  

 

e0 = rh ∙ 6.11 ∙ 10 
7.5∙T0

T0+273.3 
 

f(φ,h) = 1 - 0.00266 ∙  cos 2φ  - 0.00028 ∙ h 
 

(2) 

 
where ρ denotes the ZTD, P0, T0, e0, and rh denote the pressure, the temperature, the water vapor 
pressure, and the relative humidity, respectively, f(φ,h) is the correction of gravity acceleration 
caused by the rotation of the Earth, φ denotes the latitude of the point, and h denotes the height, 
with the subscript 0 indicates the values of the parameters at the earth surface. 

In addition to the Saastamoinen model, several models are used for modeling the tropospheric 
delay, such as the Hopfield model, the Herring model, and others. Tropospheric delay is generally 
considered the sum of two components: the tropospheric hydrostatic part or ZHD and the 
tropospheric wet part or ZWD (Blagojević, 2014; Cui et al., 2022). The hydrostatic component has 
a larger amplitude and contributes 90% to the total Zenith Total Delay, while the remaining portion 
is associated with the ZWD component. In the paper of authors Bevis et al. (1992), it is emphasized 
that according to most theorists, global warming will cause systematic changes in the total water 
vapor content of the atmosphere. In the paper of authors Labib et al. (2018), research on 
tropospheric delay related to different climate zones is presented. 
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The analysis of the ZTD time series was performed as follows. First, the linear trend was 
removed according to the model y = a + bx, and after that, the Fourier transformation was 
applied to the ZTD time series. Then ZTD time series were modeled using a fitting modeling 
function representing the sum of 8 sinusoidal oscillations. This fit function is used to 
approximate the time series and has the following form: y(t) = A1 sin (2π f1 t + φ1) + A2 sin 
(2π f2 t + φ2) + ... + A8 sin (2π f8 t + φ8), with the following notations: y(t) is the value of the 
time series at time t, A1–A8 are the amplitudes of the sinusoidal components, f1–f8 are the 
frequencies of the corresponding sinusoidal components, and φ1–φ8 are the phases of the 
corresponding sinusoidal components. 

This fit function is used to explain ZTD's periodicity as well as allows the modeling and 
analysis of oscillations in the time series. Also, we have applied the autoregressive model of 
order 1 (AR (1)), y(t) = c + ϕ . y(t-1) + ε(t), with the following notations: y(t) is the current value, 
y(t-1) is the previous value, ϕ is the autocorrelation coefficient at lag 1, c is a constant, and ε(t) 
is white noise (Information technology laboratory, n.d.). 

 
Figure 1. Spatial distribution and corresponding FFT of ZTD of IGS stations METG, GOP6, ROAG 

 for July 2022 (left) and January 2023 (right). 
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3. The main ZTD characteristics of IGS stations in July 2022 and January 2023 
The Fourier transformations of the ZTD time series for both epochs, July 2022 and January 
2023, for all three stations are visually represented in Figure 1. They are listed in Table 1 with 
their main station data. ZTD time series with the modeled fit lines for both epochs are shown 
in Figure 2 for all three stations: METG, GOP6, and ROAG.  
 
Table 1. The main characteristics of IGS stations 

IGS station Longitude Latitude Height 
METG, METSAHOVI, Finland 24° 23' 03.0" 60° 14' 31.1" 59.7 m 
GOP6, ONDREJOV, Czechia 14° 47' 08.2" 49° 54' 49.2" 592.6 m 

ROAG, SAN FERNANDO, Spain 353° 47' 37.4" 36° 27' 48.1" 83.2 m 
 
The shorter periods less than six days at station METG and less than five days at station 

GOP6, in both epochs, July and January, are approximately equal but have different 
amplitudes, indicating uniformity in periods across both epochs. Due to the convergence of 
the fit model for the July 2022 epoch at station GOP6, ZTD time series modeling was 
performed with 12 sinusoidal functions. In the case of station ROAG, the daily and semi-daily 
periods are the same and have approximately equal amplitudes in epochs July 2022 and with 
a slight difference in January 2023, while other periods with their appropriate amplitudes differ 
(Table 2). In July 2022, this station exhibited more oscillations with periods shorter than five 
days than in January 2023. 

We estimated that ϕ autocorrelation coefficient at lag 1 is close to 1, and c constant term 
is zero for all ZTD time series. As the coefficient ϕ was slightly less than 1, we concluded that 
the ZTD time series exhibited exponential decay. The value of the autocorrelation coefficient 
at station ROAG in January 2023 was closest to 1, suggesting that a random walk-like type of 
signal was dominant. Based on their research, the authors Young et al. (2022), indicate the 
regional variability of the optimal random walk per station, which is determined by climatic, 
geographical, and weather factors. 

The parameter values of several characteristic oscillations for three IGS stations in July 
2022 indicate that the maximum amplitudes with their appropriate periods decrease with 
decreasing of the station's latitudes and are for station METG: 0.03166 m (period 11.30 days), 
station GOP6: 0.01635 m (period 7.94 days), and station ROAG: 0.01363 m (period 15.09 days) 
(Table 2). The amplitudes with approximately a three-day period increase with decreasing 
latitudes and increasing station heights. The smallest amplitude at station METG is less than 5 
mm, while the largest amplitude at station GOP6, which has the greatest height, is less than 
10 cm, while at station ROAG, it has an amplitude less than 2 cm. The amplitudes with daily 
periods increase with decreasing latitude and increasing station height, so the smallest 
amplitude value for station METG is approximately 1 mm, and the largest for station GOP6 is 
approximately 5 mm. The semi-diurnal amplitude values are approximately the same as the 
daily values, except for station METG, which has a value of approximately 3 mm. The obtained 
standard deviations of residuals for all three stations are less than 2 cm. The parameter values 
of several characteristic oscillations for three IGS stations in January 2023 indicate that the 
maximum amplitudes with their appropriate periods decrease with decreasing latitudes of the 
stations. 
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Figure 2. ZTD in July 2022 (left) and January 2023 (right) of IGS stations  

METG, GOP6, ROAG, and sine modeled lines. 
 
Table 2. ZTD values of IGS stations for July 2022 and January 2023 concerning maximum amplitudes 
and approximately equal periods 

IGS station METG, July 2022 METG, January 2023  
Amplit. (m) 0.031656 0.001175 0.000928 0.003186 0.031859 0.003272 0.002486 0.000548 
Period (day) 11.30 3.40 1.00 0.50 15.75 3.12 1.00 0.50 
Phase (deg) 69.41 27.12 290.8782 291.28 263.22 268.85 5.68 103.09 

IGS station GOP6, July 2022 GOP6, January 2023  
Amplit. (m) 0.01635 0.09561 0.004723 0.00469 0.012153 0.00288 0.000462 0.001497 
Period (day) 7.94 2.96 1.00 0.50 10.31 3.10 1.00 0.50 
Phase (deg) 195.32 97.57 268.74 268.16 84.99 302.54 28.70 57.23 

IGS station ROAG, July 2022 ROAG, January 2023  
Amplit. (m) 0.013634 0.014301 0.004037 0.004533 0.010698 0.008588 0.001197 0.003596 
Period (day) 15.09 2.81 1.00 0.50 11.01 3.10 1.00 0.50 
Phase (deg) 51.21 319.50 210.20 208.99 81.25 245.52 245.44 114.66 
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Their values are as follows for station METG: 0.03186 m (period 15.75 days), station GOP6: 
0.01215 m (period 10.31 days), and station ROAG: 0.01070 m (period 11.10 days). The amplitudes 
with a three-day period at stations METG and GOP6 are approximately equal and less than 5 
mm, while the amplitude value for station ROAG is less than 1 cm. The amplitudes with daily 
periods decrease with decreasing latitude and increasing station height, so the smallest 
amplitude value for station GOP6, which has the greatest height, is 0.5 mm. Regarding semi-
diurnal amplitude values, they increase with decreasing latitude of the station (Table 2). The 
obtained standard deviations of residuals for all three stations are less than 1.5 cm. 

4. Conclusion 
We have analyzed ZTD in two epochs in July 2022 and January 2023 of three IGS stations at 
different latitudes, and consequently of seasonal differences of the atmospheric parameters. At 
each IGS station, there are several oscillations of the ZTD amplitude with approximately three days, 
one-day, and half-day periods in both epochs. The values of maximum amplitudes and their 
periods differed in relation to summer or winter atmospheric conditions for all stations. This analysis 
could be useful in future investigations of the ZTD time series for an annual time period. 
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CHANGES IN CONCENTRATION OF DTPA-EXTRACTABLE FORMS 
OF METALS IN RESPONSE TO SOIL TREATMENT WITH VARIABLE 
SEASHELL DOSES 
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Abstract: Seashells piled in coastal areas worldwide, particularly near commercial mollusk farms, may pose a 
substantial environmental and health risk. Utilizing seashell waste (SW) as a natural liming material represents a 
meaningful contribution to the sustainable development of the aquaculture industry through resource recovery. 
This study assessed the effects of adding various doses of finely ground SW to acidic agricultural soil with elevated 
total concentration of Cu (219.2 mg/kg) on the bioavailability of selected metals (Cu, Zn, Fe, Mn, Co, Pb, Ni, and 
Cd). The concentration of DTPA-extracted forms of Cu and other elements decreased significantly with the 
increase in SW dose from 0.15% to 2%, whereas differences between 2% and 5% treatments were not significant. 
The association of metals' bioavailability with the agrochemical properties of control and treated soil samples 
revealed the leading influence of soil pH. Furthermore, the DTPA-extracted amounts of Cu and Zn were negatively 
correlated with carbonate and organic carbon content, and bioavailable Zn forms were negatively correlated with 
the content of accessible phosphorus. As a cost-effective, sustainable, and renewable source of calcium carbonate, 
organic carbon, and available phosphorus, SW is a candidate material for acidic soil amelioration, including the 
immobilization of a range of toxic and potentially toxic metals. However, the study's results underline that SW 
dose optimization through preliminary tests is a necessary research component that requires observing soil fertility 
parameters, particularly the status of essential metals. 

Keywords: Soil remediation; seashell waste; metal immobilization; bioavailability; DTPA-extraction 

1. Introduction 
Increasing land degradation and decreasing productive land due to metal contamination and 
acidification incited a growing interest in readily available, economical, and highly effective 
technologies for soil remediation. Among these technologies, soil amendments as immobilizing 
agents and pH improvers have been developed extensively for large-scale applications because of 
their easy application and commercial viability. A variety of soil amendments have been widely 
employed to reduce the mobility and bioavailability of metals in contaminated soils by immobilizing 
them into stable forms via adsorption, precipitation, and complexation, including organic (e.g., 
animal wastes, biochar, biosolids, and compost) and inorganic (e.g., clay minerals, coal fly ash, liming 
materials, metal oxides, and phosphates) materials (Palansooriya et al., 2020). 
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The research on high-performance soil amendments that fulfill sustainable remediation 
principles has intensified in the last two decades. Naturally occurring waste materials and residues 
have received particular attention because of their availability, low cost, and relatively high efficiency 
in achieving remediation goals. Seashells have proven an emerging alternative to conventional 
liming materials for the remediation of acidic and metal-contaminated soils due to their high 
calcium-carbonate content (Barros et al., 2009). This approach also benefits the coastal ecosystems, 
by using the waste material from the growing seafood industry and enabling sustainable seashell 
aquaculture. Seashells act as  soil conditioner, as they provoke changes in the fractionation of metals 
(e.g., Cd, Cu, Pb, Zn, Cr, and Ni) by increasing their sorption and precipitation, and improve soil 
nutrient contents and bacterial community structure (Jović et al., 2019). Nevertheless, adding 
seashells to agricultural soils demands caution and additional research to ensure the immobilization 
of toxic and potentially toxic metals while safeguarding the sufficient availability of essential ones 
(Santás-Miguel et al., 2022). In that sense, the behavior and bioavailability of Cu is of a particular 
significance, as this metal is a micronutrient essential for plant development and crop yield in certain 
low amounts while exhibiting high toxic potential at elevated concentrations.  

Egerić et al. (2019) demonstrated that seashell waste (SW) could be employed to improve 
essential properties of the acidic agricultural soil with elevated Cu-concentration in terms of the 
increase in pH, carbonate, organic carbon, and available phosphate content and decrease in 
environmental mobility of Cu and other metals. This study aimed to evaluate the impact of different 
seashell doses on the availability of essential micronutrients (Cu, Fe, Mn, and Zn) and other selected 
metals (Cd, Co, Ni, and Pb) to plants, using the extraction with diethylenetriaminepentaacetic acid 
(DTPA). The relationship between the bioavailability of these elements and the agrochemical 
properties of the soil altered by various doses of the additive was assessed. 

2. Materials and methods 
The topsoil (0–20 cm) was sampled from an agricultural parcel in Slatina village, near the town of 
Bor (Serbia), in which a copper mining and smelting complex (Serbia Zijin Bor Copper, formerly 
known as RTB Bor) has been operating for more than a century.  Dried soil was homogenized and 
sieved to <2 mm fraction. The composite SW, collected from the North Greek Aegean Sea coast, 
was washed from impurities, ground into a fine powder, and characterized as described previously 
(Egerić et al., 2017). The SW was mixed with soil at 0.15%, 0.3%, 2%, and 5% w/w bases (samples 
SW0.15, SW0.3, SW2, and SW5; Egerić et al., 2019). The treatments have been carried out in pots 
(triplicates), maintaining ~60% of soil water capacity for two months.  

Ten grams of control soil (S) and treated samples were extracted with 20 ml of DTPA- solution 
(International Organization for Standardization, 2001). The extracting solution was prepared by 
dissolving 0.005 mol/L DTPA, 0.1 mol/L triethanolamine (TEA), and 0.01 mol/L CaCl2 in deionized 
water and adjusting the final pH to 7.3 with 6 M HCl. Extractions were conducted at room 
temperature, for two hours, on a rotary shaker (15 rpm). Liquid phases were separated by membrane 
filtration (0.45 μm), and the concentrations of metals (Cu, Fe, Mn, Zn, Cd, Ni, Co, and Pb) were 
measured within 24 h by Inductively coupled plasma atomic emission spectroscopy (ICP-AES, 
Thermo Scientific iCAP 6500 Duo), with matrix-matched calibration standards. The concentrations 
of elements are presented on a dry matter basis. 
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3. Results and discussion 
The results obtained from the DTPA test of the control and treated soil samples are graphically 
shown in Figure 1. The difference in metal availability between the samples was identified by 
Fisher's least significant difference (LSD) test. 
 

 
Figure 1. The DTPA-extracted concentrations of Cu (A), Fe (B), Mn (C), Zn (D), Cd (E), Co (F), Ni (G), and Pb (H) 

in the soil before and after treatment with different doses of SW, including one-way analysis of variance 
(ANOVA) and the Fisher's least significant difference (LSD) test at the level of significance α = 95% (p < .05). 
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Some of the metals are essential nutrient elements for the proper growth and 
development of plants (e.g., Cu, Zn, Fe, and Mn). Consequently, it is important to monitor 
their availability to plants. Determination of critical concentrations of bioavailable 
micronutrients in soil has been the focus of numerous studies, which pointed out variations 
across different extraction methods, soil types, properties, and specificities associated with 
plant species (Fageria et al., 2002). Recommended soil micronutrient values based on the 
results of the DTPA test (Barrett et al., 2017), are presented in Table 1. 

The concentrations of 
available Fe (82.6 mg/g), Mn 
(56.3 mg/g), and Cu (47.2 
mg/g) can be classified as very 
high in the control soil, and the 
bioavailability of Zn (2.9 mg/g) 
can be labeled as medium 
level. The bioavailability of Fe 
and Mn is commonly increased 
in acidic soils, while a very high 
level of bioavailable Cu signifies 
its anthropogenic input 

through mining and industrial activities in the vicinity of the sampling site. The DTPA extracted 
concentration of potentially toxic and toxic metals was generally low, highest for Pb (2.34 
mg/kg), followed by Ni (1.74 mg/kg), Co (0.205 mg/kg), and Cd (0.177 mg/kg). These results 
agree with analyses of pseudo-total concentrations of trace elements in the soil (Egerić et al., 
2019), showing that only Cu concentration was elevated (219.2 mg/kg) and above the 
remediation value (190 mg/kg) prescribed by Serbian legislation. 

Statistically significant differences in the bioavailability of the investigated metals were 
detected between the control and treated soils, and the applied doses of SW had different 
effects on the availability of individual metals (Figure 1). Even after applying 0.15% SW, a 
significant reduction in the bioavailability of all elements, except for Zn, was observed. 
Generally, no significant differences in the bioavailability of essential micronutrients and other 
tested metals were found between the SW2 and SW5 samples.  

Applying SW in all treatment variants did not decrease the bioavailability of microelements 
below the levels critical for plant growth and development. The SW dose had the greatest 
impact on the concentration of available Mn. According to Table 1, after the application of 
0.15% and 0.3% SW, the concentration of available Mn was high and reached medium and 
low levels with a further SW dose increase (2% and 5%). Considering all treatments, Fe and 
Cu bioavailable concentrations remained very high. It is crucial to consider that these values 
are recommendations, which may not be in accordance with the actual requirements of 
specific crops, because the need for micronutrients depends on the type of crop, expected 
yield, pH value, and other soil properties (Barrett et al., 2017). For instance, bioavailable 
concentrations (DTPA test) over 50 mg/kg were found to reduce the dry matter yield of several 
vegetables (Yang et al., 2022). Finally, in all samples, the DTPA-extracted concentrations of Zn 
remained within the range of medium availability.  

Table 1. Recommended micronutrient concentration values  
in soil (mg/kg) based on the DTPA test (Barrett et al., 2017) 

Metal Very 
low Low Medium High Very 

high 
Cu 0–0.3 0.3–

0.8 
0.9–1.2 1.3–

2.5 
>2.5 

Fe 0–5 6–10 11–16 17–25 >25 
Mn 0–4 5–8 9–12 13–30 >30 
Zn 0–0.5 0.5–

1.0 
1.1–3.0 3.1–

6.0 
>6.0 

 



 

 

Book of Abstracts and Contributed Papers 
International Conference on Recent Trends in Geoscience Research and Applications 2023 
Belgrade, Serbia & Virtual, October 23–27, 2023  
Editors: Aleksandra Nina, Snežana Dragović, and Dejan Doljak 

 

 

 
63 

The bioavailability of other investigated metals, Pb, Cd, Co, and Ni, was simultaneously 
reduced by SW treatments (Figure 1), maximally by 33 % for Cd, 58 % for Pb, 70 % for Ni, and 
even 93 % for Co, at the highest SW dose of 5 %. The SW treatments induced changes in soil 
agrochemical attributes (Egerić et al., 2019). The descriptive statistics of selected essential 
properties are shown in Table 2. According to coefficients of variation, the addition of various 
amounts of SW most affected (i.e., increased) the content of carbonate, electrical conductivity 
(EC), the content of available phosphorus, organic carbon, and soil pH, while the total nitrogen 
content and cation exchange capacity (CEC) were least affected. 
 
Table 2. Descriptive statistics of agrochemical properties of control and amended soil samples (Egerić et al., 2019) 

Variable Mean Standard 
Deviation 

Coefficient of 
variation Minimum Maximum 

CaCO3 (%) 1.89 2.55 134.72 0.00 6.09 
CEC (meq/100g) 11.58 0.172 1.48 11.40 11.85 
Ntotal (%) 0.172 0.003 2.22 0.168 0.177 
Corganic (%) 1.768 0.310 17.55 1.479 2.279 
Available P (mgP2O5/100g) 4.210 1.102 26.17 2.880 5.400 
pH 6.482 1.110 17.13 4.930 7.650 
EC (dS/m) 0.684 0.314 45.94 0.378 1.122 

 
The association between extracted metal concentrations and soil properties was analyzed 

using Pearson's correlation test (Table 3). A significant (p < .05) negative correlation has been 
observed between soil pH and metal bioavailability, which is in agreement with previous 
findings in the literature (Fageria et al., 2002). The EC exhibited a statistically significant (p < 
.05) negative correlation with the concentrations of Cu, Zn, and Fe in the DTPA extract. This 
can be attributed to the influence of the SW dose, which leads to an increase in soil pH and 
EC. Also, the bioavailability of Cu and Zn demonstrated a significant (p < .05) negative 
correlation with carbonate and organic carbon content. 

 
Table 3. The Pearson's correlation coefficient between the agrochemical properties of soil samples and 
bioavailable concentrations of the investigated metals determined by DTPA extraction 

Metal CaCO3 CEC Ntotal Corganic Available P pH EC 

Cu –0.909* –0.055 0.338 –0.928* –0.858 –0.985* –0.888* 
Zn –0.907* 0.170 0.550 –0.887* –0.980** –0.897* –0.915* 
Fe –0.820 –0.044 0.183 –0.852 –0.830 –1.000* –0.914* 
Mn –0.708 –0.082 –0.034 –0.770 –0.697 –0.974* –0.830 
Ni –0.704 –0.008 –0.016 –0.762 –0.740 –0.977* –0.858 
Pb –0.747 –0.126 0.027 –0.800 –0.719 –0.986* –0.852 
Co –0.586 –0.127 –0.215 –0.670 –0.548 –0.911* –0.720 
Cd –0.735 –0.297 0.012 –0.787 –0.632 –0.958* –0.806 

Note. *p ˂ .05, ** p ˂ .01 

Soils with high CaCO3 content generally exhibit lower bioavailability of micronutrients 
(Chatzistathis, 2014). On the other hand, depending on the total content and composition, 
organic matter can have different effects on the mobility and bioavailability of micronutrients. 
The high affinity of Cu to the organic phase of the soil often leads to reduced bioavailability 
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of this essential element, attributed to either the formation of insoluble organometallic 
complexes or soluble complexes, but difficult to uptake by plants (Fageria et al., 2002). A 
significant negative correlation (p < .01) was also found between bioavailable Zn and 
accessible phosphorus content. This indicates that in case of fertilizing the soil with phosphate 
fertilizers, the amount of bioavailable Zn potentially can be reduced below the concentrations 
critical for plants growth and development.  

3. Conclusion 
The application of waste seashells for improving soil pH and agrochemical properties affected 
the bioavailability of investigated elements. After the treatment with SW, and with SW dose 
increase, a decrease in the concentrations of all investigated elements in the DTPA extract was 
observed, indicating the suitability of using this additive to treat multiple metal contamination. 
The increase in soil pH value is the most significant factor affecting the immobilization of 
metals. The results indicate that selecting the amount of SW for treating a certain acidic soil 
must consider the bioavailability tests of essential elements. Adding 2% of SW was best for 
investigated soil, as a further increase in SW amount did not significantly reduce the 
bioavailable Cu fraction while affecting the excessive reduction of bioavailable Mn. Applying 
seashells with other amendments could improve Cu-immobilization capacity, thus, such an 
approach deserves further attention. 
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Abstract: The seismicity of the Skopje epicentral area which has been analyzed in this study is 
characterized by the occurrence of weak to strong earthquakes based on a comprehensive database, 
cataloging 1,135 seismic events registered between 518 and 2021 with magnitude Mw ≥ 3.0. The catalogue 
was divided into two periods: a macroseismic data part comprising 157 seismic events and an instrumental 
part containing 978 seismic events recorded during the period 1957–2021 by the Macedonian 
Seismological Network (SORM). The correlation between the macroseismic and instrumental seismicity 
with the seismotectonic features was performed by analyzing spatial distributions of seismic events. The 
current data allows observing two types of seismic activity in the selected area: Cluster-type and 
Occasional-type, contributing to a better understanding of the behavior of the seismically active faults. 
The return periods of large earthquakes (Mw ≥ 5) and the instrumental seismicity of the Skopje area, allow 
us to fully research the considered area and to discover all the active faults in the area. 

Keywords: seismic activity; earthquakes; active faults; Skopje epicentral area 

1. Seismotectonic setting  
The main neotectonic regions in the territory of the Republic of North Macedonia (RNM) are 
the Vardar zone, West Macedonia, and East Macedonia. (Arsovski, 1997). These regions, being 
developed within major, regional tectonic units, are permanently uplifting with different 
intensities. They also show differences in seismic activity, which is the reason to treat them as 
separate seismic zones (Hadžievski, 1976a; Jordanovski, 1998), named with the same names. 
The present seismic activity in the territory of the RNM is due to the permanent different 
intensities of movements of the higher-order tectonic units within the three seismic zones. 
The subject of this article, epicentral area Skopje, belongs to the Vardar seismic zone. 

This epicentral area is presented by the sinking Skopje valley (depression). The depression 
is crisscrossed by neotectonic faults, oriented NW–SE and approximately E W, and the area is 
subjected to E–NE tectonic compression and N–NW tectonic dilation (Figure 1; Arsovski & 
Petkovski, 1975). 
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Figure 1. Seismotectonic map of Skopje epicentral area. 

2. Data and methods 
The seismicity of the Skopje area is based on instrumental seismological and macroseismic 
data available in the Seismological Observatory of the Faculty of Natural Sciences and 
Mathematics in Skopje. The Seismological Observatory of the RNM has a rich archive of 
seismological data (about 1500 years), including historical as well as instrumental data for the 
period up to the present day (Hadžievski, 1976а, b; Macedonian Seismological Network, n.d.). 
The historical development of seismological research depended mostly on the political 
conditions in the Balkans. Macroseismic data on the earthquakes that occurred were archived 
by the Turkish administration or individual foreign researchers (Mihajlovic, 1951, Watzof, 1923). 
The development of instrumental seismology began in 1957, when the Skopje Seismology 
Station start to operate. In the period up to today, we note the change of three generations 
of instruments, each with a different level of sensitivity. 

The locations of the historical earthquakes are obtained mainly from the macroseismic 
data, i.e., from the corresponding maps of isoseismals, while the earthquakes that occurred 
after 1957 are included with instrumental locations. The data for all historical and instrumental 
earthquakes in the considered period that belong to the epicentral area of Skopje were used 
to complete and prepare a homogeneous catalog. During this period, part of macroseismic 
data includes 157 seismic events and instrumental data with 978 seismic events registered in 
the period 1957–2021, that is mean total 1,135 number of events for the epicentral area Skopje. 
The seismicity of the Skopje epicentral area is related to the activity of the faults, the largest 
number of epicenters of the earthquakes are located there. The grouping of epicenters around 
active faults defines several seismogenic sources, the main carriers of seismicity (Figure 2). 
Earthquakes occur when the Skopska Crna Gora and Vodno mountains meet. Because of this, 
the underground contact of these two mountains (above which the Skopje valley and the city 
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of Skopje are located) constantly acts and accumulates tectonic stresses. When the forces of 
these stresses overcome the frictional force of the blocks, Skopje Crna Gora and Vodno, these 
blocks move along their contact, causing earthquakes (Petkovski, 1992). 
 

  
 

Figure 2. Epicentral map of Skopje area for the period 518–1957 (left) and 1957–2021 (right). 

3. Detailed analysis of results 
The availability of recent instrumental data together with macroseismic data allows to 

improve the knowledge about the seismicity and seismotectonic characteristics of the Skopje 
epicentral area. The spatial analysis is an important key, where a spatial comparison between 
the seismicity of an area and mapped fault locations allows to assessment of the possible 
activity along a given fault or group of faults. The hypocentral locations for the historical and 
instrumental events have been determined with a location uncertainty of less than 5 km, 
(Hadžievski, 1976c). The epicentral map (Figure 2), can be considered reliable for the following 
interpretation of the present work. According to the epicentral map, the historical and 
instrumental seismicity in Skopje area is characterized by many light to micro events (Mw ≤ 
4.9) and several moderate and strong events (Mw ≥ 5). However, most of the events are low 
magnitude and can be qualified as micro (Mw ≤ 2), where their average magnitude is 
approximately Mw 2. 

A detailed analysis of the seismicity, in the present paper, allows observing some seismic 
types as follows: cluster type and occasional type. This classification could help to present in 
detail the properties of seismic activity and its relationship with the tectonic features of some 
specific areas, and to focus on the most important fault zones. The seismicity in the Skopje 
epicenter area (Figure 2) is characterized by several clusters of events with light to moderate 
and strong magnitude earthquakes (Mw ≥ 4.0). 

Cluster-type seismic activity is observed on or between the following fault/faults: Skopje–
Kjustendil fault, Skopje–CrnaGora fault, Brazda fault, and Karshijacki fault. The Skopje–
Kjustendil fault is characterized by an occurrence of both types of seismic activity: occasional-
type or individual earthquakes and cluster type. These events form the new stable 
configuration of the local continuum (Figure 2). This fault in the area of the Skopje depression 
has an E–W direction, slope in the N–NE direction (toward Skopje Crna Gora) and is expressed 
in the relief in the western part of the Skopje depression, where it represents the northern 
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edge of the Vodno and Osoj mountains (Arsovski, 1997). Many clusters of events can be 
associated with this fault. From the epicentral maps we have located: 

In the period from 518–1957, three clusters can be observed, one in the central part of the 
epicentral area, along the Skopje–Kjustendil fault, second in the northern part, whose 
occurrence can be attributed to the activity of the Brazda fault, and the third in the western 
part of the area, who can be attributed to the activity of the Torbeski fault. Fault activity is 
attributed to the proximity of epicenters to the fault line. In the period from 1957 to 2021, 
three clusters can be observed, along the Skopje–Kjustendil fault, one along the Brazda fault, 
two along the Skopje–CrnaGora fault, one along the Karshijacki fault. 

The existence of cluster type of seismic activity can be proved using the Benioff diagram 
(Figure 3), for the energy released during the considered period, mainly represented by three 
huge leaps in the values of energy released during a period of a year. Some significant events 
can be classified as individual or occasional type. Earthquakes with magnitude between 3.0 ≤ 
Mw ≤ 4.9, from some events of occasional type, such as the earthquake of 1992, Mw 4.1 and 
2004, Mw 4.3, could be interpreted by the accumulation of seismic energy during a period of 
weak activity. Therefore, we can conclude that the period of weak seismic activity can 
accumulate seismic energy and at any time it can cause a small to light earthquake. 

 
Figure 3. Benioff diagram for the energy released during the period 518–2021. 

4. Discussion 
During the period of study, from 518 to 2021, epicentral area Skopje, has about 1,135 local 
events that have been analyzed from the catalog of SORM (1901–2021). The catalog has part 
of macroseismic data including 157 seismic events, from 518 to1957, and instrumental data 
with 978 seismic events registered in the period from 1957 to 2021. The locations of these 
events can be considered reliable because most of the recorded events have relatively small 
location uncertainty values. The study of this local seismicity data of the Skopje epicenter area, 
has shown the general appearance of the seismicity in area and spotlighted some important 
observations: 
• The seismicity of the Skopje epicentral area is due to the tectonic activity of all the faults 

in the Skopje depression and the surrounding area. The most active of all these faults is 
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the regional Skopje–Kjustendil faul. This fault in the area of the Skopje depression has an 
E–W direction, has a slope in the N-NE direction (toward Skopje Crna Gora), and is 
expressed in the relief in the western part of the Skopje depression, where it represents 
the northern edge of the Vodno and Osoj mountains; 

• In the considered period from 518 to 2021, the seismicity of the Skopje epicentral area, 
according to the availability of seismic data, can be divided into two periods, 518–1957 
when the locations of the events are determined according to macroseismic data, and 
from 1957–2021 when the locations of the events are determined instrumentally. That is 
why the number of events in the first period is much smaller than the number of events in 
the second period (Figure 4); 

• The epicentral map (Figure 2), shows that the main seismicity with many micro to light, 
and several strong earthquakes with Mw 6.1, (518, 1555, and 1963) is apparently 
concentrated on the Skopje–Kјustendil fault: along the central segments of the fault. The 
Skopje–Kјustendil fault could be characterized by the highest recent instrumental 
seismicity in the Skopje epicenter area; 

• In the period 518–1957, most of the recorded events are qualified as slight, where their 
average magnitude is approximately Mw 3.5, but in the period 1957–2021, most of the 
recorded events are qualified as weak, where their average magnitude is approximately 
Mw 2.0; and 

• According to the epicentral map, the seismicity of Skopje epicenter area is characterized 
by a few clusters, in the central part of the area. The cluster from 1963 has been observed 
as event with a high magnitude Mw 6.1, and many slight events indicating the behavior of 
Skopjе–Kјustendil faulting zone. Another cluster in 2016 with a magnitude more than Mw 
5.0, was observed in the central part of Skopje area. The events show almost identical 
source mechanism solutions. 
The light magnitude of some events of occasional type, such as the earthquake of 1992 

and 2004 could be interpreted by accumulation of seismic energy during a long period. 
 

 
 

Figure 4. Time-spatial distribution of Skopje area for the period 518–1957 (left) and 1957–2021 (right). 
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5. Conclusion 
The historical and instrumental seismicity of Skopje epicenter area during the period 518–
2020, has been characterized and documented in the present paper with 1135 events. The 
correlation between the seismicity and the seismotectonic was performed through the analysis 
of spatial distributions of seismic events. The epicentral map has shown that the historical 
seismicity is concentrated on the Skopje–Kjustendil, Lepenecki, and Brazda faults, and the 
main instrumental seismicity with many micro to light earthquakes (Mw > 1) is concentrated 
on the faults system, Skopje–Kjustendil, Skopje–CrnaGora, and Brazda, where the highest 
instrumental seismicity in Skopje area has been observed. 

This research allowed observing two types of seismic activity: cluster-type and occasional-
type. The seismicity in Skopje epicenter area was characterized by many clusters of light to 
strong events (4.0 ≤ Mw ≤ 6.9) such as the clusters on the Skopje–Kjustendil fault. Some 
significant events could be classified as individual, such as the earthquakes of 1992 and 2004. 

The geographical distribution of epicenters of a cluster could be related to the active fault. 
Therefore, many faults can be considered active in Skopje area. The occasional type of seismic 
activity could be interpreted as a temporary release of the accumulated seismic energy, which 
is also shown by the Benioff diagram. 
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Abstract: Study on geophysical and natural hazards monitoring in real time involve analysis of multiple 
geophysical parameters. Currently, efforts to produce instruments apart from high performance, low 
power requirements and portable are also taken into account. In this paper, a low-power, portable and 
low-cost infrasound recording system is presented. Specifically, the system simultaneously measures 
barometric pressure, acceleration and local temperature synchronized by the Global Positioning System 
(GPS). In addition, a single board computer is integrated with an infrasound wave recording system for 
ease of control and monitoring of the overall system performance with remote access. After the 
prototype was packaged, a series of evaluation trials were carried out to verify the instrument's key 
parameters against the infrasound wave generator source. The experimental results show that the 
integrated design of the infrasound wave recording system with a single board computer as a whole 
can detect the source of infrasound waves. As evidence, profiles of infrasound wave measurements in 
mountainous, urban and coastal areas are discussed. 
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1. Introduction 
Real-time monitoring of natural hazards, such as earthquakes resulting in tsunamis, volcanic 
eruptions or severe weather events benefits from the joint analysis of multiple geophysical 
parameters. In recent times, geophysical measurements are carried out through independent 
single parameter measurements due to the high cost of procuring the instrument and its fixed 
placement. In addition, the high demand for electric power and the stability of the continuity of 
the power supply as well as the dimensions and weight of the instrument require higher 
research and development capital to achieve higher equipment quality. 

Several meteorological agencies often place several sensors in the same location to measure 
various meteorological parameters for local weather dynamic studies and weather forecast 
model improvement. The International Monitoring System (IMS) under the auspices of the 
Comprehensive Nuclear Test Ban Treaty Organization (CTBTO), continuously performs various 
seismic, hydroacoustic, infrasonic and radionuclide geophysical measurements (Marty, 2019). 
Infrasound Development Laboratory-Kochi University of Technology (KUT), Japan is 
collaborating to develop integrated infrasound sensors to support the construction of 
infrasound observation networks in Japan (Batubara & Yamamoto, 2020). The multi-instrument 
network has shown useful information for the vertical dynamic structure of the mid and upper 
atmosphere when supplemented with complementary upper atmosphere remote sensing, such 
as Ionosondes (Alfonsi et al., 2013), doppler sounding (Zalizovski et al., 2021), lidar (Blanc et al., 
2018), GPS (ReVelle, 2010). Other studies involving analysis of multi-parameter geophysics such 
as analysis of the characteristics of earthquakes (Shani et al., 2018), volcanoes (Johnson & 
Ripepe, 2013), and seismo-acoustics caused by explosions (Assink et al., 2018). 

The measurement requirement allows for higher resolution measurements which will 
contribute to the increased capacity for analysing geophysical object characteristics as well 
as the resolution and accuracy of conventional numerical prediction models. It is therefore 
essential to produce a low-cost, low-power and flexible mobility multi-parameter instrument 
platform that can complement existing geophysical sensor networks. 

The purpose of creating this system is to support disaster research programs and satellite 
payload space in geological disaster mitigation missions in Indonesia as well as study the 
dynamics of the Earth's atmosphere through observing and detecting infrasound waves from 
various sources. The innovation of the infrasound wave observation system has undergone 
development in recent years and the experimental system has been flown on the sounding 
rocket for the purpose of wave propagation research (Pilger et al., 2021). However, the utilization 
of infrasound wave propagation has not been widely used in atmospheric science missions. 

In this paper, the design and implementation of the system are discussed. Due to the design 
of the data communication lines, the infrasound sensors used can be easily integrated into the 
existing single board computer infrastructure so that the results of the integration result in a 
system that is low in power and easily movable. The structure of writing this article is structured 
as follows. Section 2 introduces the infrasound sensor system used. Section 3 describes the 
single board computer system used. Section 3 describes the process of integrating an 
infrasound sensor with a single board computer system and several other supporting 
components. While some of the initial results of the implementation of system integration are 
explained in Section 4, followed by some conclusions from this paper presented in Section 5. 
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2. Simple Platform Design 
2.1. Infrasound Sensor 
Infrasound is an Ultra-low Frequency sound (1 mHz to 100 Hz) lower than the human audio 
frequency range (20 Hz to 20 kHz), and it is possible to grasp various conditions related to 
geophysics. Typical examples include tsunamis, volcanic eruptions, earthquakes, landslides, 
meteorites and satellites entering the atmosphere, various artificial noises (wind power 
generation, explosion sounds, nuclear tests, etc). In general, low-frequency sounds can reach 
far without decaying. 

Although analysis technology is also important, the SAYA company have succeeded in 
developing an integrated technology that can detect an infrasound generator with a single 
infrastructure sound sensor (SAYA, n.d.). Infrasound deals with frequencies much lower than 
the frequency range that can be measured by the microphone, so it is need a dedicated 
sensor that is completely different from the microphone. 

2.2. Single Board Computer 
The design of the device uses a single board computer unit to pursue streamlined, mobility as well 
as low power requirements and costs with capabilities that resemble ordinary computer units. The 
core of this device lies in the processing section which is used to monitor device performance both 
in the data acquisition process and in its connectivity. A single board computer based on 
Raspberry Pi zero was chosen in the design of this device, to achieve the above requirements. In 
addition, the Raspberry Pi device has a number of advantages such as high computing power in 
addition to power consumption and cost which provides various development opportunities and 
the development of many functional devices/prototypes based on this platform. 

The board has a quad-core 64-bit Arm Cortex-A53 CPU, clocked at 1 GHz, Broadcom 
BCM2710A1 die with 512 MB of LPDDR2 SDRAM. Its upgraded processor provides Raspberry Pi 
Zero 2 W with 40% more single-threaded performance, and five times more multi-threaded 
performance, than the original single-core Raspberry Pi Zero.  For the line communication, the 
board offers 2.4 GHz 802.11 b/g wireless LAN and Bluetooth 4.2, along with support for 
Bluetooth Low Energy (BLE), and modular compliance certification. The other specification, the 
board has a microSD card slot, a CSI-2 camera connector, a USB On-The-Go (OTG) port, and an 
unpopulated footprint for a HAT-compatible 40-pin GPIO header. A micro-USB socket is also 
suitable for its input power in the range of 5VDC 2.5A. The board has also mini-HDMI port for 
video output which can be easily made an innovative display if needed. 

3. System Integration 
This section contains the different subsections where the design and creation of the 
prototype together with the algorithm’s implementation are explained. 

3.1. Construction Work 
3.1.1. Wiring Schematic 
Top panel of Figure 4 shows the wiring schematic of the system being built. The systems are 
combined into one unit via an Ethernet hub. The GPS connects directly to the sensor via the 
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DB9 port. Meanwhile the Raspberry-pi is connected to an ethernet hub, Real Time 
Component (RTC) and display. All system components receive a low-power DC voltage 
source. Raspberry-pi can also connect to an ethernet hub via WIFI. RTC functions as a backup 
of universal time data, so there are 2 (two) universal time records, namely GPS and RTC. 

The implementation of this wiring scheme design is realized in a prototype system for 
observing infrasound waves (Figure 1A). All components in the prototype are stored in one 
small box and have been tested in various observation campaign activities in several 
locations. One of the conditions for placing a prototype system in observation campaign 
activities can be seen in Figure 1B. The system should be placed in one room to avoid the 
disturbing effects of wind factors on the ground. 
 

 
 

 
Figure 1. Implementation of system integration. 

Note. Panel A: System wiring schematic. Panel B: The resulting system prototype is based on the wiring scheme. 

3.1.2. Software Algorithm 
All performance of the prototype is controlled by raspberry-pi. So, the prototype can of course 
work based on the programming system created and embedded in Raspberry Pi. There are 
five software that work on the Raspberry-pi: (1) “main” acts as the main prototype software 
which consists of initiating and checking the Raspberry-pi connection with sensors, RTC and 
GPS, transferring data from the sensor's internal memory to the Raspberry-pi's memory, and 
displaying operating status of the prototype on the display used; (2) “rtc” functions to provide 
universal time data; (3) ”log” functions to record all prototype work processes; (4) “zip” 

A 

B 
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functions to compress observation data in one day; (5) and, the four software above are set in 
the order of activation in the ”watchdog” software. Then these five pieces of software are 
operated periodically and automatically based on the crontab settings in the Raspberry-pi 
operating system. The “rtc” and “log” software are activated every system reboot. Meanwhile 
the “zip” and “watchdog” software are respectively run at 00:05 and at the 0th minute. 

3.1.3. Data Formats 
Gradually the data stored in the sensor's internal memory is stored in the raspberry-pi's 
internal memory. This is because the sensor's internal memory is always emptied automatically 
every time it reaches its maximum capacity. The type of observation file stored is binary and 
numeric CSV. These two files are saved once every hour and given file names based on the 
time of observation. Each observation file gradually increases in capacity to such an extent that 
the clock changes. Each observation file records several measurement parameters such as the 
amplitude of infrasound waves, three directions of acceleration in sensor movement, air 
pressure and temperature of the surrounding air, as well as the universal time of observation. 

4. System Testing and Discussion 
The prototype was functionally tested in a series of infrasound wave observation campaign 
activities in three locations, namely Pameungpeuk and Subang - West Java and Ancol, North 
Jakarta. The location of this observation can be seen in Figure 2. 
 

 
Figure 2. Spatial distribution of the infrasound stations consists of Ancol Jakarta (red triangle), 

Subang (Green triangle), and Pamengpeuk (blue triangle). 

Observations in Pameungpeuk-West Java and Ancol-North Jakarta are intended to see the 
characteristics of infrasound waves from sea waters known as microbarom waves. Meanwhile, 
observations in Subang and Bandung (yellow pins)—West Java aim to see the characteristics of 
infrasound waves caused by mountain waves. These two types of infrasound wave sources are 
very important in the study of infrasound wave propagation and the study of atmospheric 
dynamics. These three observation locations form a simple observation array geometric 
configuration that can be used to determine the location of the infrasound wave source. 
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4.1. Measurement at Pameungpeuk, West Java Indonesia 
Figure 3 shows the power spectral density profile of the infrasound signal recorded for 24 
hours at Pameungpeuk on May 15, 2023. The image shows that the spectrum at 0.4 Hz 
(microbarom frequency) begins to appear between 10 and 23 UTC. However, the spectrum 
at this range began to distruct at 19 UTC, affected by the ambient temperature and local 
wind structure (Figure 4). 
 

 
Figure 3. Power Spectral Density of Infrasound signals observed at Pameungpeuk, West Java on 15 May 
2023 (0 –23 UTC) with 0.9 percentile (red line), 0.5 percentile (yellow line), and 0.1 percentile (green line). 
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Figure 4. Two surface meteorology profiles using AWS in the Pameungpeuk area. Profile of wind 

direction (left panel) and temperature (right panel) for 3 (three) days. 

4.2. Measurement at Ancol, Jakarta Indonesia 
The power spectral density profile of the infrasound waves on 09–11 August 2023 is shown in 
Figure 5–7. The microbarom frequency spectrum appears around 0.4 Hz starting at 10 UTC to 
02 UTC. This appearance is also in the same condition as the previous results of infrasound 
wave observations conducted in Pameungpeuk, West Java. 
 

 
Figure 5. Power Spectral Density of Infrasound signals observed at Ancol, North Jakarta on 9 August 

2023 with 0.9 percentile (red line), 0.5 percentile (yellow line), and 0.1 percentile (green line). 
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Figures 8 show wind speed along with its direction based on AWS measurements at 
Ancol, Jakarta in the period 9–11 August 2023. Specifically for wind speed, where at 10 UTC 
the wind began to change direction to the south, which was followed by a weakening of the 
strength of the gusts so that the propagation speed of the microbial column increased 
towards the observation location. 
 

 
Figure 6. Power Spectral Density of Infrasound signals observed at Ancol, North Jakarta on 10 August, 

2023 with 0.9 percentile (red line), 0.5 percentile (yellow line), and 0.1 percentile (green line). 
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Figure 7. Power Spectral Density of Infrasound signals observed at Ancol, North Jakarta on 11 August, 

2023 with 0.9 percentile (red line), 0.5 percentile (yellow line), and 0.1 percentile (green line). 

 

 
Figure 8. Profile of standard meteorology at KS Ancol Jakarta for the period 9–11 August 2023 using AWS. 

Wind direction in degree unit and Wind speed in m/s are shown in blue and red lines, respectively. 

5. Conclusions 
In this research, construction efforts and testing of a prototype integrated infrasound wave 
observation system are presented. This system is an integrated multidisciplinary observation 
platform that has low cost and low power consumption and is flexible in operation to monitor 
geophysical quantities. This includes instruments for measuring infrasound, acceleration, 
barometric pressure and temperature. This platform uses the latest sensor technology which is 
formed from embedded Ethernet device server components, making it easier for sensors to be 
monitored remotely. The programmable raspberry-pi unit controls overall system performance 
and retrieval and storage of observation data. Observation times are recorded based on the 
GPS and RTC data used where these two components are mutually supportive. Therefore, this 
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prototype can contribute well to multi-spatial observations by expanding the existing sensor 
network. This prototype system is specifically designed to measure infrasound. Infrasound wave 
measurements from three locations show results that prove the prototype system can function 
as intended. Two observations at locations close to sea waters showed that microbarom waves 
were successfully detected by this system in the afternoon until the following morning. It is 
indicated, when wind noise levels are high, infrasound signals can disappear and remain 
undetected. The use of this system in coastal areas is ideal for monitoring marine geophysical 
parameters, comparing in situ measurements, and comparing prototype output data with 
current model data. Therefore, as long as this platform is supported by simultaneous surface 
meteorological observations and model-based mathematical estimation support, studies of the 
dynamics of the Earth's atmosphere that utilize infrasound wave propagation can be carried out. 
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IONOSPHERIC D-REGION DISTURBANCES INDUCED BY OUTER 
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In the ionospheric D-region, which extends within the altitude domain of about 50–90 km 
above the Earth's surface, there is a weakly ionized plasma whose characteristics are spatially 
and temporally variable. The main source of these variations is solar radiation, which causes 
both periodic variations due to changes in incoming solar hydrogen Lyα radiation (daily, 
seasonal, and variations during a solar cycle) as well as non-periodic changes due to sudden 
processes on the Sun (from these processes, solar X-ray flares have the most significant 
influence on the D-region). In addition to solar radiation, this ionospheric layer is influenced 
by galactic and extragalactic radiation from space as well as processes in the different 
terrestrial layers. Monitoring of the D-region is carried out using very low/low frequency 
(VLF/LF) radio signals. In this paper, we present the changes in the characteristics of VLF/LF 
signals that are detected by the receiver in Belgrade, Serbia, and induced by solar radiation 
and gamma ray bursts. In addition, we present the modeling of the periodic changes in the 
D-region electron density, as well as changes in this parameter during the influence of the 
solar X-ray flare. 
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GROUND-BASED RADAR INTERFEROMETRY: EXAMPLES OF 
APPLICATION TO THE MONITORING OF LANDSLIDES AND 
INFRASTRUCTURE 
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This presentation focus on the monitoring of landslides and man-made infrastructures which 
could be affected by the occurrence of landslides. Mass movements due to landslides and 
surface deformation, as well as vibrations frequencies of man-made structures are estimated by 
the radar interferometry technique applied to both Synthetic Aperture Radar (SAR) and Real 
Aperture Radar (RAR) data collected by a ku-band ground-based radar (Anghel et al., 2019; 
DiPasquale et al., 2018). SAR images are used to provide maps of terrain displacements and 
infrastructure deformations with a spatial resolution of 0.75 m in range direction. The cross-range 
resolution decreases with the range distances up a few meters at the maximum range distance of 
four kilometers. RAR profiles are used to estimate the vibration frequencies of infrastructures up 
to about 10 Hz (Nico et al., 2020). The precision of displacements is of a few millimeters depending 
on the phase decorrelating effects in the scene (e.g., vegetation).  Examples of application of 
ground-based radar interferometry to the monitoring of landslides and man-made infrastructure 
are shown and commented. 
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UNDERSTANDING THE EFFECTS OF ANTHROPOGENIC AEROSOLS 
AND CONTROL IN AIR QUALITY DURING COVID-19 LOCKDOWN 
PERIOD 
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We got unique opportunity to carry out air pollution studies during lockdown phases of the 
Covid-19 pandemic from Alandur (13.03°N, 80.21°E), Tamil Nadu, India. A comparative study has 
been made in atmospheric pollutants between pre-pandemic period and during the lock-down 
period (imposed to control the spread of novel Corona Virus infection) and with the aid of 
ground based atmospheric pollution monitoring instruments. We used the Blackman-Tukey 
power spectrum analysis for estimating the power spectrum of pollutants during Pre-Covid-19 
and during Covid-19 time domains for the selected station. The data was obtained from the 
Central Pollution Control Board (CPCB). Since we learn a lesson from pollution under control 
during Covid pandemic, as such the power spectrum gives access to top to bottom analysis of 
anthropogenic pollutants to quantifying the peaks and periodicities present in the series for in 
depth analysis and control for the future. First, we normalized the time series which show the 
general trend of the pollution parameters. Then the spectral estimation was carried out for its 
eigen values and periodicities during pre-covid period and during lock-down period. These 
results show a particular trend at a peak business hour (IST) in diurnal pattern where the 
prominent pollutants  played a dominant role in  both timelines showing a significant drop 
(~42.5%) in the level of most of the prominent pollutants during lock-down period. Significant 
drop in levels of CO, NO2, and PM2.5, reflected in the power spectral windows of both timelines. 
However, O3 and No2 showed no substantial variation during this period. The future studies will 
envisage the pollution control technicalities and strategies Based on the Air Quality Index (AQI). 
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The gully erosion is one of the most significant land degradation processes. Although gully erosion 
significantly threatens agricultural productivity and natural ecosystems, European land 
management strategies frequently need more reliable data on environmental conditions 
governing this process. This study presents a methodology that integrates remote sensing and 
nuclear techniques for examining gully erosion (Đokić et al., 2023). It introduces a novel approach 
to erosion research by employing 360-degree camera photogrammetry to characterize gullies 
morphometrically. The main objectives of this approach are to evaluate the applicability of 
unmanned aerial vehicles and terrestrial photogrammetry for modeling gullies, to study small-scale 
erosion processes within gullies, compare erosion intensity between adjacent gullies, and 
determine the most effective and cost-efficient method for monitoring gullies. A total of 39 soil 
samples were taken in three studied gullies. The results revealed an average soil redistribution rate 
of 16.2 t ha−1 yr−1 and coefficients of variation of 32%, 59%, and 91% for the gullies. The estimated 
erosion rate varies from a minimum of 0.1 t ha−1 yr−1 to a maximum of 34.3 t ha−1 yr−1. Soil deposition 
was identified at only two sampling sites, 1.1 and 2 t ha−1 yr−1. Highly detailed 3D models of the 
gullies were created using 360-degree photogrammetry. The micro-relief obtained through 
modeling proved to be an essential aspect of advanced erosion research.  
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Since the last few decades of the 20th and the beginning of civilian application of NAVigation 
Satellite Timing And Ranging Global Positioning System (NAVSTAR GPS) established by the 
United States Department of Defense, satellite positioning is the most widespread technology 
for position determination on any place in the Earth's surface (Hofmann-Wellenhof et al., 2008). 
Besides positioning, a Global Navigation Satellite Systems (GNSS; a common name for all 
operational navigation systems worldwide) technology is used for other research applications 
such as atmospheric parameter estimation, i.e., ionospheric determination (Seeber et al., 2003). 
This paper presents the possibility of the GNSS technology as a tool for determining ionospheric 
models by the Bernese GNSS Software (Dach et al., 2015). Bernese supports three types of 
models to represent the ionosphere: local models based on Taylor series expansions, and 
station-specific and global (or regional) models based on spherical harmonic expansions 
(Schaer, 1999). Mentioned Ionospheric models (also called Ionospheric maps) can be produced 
in Bernese ION format or as a common data-exchange IONosphere EXchange (IONEX) format 
(Schaer et al., 1998). Based on these formats, it is possible to determine the quantity that 
characterizes the current state of the ionosphere, the so-called Total Electron Content (TEC). 
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Ensuring reliable atomic and molecular (A&M) data is of paramount importance for analyzing 
and modelling processes in science fields as plasma (Dujko et al., 2021; Marinković et al., 
2007), astrophysics (Dimitrijević et al., 2021; Marinković et al., 2017) or atmosphere and 
environment (Marinković, 2009; Campbell & Brunger, 2016; Campbell & Brunger, 2023). A 
large consortium of research groups and institutions has been established in order to provide 
a unique entry point for A&M data distributed along different databases via a single portal 
known as VAMDC—Virtual Atomic and Molecular Data Centre (Albert et al., 2020; Dubernet 
et al., 2016). One of the databases specialized for electron-atom(molecule) interactions is the 
BEAMDB—Belgrade Electron/Atom(Molecule) Data Base (Marinković et al., 2019). 

Molecular species that are covered in BEAM database and are relevant for atmospheric 
research include triatomic molecules (H2O, H2S, N2O) and larger organic molecules (methane, 
formaldehyde). Beside carbon dioxide, these molecules represent powerful greenhouse gases. 
Especially methane (Vukalović et al., 2021) has a large impact on climate albeit its concentration 
in atmosphere is relatively small. Once in atmosphere, its potential to absorb heat via 
vibrational excitation is much larger than for CO2 and also when it is consumed as a fuel, it 
releases carbon dioxide. Further plans to feed data in BEAMDB are to cover some of inhalation 
anesthetics such as halothane (Maljković et al., 2023), sevoflurane (Vukalović et al., 2022) and 
desflurane. These molecules have a prominent role in depletion of stratospheric ozone. 
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FEATURE IMPORTANCE ANALYSIS IN RANDOM FOREST 
REGRESSION FOR AIR QUALITY FORECASTING IN BELGRADE, 
SERBIA 

Filip Arnaut1*, Aleksandra Kolarski1 
1Institute of Physics Belgrade, University of Belgrade, Belgrade, Serbia; email: filip.arnaut@ipb.ac.rs  

Abstract: The significance of feature importance is crucial in determining the effectiveness of a machine 
learning algorithm during both its training and testing stages, especially with regards to the duration of 
the model's training process. This brief communication conducted feature importance analysis using a 
Random Forest regression algorithm on air quality data collected from the measuring station Mostar, 
Belgrade, Serbia. The input features utilized in this study consist of PM10, CO, NO2, and SO2 air quality 
parameters, whereas the target was set to the PM2.5 parameter. The utilized dataset consists of data 
collected over a three-year period (2019–2021), in which all five parameters were measured (23660 
instances). The findings indicate that the model utilizing all four parameters as features exhibits the 
lowest root-mean-square-error (5.093 μg∙m–3), whereas the model using only PM10 and CO as input 
features demonstrates the highest root-mean-square error (5.509 μg∙m–3). The differences in errors are 
indicative of a 7.5% disparity, whereas the duration of model training exhibited a decline of 39.6%. The 
analysis of feature importance revealed that a viable compromise could be achieved between the 
quantity of features utilized for model training and the duration of the training process, with a slight 
reduction in model accuracy. The conducted correlation analysis revealed that the PM2.5 parameter 
exhibited strong to very strong correlation coefficients with the PM10 (ρs=0.91) and CO (ρs=0.71) 
parameters, while displaying weak correlation coefficients with the SO2 (ρs=0.25) and NO2 (ρs=0.39) 
parameters, which can serve as a potential explanation for the feature importance analysis results. 

Keywords: Machine learning; Network analysis; Air quality data analysis; PM2.5 

1. Introduction 
Air quality has emerged as a significant environmental and public health concern, particularly 
in urban centers, industrialized regions, and areas with high traffic and industrial activity. The 
Republic of Serbia’s cities with their frequent appearance on the list of top polluted cities 
globally, has one possible prevalent factor which is the increased use of personalized motor 
vehicles. Between 2011 and 2022, a 30% increase in the total number of registered passenger 
vehicles can be observed (Statistical Office of the Republic of Serbia, 2011; 2022). This pattern 
has the potential to contribute to increased air pollution levels. 

Environmental or atmospheric air pollution forecasting research is considered advantageous 
due to the potential to develop a reliable, stable, and accurate method for forecasting air 
pollution. This could provide valuable information for vulnerable populations, including 
individuals with chronic respiratory illnesses and elderly individuals. 
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Recent approaches to air pollution forecasting have utilized time series forecasting (Samal 
et al., 2019; Shen et al., 2020; Ye et al., 2019; Zhao et al., 2018) or a combination of time series 
forecasting and machine learning techniques i.e., hybrid methods (Ejohwomu et al., 2022). 

In the realm of feature importance or feature selection research, Sethi and Mittal (2019) 
have highlighted CO and NO2 as significant parameters for air quality pollution concerning 
PM2.5. Conversely, Mahajan et al. (2021) have emphasized that NO2 and particulate matter 
are the primary contributors to the air quality index (AQI). This study utilizes a commonly 
employed machine learning algorithm to analyze data gathered from a high-traffic location. 
The objective is to predict future values and implement feature importance and selection 
techniques to isolate the most significant features for subsequent research. 

2. Methods and data 
The Random Forest (RF) algorithm was first introduced by Breiman (2001), and since has 
become a widely used machine learning classification and regression algorithm. A notable 
advantage of the RF algorithm is its minimal number of hyperparameters that necessitate 
tuning, with the sole hyperparameter being the number of trees. In machine learning 
research utilizing the RF algorithm, the determination of the number of trees can typically be 
achieved through iterative modeling and the minimization of a loss function in this example 
the out-of-bag mean squared error. Once the loss function begins to converge, the effective 
number of trees can be established. The present study employed JASP software (JASP Team, 
2023) to automatically determine the number of trees, with the restriction that the maximum 
number of trees could not surpass 500. 

The RF modeling procedure was conducted utilizing data that was partitioned into three 
distinct groups, namely the training, validation, and testing sets. The allocation for this study 
was divided into a ratio of 64-16-20. During the training phase, the RF algorithm utilizes input 
features comprising of PM10, CO, NO2, and SO2 to “learn” of the patterns in the data with 
respect to the PM2.5 parameter, which serves as the target variable. During the testing phase, 
the algorithm is provided with input features and attempts to forecast the value of the target 
variable. Upon utilizing the RF algorithm to forecast the target variable and comparing the 
forecasted values with the actual values, a variety of assessment measures can be computed, 
including the root mean square error (RMSE), mean absolute error (MAE), mean absolute 
percentage error (MAPE), and the coefficient of determination (R2). In the context of 
comparing multiple RF models that were trained and tested on identical data, the evaluation 
metric parameters play a critical role in model interpretation. In this study, where various 
models were trained on the same data but with different features (some of which were 
excluded), the evaluation metric parameters are essential in identifying the optimal model. 

The process of feature importance or feature selection involves assigning a score to each 
utilized feature based on a given metric. In this study, the two metrics employed were Mean 
Decrease in Node Accuracy (MDNA) and Total Increase in Node Purity (TINP). The 
straightforward interpretation of both parameters is that features with higher scores hold greater 
significance in effectively modeling the target variable. Regarding MDNA, the score denotes the 
significance of a particular feature in relation to the model's overall accuracy. Conversely, the 
TINP score reflects the improvement in the quality of tree splits that result from utilizing a specific 
feature. Modelling was undertaken with respect to the MDNA and TINP parameters. Each 
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successive model excluded the least informative feature from the previous model. As a cost 
effective or efficiency parameter the time taken to train and test the model was used. 

The data utilized in this study was obtained from the Environmental Protection Agency 
of the Republic of Serbia (n.d.) for the air quality monitoring station Mostar, situated in 
Belgrade, Serbia. The monitoring station is in a heavily transport-oriented part of the city 
where the number of vehicles is great. The dataset utilized in this study encompasses a 
three-year timeframe spanning from 2019 to 2021, during which air quality was monitored. It 
is noteworthy that solely those instances in which all five parameters were measured were 
considered for the purposes of the RF modelling. A total of 23660 data points (instances) 
were used. 

3. Results and discussion 
The three RF regression models were trained with the same input data, but different features 
used to forecast PM2.5 values. The initial model (RF_1) was trained utilizing all input features 
(SO2, NO2, PM10, and CO) with a total data count of 23660 instances per feature. Subsequently, 
the RF_2 and RF_3 models were trained with one less feature, contingent on the feature 
importance analysis of the preceding model. 

The RF_1 model exhibits the lowest RMSE value of 5.093 μg∙m–3 (Table 1), while the 
succeeding models (RF_2 and RF_3) manifest an increase in the RMSE value. It is noteworthy, 
however, that the most significant disparity in the RMSE value is observed between models 
RF_1 and RF_3, with a mere 7.5% variation. The MAE exhibits a comparable pattern to that of 
the RMSE, whereby the error parameter values demonstrate an increase as the quantity of 
features decreases. Notably, the most significant deviation is observed between the RF_1 and 
RF_3 models, with a discrepancy of approximately 8.8%. 

The analysis of feature importance using the MDNA and the TINP for the initial model 
indicates that PM10 and CO are the most significant features, whereas NO2 and SO2 may be 
deemed insignificant. Feature importance analysis that was performed on the RF_2 model, 
wherein the NO2 parameter was selected for exclusion. According to the RF_3 model, the 
features of CO and PM10 hold similar levels of significance in predicting PM2.5 values. 

Conversely, there is a notable reduction in the duration required for model training, with 
the RF_3 model taking approximately 39.5% less time to train than the RF_1 model. A 
feasible compromise may be achieved by reducing the number of features, shortening the 
model training time, and accepting a relatively minor rise in the model's error metrics. In this 
scenario, the compromise would entail accepting a model with a 7.5% reduction in accuracy 
while simultaneously reducing the time required to train the model by approximately 40%. 
The case presented in Table 1 serves as a mere illustration of a trade-off. Given that the 
discrepancies in the maximum time required are approximately one minute, the trade-off 
does not appear to confer significant advantages. Conversely, if the analysis were to 
incorporate a broader range of features, such as meteorological data comprising 
precipitation, temperature, humidity, among others, as well as other pertinent factors that 
could impact air quality, such as traffic information, and if the analysis were to span a time 
frame, the potential trade-off could prove to be highly advantageous in terms of the overall 
time saved for the analysis. 
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Table 1. Random Forest modelling results 

 
Note. MDNA = Mean Decrease in Node Accuracy; TINP = Total Increase in Node Purity; RMSE = Root 
Mean Square Error; MAE = Mean Absolute Error; MAPE = Mean Absolute Percentage Error; R2 = 
Coefficient of determination. 

To potentially clarify the reasons behind the observed outcomes of the feature 
importance analysis, a correlation-based network analysis was conducted (Figure 1). The 
Spearman's correlation coefficient was utilized for the network analysis due to the non-
normal distribution of the data, specifically its skewed nature (the skewness parameter 
displays values from 1.305 for the NO2 feature to 7.354 for the SO2 feature). The results of 
the network analysis indicate that the PM2.5, PM10, and CO parameters exhibit a significant 
correlation. Specifically, the PM10 and PM2.5 parameters exhibit a very strong correlation with 
a coefficient of 0.91, while the PM2.5 and CO parameters exhibit a strong correlation with a 
coefficient of 0.71. In contrast, it can be observed that the parameters of SO2 and NO2 
exhibit a limited correlation with PM2.5, with coefficients of only 0.25 and 0.39, respectively. 

 

 
Figure 1. Modified network analysis utilizing Spearman’s correlation coefficient for air quality data 

from the measuring station Mostar, Belgrade, Serbia (2019 to 2021). 

Model Feature MDNA TINP RMSE [μg∙m –3 ] MAE [μg∙m –3 ] MAPE [%] R 2 Time [sec] 
PM 10 
CO 
NO 2 
SO 2 

PM 10 
CO 
NO 2 
PM 10 
CO 

159 

RF_2 5.25 0.92 3.515 23.49 130 

RF_1 5.093 0.93 3.371 22.25 

96 RF_3 5.509 0.91 3.697 23.33 
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It is noteworthy that the analysis was repeated utilizing supplementary data, including the 
month of the year, day of the month, and hour of measurement. The feature importance 
analysis, incorporating MDNA and TINP, revealed that PM10 and CO, consistent with the prior 
example, were the top two most significant features. The third most informative feature was 
identified as the month of the year. The features of SO2 and NO2 were found to be followed by 
the hour of measurement and the day of the week on which the measurement was taken, 
which were deemed to be the least informative features added. Subsequent research should 
incorporate supplementary data that delineates the time of measurement, specifically the 
month, as demonstrated in this instance. This information can potentially provide greater 
insight compared to the features of SO2 and NO2. The model incorporating supplementary 
data exhibited better results in terms of lower RMSE values of 4.929 μg∙m–3, MAE values of 
2.946 μg∙m–3, and MAPE values of 20.11%. Additionally, this model demonstrated a higher R2 
score of 0.934. 

4. Conclusion 
The utilization of machine learning algorithms for air quality modelling and forecasting has 
been demonstrated to be a reliable, precise, and effective approach for predicting air quality 
data. The findings of this study demonstrate that effective modelling can be achieved 
through the displacement of redundant features, such as SO2 and NO2 in this case, resulting 
in a time reduction of approximately 40%. The process of feature selection plays a crucial 
role in enhancing the efficiency of RF modelling when dealing with extensive datasets that 
may encompass variables such as meteorological and transport data. Subsequent research 
should acquire additional features, including the previously mentioned meteorological and 
transportation information, and conduct a thorough analysis of feature selection. 
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Abstract: This paper aims to present discharge, air temperatures and precipitation trends and their 
connection in the Mlava River, the right tributary of the Danube in Serbia. Data were used from 
hydrological and meteorological yearbooks for 11 meteorological stations and two hydrological stations 
for the period 1986–2010. Mann-Kendall test was applied to determine the statistical significance of the 
trend in air temperature, precipitation and discharges and Sen's slope estimation to assess the trend 
magnitude. In order to determine the relationship between the precipitation and air temperature on 
one side and the discharge on the other side, the Pearson correlation coefficient was used. Results have 
shown an increasing trend in air temperature and precipitation at annual and monthly levels. In 
addition, an increasing trend in the discharge of the Mlava River is registered in mostly months, as well 
as on an annual level. The exceptions are April, May, and June (at Žagubica station), as well as May, 
June, and July (at Gornjak station), when a decreasing trend in discharge is observed. Correlation 
coefficients between monthly and annual precipitation and discharge are high and sometimes 
statistically significant, compared with the correlation coefficients between monthly and air 
temperatures and discharge, which is mostly weak. 

Keywords: discharge; air temperature; precipitation; trend; correlation coefficient 

1. Introduction 
Water resources are essential in all aspects of human activities and development. Therefore, 
determining their quantity and quality is very important and a subject of many global and 
local studies. For water quantity analyses, discharges and their changes are often used as a 
base component. Discharges depend directly on climatic elements, especially on air 
temperature and precipitation. Therefore, a large number of studies worldwide explored 
trends of air temperatures, precipitation and discharges, as well as their correlation 
(Dissanayaka & Rajapakse, 2019; Đorđević et al., 2020; Martić Bursać et al., 2022; Shrestha et 
al., 2021; Sing & Sharma, 2022; Xu et al., 2021). Many studies in Serbia also investigated 
discharge trends in rivers (Kovačević-Majkić & Urošev, 2014), as well as the correlation 
between precipitation and discharge trends (Dimkić, 2018; Milanović Pešić, 2015). 

This study explored the trend analysis of average annual and monthly discharges at the 
Mlava River and the trend analysis of average annual and monthly air temperature and 
precipitation in its river basin. It was examined whether the changes in these hydrological 
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and climatological elements exist, whether they are significant and on what level of 
confidence. In addition, the correlations between precipitation and air temperature on the 
one side and discharge on the other side were explored. 

2. Study area 
The study area covers the Mlava River Basin, located in the central part of Serbia (Figure 1). 
Mlava River is a right tributary of the Danube, 125.1 km long and covering 1,886 km2 of area 
basin (Urošev et al., 2017). It springs from the source Žagubičko vrelo at 328 m a.s.l. and flows 
into the left branch of the Danube at 70 m a.s.l. (Urošev et al., 2017). Mlava River flows 
through a composite valley of several basins and gorges. The most significant is the Ribarsko-
Gornjačka gorge, 28 km long and up to 320 m deep (Gavrilović & Dukić, 2014). The largest 
tributary is the Vitovnica River (48 km long, 304 km2 basin area), followed by Tisnica Rivers 
(23.8 km long, 146 km2 basin area). In addition, important tributaries are Busur River, 
Čokordin River, Do River and the small Krupajska River. Since 1979, the source of the 
Krupajska River has been under state protection as a nature reserve (Gavrilović & Dukić, 2014). 
 

 
Figure 1. Map of the Mlava River Basin. 

According to Köppen's climate classification, the area of the Mlava River Basin mostly 
belongs to the Cfb climate type, characterised by a moderately warm and humid climate 
(without a dry period) in which the highest average monthly temperature does not exceed 
22.0 °C and at least four months have an average monthly air temperature above 10.0 °C. In 
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the lower course of the Mlava River, at the confluence with the Danube, there is a Cfa 
climate type, in which, compared to the previously mentioned climate type, the average 
monthly temperature of the warmest month is above 22.0 °C (Milovanović et al., 2017). 

In 1961–2010, the average annual discharge at the upstream station Žagubica was 
1.8 m3/s, and at the downstream station Gornjak 6.71 m3/s. The highest discharges are 
registered in April, 3.9 m3/s (Žagubica station) and 14.4 m3/s (Gornjak station), and the 
lowest in September, 0.76 m3/s (Žagubica station) and 1.84 m3/s (Gornjak station; Urošev et 
al., 2017). Therefore, the Mlava River belongs to rivers with a pluvial-nival regime of the 
moderate continental variety. 

For this study, a river with a natural regime with no or little hydromorphological alteration 
and anthropogenic impact was selected, making it more appropriate for analysing the 
correlations between climate variables (air temperature and precipitation) and discharges. 

3. Data and methodology 
In the Mlava River Basin and its surroundings, average annual and average monthly air 
temperature from one climatological station (Žagubica) and average annual and average 
monthly precipitation from 11 precipitation stations were analysed. Also, average annual and 
average monthly discharge from two hydrological stations on the Mlava River (Žagubica and 
Gornjak) were analysed (Figure 1). All data were collected from the Meteorological and 
Hydrological Yearbooks of the Republic Hydrometeorological Service of Serbia (1986–2010a; 
986–2010b) and analysed for the 1986–2010 period. 

In this study, The Mann-Kendall test was applied to examine the statistical significance of 
the trend of precipitation, air temperature and discharge, and Sen's slope estimation for 
assessing the slope of the trend. According to Salmi et al. (2002) Sen's slope estimation can 
be calculated if there is a linear trend in a form: 
 

 
ft = Qt + B (1) 

 

where Q is the slope and B is constant. To obtain slope Q in Equation 1, it is necessary to 
calculate the slope for all data with the Equation 2: 
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The Pearson correlation coefficient was used to determine the relationship between the 
precipitation or the air temperature on one side and the discharge of the Mlava River on the 
other side. This coefficient is defined by the Equation 5 (Snedecor & Cochran, 1989): 
 

 
])(][)([

)()()(
2222 yynxxn

yxxynr
∑−∑∑−∑

∑⋅∑−∑
=  (5) 

 

where x and y are independent variables. 

4. Results 
According to data from the Žagubica climatological station, the average annual air 
temperature in the area of the Mlava River Basin amounts to 9.7°C. The coldest month is 
January (–1.1°C), and the warmest is July (19.8°C; Table 1). 
 
Table 1. Average monthly and annual air temperature (°С) on the Žagubica climatological 
station for the period 1986–2010 

I II III IV V VI VII VIII IX X XI XII Annual 
–1.1 0.6 4.6 10.4 15.3 18.8 19.8 19.4 14.5 9.9 4.6 –0.1 9.7 

 
According to the data from 11 precipitation stations, the average annual precipitation in the 

Mlava River Basin is 675.1 mm. The maximum precipitation occurs in May and June (from 65.0 
mm to 76.3 mm), and the minimum from January to March (45.4 mm to 46.1 mm; Table 2). 
 
Table 2. Average monthly and annual precipitation (mm) in the Mlava River Basin for the 
period 1986–2010 

I II III IV V VI VII VIII IX X XI XII Annual 
45.4 45.7 46.1 61.3 65.0 76.3 60.1 57.4 55.7 56.2 51.7 54.2 675.1 

 
Obtained results from two hydrological stations on the Mlava River showed that the 

average annual discharge amounts from 1.76 to 6.50 m3/s. Based on the annual discharge 
distribution, it can be concluded that the highest discharges are recorded in April and the 
lowest in September (Table 3). 
 
Table 3. Average monthly and annual discharge (m3/s) on the Mlava River for the period 
1986–2010 

Station I II III IV V VI VII VIII IX X XI XII Annual 
Žagubica 1.63 2.07 3.49 3.71 2.35 1.67 1.00 0.83 0.76 0.88 1.07 1.58 1.76 
Gornjak 6.91 9.63 13.89 14.49 7.69 5.86 2.93 2.47 1.80 2.55 3.75 6.08 6.50 

 
By analysing trends in air temperatures for the observed period, it can be concluded that 

there is a positive trend in almost all months and at the annual level (Table 4). The only 
exception is October, when no trend in the data is observed. The highest increase values are 
in May and June (0.1 °C/year) and the lowest in January and February, ranging from 
0.013 °C/year to 0.038 °C/year. The trend is statistically significant in May and June 
(significance level 0.01) and at the annual level (significance level 0.05). 
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According to the obtained results 
in Table 4, there was an increase in the 
precipitation in all months and on an 
annual level. The highest increase is 
observed during January, February, 
August, and October (from 1.05 
mm/year to 1.51 mm/year), while the 
smallest increase is during March, May 
and June (from 0.018 mm/year to 0.112 
mm/year). There was a moderately 
significant increase of 7.94 mm/year at 
the annual level. 

By analysing the trends in 
discharges on the Mlava River, 
differences can be observed between 
the months on both monitored 
stations (Table 5). At the Žagubica 
station, there is an increasing trend in 
discharge in mostly months, as well as 
on an annual level. The decreasing 
trend in discharge is observed during 
April, May and June. The highest and 
very significant increase in discharge 
occurs in November (0.044 m3/s/year), 
followed by a significant increase 
during January (0.062 m3/s/year) and a 
moderate significant increase in 
December (0.059 m3/s/year). The 
lowest and statistically significant 
decrease (at the significance level of 
0.05) in discharge was registered in 
May (–0.068 m3/s/year). At Gornjak 
station, an increasing trend in 
discharge has been recorded in mostly 
months, as well as on an annual level. 
The exceptions are May, June and July 
when a decreasing trend in discharge is 
observed. The highest and statistically 
significant increase in discharge is in 
January (0.330 m3/s/year), then in 
December (0.288 m3/s/year) and in 
November (0.149 m3/s/year). On both 

stations, the lowest increase in discharge occurred in September, August and October, and it is 
not statistically significant. 

Table 4. Trends in annual and monthly average air 
temperature and precipitation in the Mlava River 
Basin for the period 1986–2010 

Time 
series 

Air temperature Precipitation 

Test Z 

Sen’s 
slope 

estimation 
(°C/year) 

Test Z 

Sen’s 
slope 

estimation 
(mm/year) 

I 0.37 0.013 1.66 1.513 
II 0.49 0.038 1.56 1.258 
III 1.10 0.092 0.21 0.102 
IV 1.36 0.066 0.68 0.827 
V 2.64** 0.100 0.12 0.112 
VI 3.02** 0.100 0.02 0.018 
VII 1.66 0.094 0.91 0.588 
VIII 1.71 0.068 0.91 1.052 
IX 0.33 0.027 0.72 0.508 
X 0.05 0.000 1.33 1.352 
XI 1.36 0.100 0.63 0.590 
XII 1.35 0.078 0.96 0.490 
Annual 2.55* 0.061 1.99* 7.494 

Note. *Significant (α ≤ 0.05); **Significant (α ≤ 0.01). 
 
Table 5. Trends in annual and monthly average 
discharge on the Mlava River for the period 1986–2010 

Time 
series 

Žagubica Gornjak 

Test Z 

Sen’s 
slope 

estimation 
(°C/year) 

Test Z 

Sen’s 
slope 

estimation 
(mm/year) 

I 2.71** 0.062 2.97** 0.330 
II 1.10 0.026 1.78 0.339 
III 0.12 0.008 0.75 0.181 
IV –0.86 -0.045 0.87 0.148 
V –2.17* -0.068 –0.35 –0.032 
VI –0.89 -0.011 –0.44 –0.052 
VII 1.19 0.010 –0.02 –0.003 
VIII 1.80 0.015 1.03 0.018 
IX 1.14 0.010 1.10 0.017 
X 1.70 0.016 1.45 0.037 
XI 3.41*** 0.044 2.22* 0.149 
XII 2.41* 0.059 2.71** 0.288 
Annual 0.72 0.011 1.78 0.123 

Note. *Significant (α ≤ 0.05); **Significant (α ≤ 0.01);  
***Significant (α ≤ 0.001). 
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Table 6 shows the correlation coefficients between average monthly and annual 
precipitation and discharge at Mlava River. In this study was examined only correlations 
between discharge and precipitation observed in the same month or discharge with 
precipitation in the previous month (only those correlations are bolded in the table). 
Correlation coefficients between monthly and annual precipitation and discharge at Gornjak 
station are statistically significant, and the only exception is in October. The highest correlations 
are in May (r = 0.851) and July (r= 0.795), which means that about 72% (r2 = 0.724) and about 
63% (r2 = 0.632) of the discharge variability in May and July can be explained by changes in the 
amount of precipitation in these months. It is interesting to emphasise that this station's 
discharges in February, March and July show a relatively high and statistically significant 
correlation with the precipitation in the preceding months (January, February and June). The 
correlation between discharge at the Žagubica station and the precipitation in the wider area 
of the Mlava River Basin is significantly lower, and only in some months, it shows statistical 
significance. As at the previous station, in this case, the highest correlation coefficient between 
precipitation and discharge is in May (r = 0.733), while discharge in March shows a higher 
(statistically significant) correlation with precipitation in February and then in March. A similar 
phenomenon occurs with the discharge in June and August, which shows a better correlation 
with the precipitation in May and June than with the precipitation in June and August (Table 6). 

 
Table 6. Correlation coefficients between the discharge and precipitation in the Mlava River Basin 
  I P II P III P IV P V P VI P VII P VIII P IX P X P XI P XII P Ann P 

Gornjak 
I .408* .481* –.371 .019 .022 –.142 .247 –.040 –.260 .259 –.121 .050 .123 
II .454* .599** –.169 .026 –.090 –.015 .070 –.140 –.360 –.085 –.110 .168 .004 
III .205 .667** .438* –.109 –.259 .200 .029 –.004 –.309 –.016 –.030 .303 .220 
IV .049 .268 .190 .455* .202 –.115 .129 .200 .119 –.217 –.131 .448* .364 
V .102 –.177 –.099 .271 .851** .000 –.044 .139 –.026 –.219 .062 .111 .241 
VI –.252 –.260 .068 .323 .296 .579** .115 .190 .373 –.121 .144 –.322 .404* 
VII –.052 .439* –.253 .315 –.020 .427* .795** .029 –.077 .087 –.199 .273 .534** 
VIII –.351 –.047 –.189 .122 .019 –.126 .677** .680** –.200 .293 –.195 .077 .322 
IX –.300 –.138 .046 .502* .225 .499* .147 .154 .682** –.088 .178 –.139 .562** 
X –.242 –.121 –.205 .380 .161 .076 .499* .546** .206 .380 .006 –.083 .558** 
XI .208 .265 –.032 –.288 .087 .249 .048 .220 .067 .462* .698** –.016 .563** 
XII .028 .479* .013 .088 .049 –.050 .386 .374 .148 .230 .282 .633** .702** 
Ann .205 .619** .030 .301 .217 .177 .401* .308 –.097 .060 .039 .401* .688** 

Žagubica 
I .289 .293 –.358 –.103 –.043 –.208 .342 .072 –.197 .334 .050 .029 .144 
II .390 .348 .009 .037 –.323 .144 .112 –.050 –.299 –.054 .025 .008 .042 
III .091 .464* .238 .180 –.193 .246 .202 .043 –.292 –.314 –.291 –.066 .047 
IV .020 .142 .264 .291 .062 –.108 .129 .256 –.214 –.326 –.371 .179 .039 
V .056 –.305 –.042 .174 .733** .139 –.109 .048 –.144 –.208 .011 .036 .098 
VI –.165 –.295 .065 .152 .466* .360 .016 .227 .120 –.074 .152 –.426* .243 
VII .137 .392 –.139 –.010 –.062 .331 .519** .109 –.163 .245 –.023 –.012 .412* 
VIII –.212 .063 –.267 .039 –.017 –.053 .636** .491* –.258 .174 –.292 .052 .192 
IX –.233 .037 –.222 .422* .074 –.151 .561** .523** .233 –.095 –.323 .172 .334 
X –.190 –.147 –.398* .237 .126 –.014 .549** .494* .141 .286 –.214 –.096 .340 
XI .270 .353 –.164 –.322 –.029 .041 .280 .167 –.059 .516** .433* .079 .453* 
XII –.140 .341 –.123 .051 .075 –.005 .284 .091 .235 .215 .141 .554** .469* 
Ann .142 .382 –.025 .237 .164 .160 .494* .328 –.304 –.094 –.223 .092 .373 

Note. *Significant (α ≤ 0.05); **Significant (α ≤ 0.01). 
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In contrast to the significant correlations between precipitation and discharge, the 
connection between the air temperature at the Žagubica station and the discharge at the 
Gornjak and Žagubica stations is surprisingly weak (Table 7). The highest (negative and 
statistically significant) correlations are between discharge in May and air temperature in the 
same month. This phenomenon should be explored in more detail. 

 
Table 7. Correlation coefficients between the discharge and air temperature in the Mlava 
River Basin 
 I T II T III T IV T V T VI T VII T VIII T IX T X T XI T XII T Ann T 

Gornjak 
I .126 –.147 –.019 .249 .235 .441* .109 .220 .121 –.019 .421* .092 .258 
II –.144 .102 .167 .424* .089 .127 .218 .230 .222 .044 .455* .274 .373 
III .056 –.203 .097 .429* .243 –.106 .052 .063 .205 –.234 .008 .347 .129 
IV –.354 –.296 –.393 –.280 .125 –.043 .038 .005 –.003 –.157 .049 .234 –.153 
V –.205 .000 –.347 –.028 –.506** –.136 .145 .017 .182 –.236 .140 –.035 –.067 
VI .049 .335 .395 –.016 –.193 –.308 .231 .146 .210 –.019 .010 –.478* .175 
VII .240 –.158 .182 .160 –.028 –.292 .027 .143 .303 –.388 –.166 –.072 .039 
VIII .038 –.042 .106 –.490* –.271 –.020 .007 –.081 .049 –.324 –.110 –.105 –.155 
IX .087 .168 .231 –.028 –.019 –.426* .061 .082 –.002 .029 –.178 –.393 .007 
X .168 .183 .008 –.335 –.060 –.126 .025 .018 –.018 –.348 –.278 –.003 –.094 
XI .168 .228 .226 .267 .209 .240 .184 .169 .075 .006 .015 .073 .280 
XII .033 –.055 –.040 –.124 .270 .200 .036 .027 –.071 –.376 –.093 .357 –.019 
Ann –.059 –.089 .009 .150 .094 –.009 .206 .183 .246 –.347 .164 .230 .162 

Žagubica 
I .171 –.219 –.062 .084 .145 .524** .175 .185 .180 –.020 .234 .119 .216 
II .021 .329 .221 .276 .016 .135 .314 .257 .293 .272 .182 .223 .447* 
III .081 –.285 .103 .447* –.028 –.459* –.029 .007 .197 –.279 –.179 .095 –.032 
IV –.247 –.424* –.385 –.245 –.021 –.169 –.159 –.242 –.035 –.301 –.195 .105 –.381 
V –.265 .045 –.250 –.067 –.537** –.169 .136 –.021 .220 –.097 .186 –.057 –.038 
VI .027 .089 .261 –.021 –.463* –.380 .237 .124 .251 –.128 –.004 –.391 .076 
VII .176 –.250 .271 .267 .008 –.227 .023 .123 .238 –.117 .057 –.211 .093 
VIII –.005 –.045 .163 –.250 –.148 .057 .010 –.028 .067 –.095 .128 –.263 –.033 
IX –.116 –.069 –.018 –.263 .075 –.048 –.038 –.072 –.089 –.199 .011 –.175 –.150 
X .188 .185 .060 –.175 .105 .147 .094 .082 .074 –.403* –.027 –.185 .037 
XI .273 .062 .183 .269 .359 .500* .198 .220 .157 –.083 .143 .176 .343 
XII .038 –.064 –.055 –.159 .410* .464* –.126 –.047 –.268 –.128 .067 .114 –.064 
Ann –.004 –.252 –.029 .137 –.076 –.103 .095 .045 .254 –.322 .032 .013 .005 
Note. *Significant (α ≤ 0.05); **Significant (α ≤ 0.01). 

5. Conclusion 
According to the obtained results in this study, it can be concluded that in the Mlava River 
Basin, there is an increasing trend in air temperature at an annual level, as well as in all 
months (with the highest increase in May and June). A similar trend is also observed with 
precipitation, and there is an increase in the precipitation both on an annual and monthly 
level. There is a difference compared with the air temperature trend; namely, the lowest 
increase in precipitation is registered in March, May and June. It is important to highlight 
that the discharge at the Gornjak and Žagubica stations shows a decreasing trend during 
April, May, June and July, i.e. in the months when the increase in air temperature is the 
highest, and the increase in precipitation is the lowest in Mlava River Basin. In these months, 
the highest correlations were calculated between the air temperature and the precipitation 
on the one hand and the discharge of the Mlava River on the other. In addition, the 
discharges in these months also record high correlations with the precipitation in the 
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months preceding them. This phenomenon should be analyzed in more detail in further 
research, which would also include the analysis of the influence of other factors such as 
geological structure, terrain morphology, the influence of snow cover and its melting, and 
pedology on correlations of precipitation and discharges. 
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Abstract: The focus of this article is on climate variability in the Durmitor region, Montenegro, in the 
period 1991–2020. Data from three meteorological stations: Žabljak, Šavnik and Nikšić are used. For 
seasonal analysis the year is divided in two semi-annual periods, from November to April and from May 
to October. The influence of the North Atlantic Oscillation (NAO), measured by positive or negative 
NAO index, in these semi-annual periods is studied. It is shown that the changes in precipitation and 
temperature are much more pronounced in the period November–April than in the period May–
October. This is primarily reflected in the increasing trend in the average precipitation and temperature 
in the whole Durmitor region for the period November–April. Precipitation is abundant mainly in the 
years with a negative NAO index and deficient in the years with a positive NAO index. The highest 
temperatures in the period from May to October are mostly in the years with a negative NAO index. 
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1. Introduction 
Climate change is generally believed to lead to an increase in climate variability and in the 
frequency and intensity of extreme events. In Europe, pronounced summer (June–August) 
warming of approximately 1.3 °C was recorded in the period 1986–2015 (García-Herrera et al., 
2010; Rahmstorf & Coumou, 2011). Montenegro has also been exposed to climate change, 
especially at the end of the 20th and at the beginning of the 21st century (Knez et al., 2022). 
In this paper we study the climate change in the Durmitor region in the last 30 years. We 
analyze the climate variables such as the amount of precipitation and temperature in the two 
periods November-April and May-October. The recorded fluctuation of temperature and 
precipitation, especially from November to April motivated this research. Also, the mountain 
Durmitor is a national park in Montenegro and as such is the least susceptible to human 
influence. Therefore it is convenient for the study of the natural causes of the climate 
variability. One of them is the North Atlantic Oscillation (NAO), the leading climate factor in 
the North Hemisphere (Rousi et al., 2020). The NAO influence is measured by the NAO index 
(Hurrell & Deser, 2010). A relatively strong pressure gradient between the Azores high and the 
Icelandic low yields a positive NAO index (NAO+) while a relatively weak gradient yields a 
negative NAO index (NAO–). During NAO+, we have warmer conditions in northern and 
central Europe and cooler conditions over the Mediterranean. This NAO+ phase also leads to 
a decrease in the precipitation over the Mediterranean and Southern Europe (south of 45° N) 
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and an increase over Northern Europe. During NAO– warm moist air enters the 
Mediterranean region and cold air enters northern Europe (Criado-Aldeanueva & Soto-
Navarro, 2020). Montenegro is located on the border of these different influences and 
therefore it is scientifically justified to analyze the NAO effect on the climate variables 
especially in the northern part of Montenegro where the Durmitor Mountain is located. 

2. Durmitor National Park, Montenegro 
Montenegro is in the middle part of the temperate zone of the northern hemisphere with a 
latitude between 42°52’ N and 43°32’ N and longitude between 18°26’ E and 19°22’ E. 
Durmitor is a limestone massif located in the northwestern part of Montenegro and belonging 
to the Dinaric Alps or Dinarides. It is characterized by high peaks, abundant forests, and deep 
gorges. On September 6th 1952, the Assembly of the Republic of Montenegro proclaimed the 
mountain Durmitor as National Park. The nearby towns are Nikšić, Šavnik, and Žabljak, which is 
in the heart of the Durmitor region. 

3. Methods and results 
Climate variables for the period (1991–2020) in the Durmitor region are analyzed. Data from 
Nikšić, Šavnik, and Žabljak meteorological stations for aforementioned period were used. Žabljak 
is located in the middle of the National Park Durmitor but it is in the leeward position to the 
atmospheric advections from the southwest, which serves as the main sources of precipitation. 
That is why we consider the stations situated on the windward side, such as Šavnik and Nikšić. 

In the following text, we will apply seasonal analysis and divide the year into two parts, 
from November to April and from May to October (Scafetta, 2021). We will analyze the 
amount of precipitation and average temperatures in these parts of the year to understand 
which part of the year has a greater potential to change climate variables. 

3.1. Precipitation data for November–April 
The amount of precipitation for Nikšić, Šavnik, and Žabljak for the season (November–April) 
in the period (1991–2020) is presented in Figure 1. The average amount of precipitation for 
this period in Nikšić, Šavnik, and Žabljak is 1261 mm, 1235 mm, and 885 mm, respectively. 
 

 
Figure 1. Precipitation from November to April for Nikšić, Šavnik, and Žabljak. 
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3.2. Precipitation data for May–October 
The amount of precipitation for Nikšić, Šavnik, and Žabljak for the season (May-October) for 
the period (1991–2020) is presented in Figure 2. The average amount of precipitation in this 
part of the year for Nikšić, Šavnik, and Žabljak is 643 mm, 671 mm, and 627 mm, respectively. 
 

 
Figure 2. Precipitation from May to October for Nikšić, Šavnik, and Žabljak. 

3.3. Temperature data for November–April 
The average temperatures for Nikšić, Šavnik, and Žabljak for November–April in the period 
(1991–2020) are presented in Figure 3. In Nikšić the average temperature for this season is 
5.34 °C, in Šavnik 3.34 °C, and in Žabljak, with the highest altitude among these cities, –0.16 °C. 
 

 

Figure 3. Average temperatures from November to April for Nikšić, Šavnik, and Žabljak. 

3.4. Temperature data for May–October 
Average temperatures for Nikšić, Šavnik, and Žabljak for May–October in the period 1991–2020 
are presented in Figure 4. The average temperature for this part of the year in Nikšić is 17.8 °C, 
in Šavnik 15.8 °C, and in Žabljak 12.1 °C. 
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Figure 4. Average temperatures from May to October for Nikšić, Šavnik, and Žabljak. 

4. Discussion 
The average amount of precipitation for November-April in the period 1991–2020 is different in 
Nikšić and Šavnik which are on the windward side and Žabljak in the leeward position. 
Therefore, in this season the average amount of precipitation in Nikšić and Šavnik is about 40% 
higher than in Žabljak. The amount of precipitation from November to April shows a growing 
trend in the considered thirty-years period in all three cities (Figure 1). In general, in 
Montenegro the NAO has been found to influence amounts of precipitation, especially in 
winter. When NAO indices are negative (positive), the amount of precipitation is above (below) 
the average value (Burić, 2012). This was the case in 2010 and 2013, which were characterized 
by high amounts of precipitation in the Durmitor massif, with NAO indices –4.64 and –1.97, 
respectively. Years with a very low amount of precipitation, more than 25% below average, are: 
1993, 1995, 2000, 2002, 2003, 2007, 2017, and 2019. These years, without exception, are 
characterized by positive NAO, i.e., 2.67, 3.96, 2.80, 0.76, 0.20, 2.79, 1.47, 2.09, respectively.  

In the period from May to October, there are no big differences in average amounts of 
precipitation for Nikšić, Šavnik, and Žabljak. The average amount of precipitation in Nikšić is 
about 3% higher than in Žabljak, and in Šavnik it is 7% higher than in Žabljak. The NAO is 
not as correlated with precipitation in this part of the year as it was in the November to April 
period. Years with high amounts of precipitation are mostly with negative NAO: 1998 (–0.4), 
2002 (–1.6), 2010 (–0.2), 2014 (–1.4), and 2020 (–0.29). The exceptions are the years 1992 (0.9) 
and 1996 (0.5). We suppose that the influence of strong El Niño in 1992 and moderate La 
Niña in 1996 could be the reason for this phenomenon. Namely, the combined effects of El 
Niño/La Niña and NAO are confirmed to be more profound than the effects they produce 
individually (Prabhu et al., 2017). In the case of a small amount of precipitation there are 
both positive and negative values of the NAO. Therefore, no conclusion can be made about 
the connection between the strong decrease in precipitation and the North Atlantic 
Oscillation. Notice that significant changes in the amount of precipitation refer to the period 
November–April, while in the period May–October these changes are much less 
pronounced (see trend lines in Figures 1 and 2). 

Temperatures from November to April have extreme values mainly in years with a 
positive NAO: 1992 (3.28), 1999 (1.7), 2005 (0.12), 2007 (2.79), 2012 (3.17), 2014 (3.10), 2016 
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(0.98), 2018 (0.3), and 2020 (1.78). Only in 2001, there was a negative NAO of –1.9. In this year 
a strong La Niña influence was recorded (Scafetta et al., 2017).  

Unlike the November–April period, the highest temperatures in the May–October are 
mostly in years with a negative NAO: 1999 (–1.3), 2003 (–1.1), 2012 (–1.2), 2015 (–1.4), and 2019 
(–0.1). The only exception for 2018 is 2.1, and a possible reason for this is a moderate La 
Niña. The NAO does not have a decisive effect on the lowest temperatures in this period 
because there are years with positive and negative values of the NAO indices. Trend lines in 
Figures 3 and 4 show a constant increase in average temperatures in the Durmitor region. It 
is indicative that the temperature increase is significantly more pronounced in the winter 
part of the year (November–April) than in the summer part of the year (May–October). The 
higher temperatures in November–April could be the reason for the snow cover shift from 
December–January to January–February. This has been especially pronounced in the last few 
years, so the ski season in Žabljak starts later. 

5. Conclusion 
We found that climate changes in the Durmitor region are most pronounced in the period 
November–April than in the period May–October and are reflected in an increase in amount 
of precipitation and average temperatures in the Durmitor massif (Figures 1 and 3). The 
influence of the NAO, especially on the amount of precipitation in the period November–
April is confirmed. Precipitation is abundant mainly in years with a negative NAO, while it is 
scarce in years with a positive NAO. It has been shown that extreme temperatures in the 
period November–April are mostly in years with a positive NAO. The situation may change 
due to the influence of the El Niño/La Niña phenomenon. In the period May–October the 
change in the climatic variables is less significant. A small increase in the amount of 
precipitation has been recorded in Šavnik, while in Nikšić and Žabljak it has an almost 
constant value for the period 1991–2020 (Figure 2). The highest temperatures in the May–
October period are mostly in years with a negative NAO (Figure 4). Other climatic 
oscillations and patterns such as El Niño/La Niña have a significant influence on the lowest 
temperatures. This analysis could be a starting point for better forecasts and management 
of the resources and economic potential of Durmitor such as forests, water and tourism. 
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