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• A numerical model was used to predict ex-
treme grass pollen events in Melbourne.

• Thunderstorm atmospheric conditions
produce allergenic sub-pollen particles.

• Successful real-time numerical simula-
tions of sub-pollen particles is demon-
strated.

• Predicting sub-pollen particles could re-
duce thunderstorm asthma risks.

• The proposed model can be implemented
for different regions and pollen types.

A B S T R A C TA R T I C L E I N F O

Editor: Anastasia Paschalidou

Keywords:

Pollen numerical model
Particle rupturing
Extreme pollen episodes
Asthma epidemics

When exposed to convective thunderstorm conditions, pollen grains can rupture and release large numbers of aller-
genic sub-pollen particles (SPPs). These sub-pollen particles easily enter deep into human lungs, causing an asthmatic
response named thunderstorm asthma (TA). Up to now, efforts to numerically predict the airborne SPP process and to
forecast the occurrence of TAs are unsatisfactory. To overcome this problem, we have developed a physically-based
pollen model (DREAM-POLL) with parameterized formation of airborne SPPs caused by convective atmospheric con-
ditions.We ran themodel over the Southern Australian grassfields for 2010 and 2016 pollen seasons when four largest
decadal TA epidemics happened in Melbourne. One of these TA events (in November 2016) was the worldwide most
extreme onewhich resulted to nine deaths and hundreds of hospital patient presentations. By executing themodel on a
day-by-day basis in a hindcast real-time mode we predicted SPP peaks exclusively only when the four major TA out-
breaks happened, thus achieving a high forecasting success rate. The proposed modelling system can be easily imple-
mented for other geographical domains and for different pollen types.

1. Introduction

During the 1999–2016 grass pollen seasons (October–December), there
were 17 severe thunderstorms associated with high number of asthma hos-
pital presentations inMelbourne and regional Victoria, Australia (Bannister
et al., 2021). These episodes were linked with heavy grass pollen loads
originating from the neighbouring widespread grass pastures.
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The epidemic of acute asthma attacks triggered by environmental
conditions that can generate a high concentration of pollen ruptured
fragments remaining in the air for several hours after a storm has passed
are known as thunderstorm asthma (TA) events (D'Amato et al., 2016;
Hughes et al., 2020).

During the globallymost extremeMelbourne TAepisode on21November
2016, large number of patients with breathing difficulties within a short time
required medical help, thus causing extreme pressure on the city health sys-
tem. This largest epidemic TA episode on record in Melbourne resulted in
around 9900 patients' presentations at hospital emergency departments
(AlQuran et al., 2021). Nine asthma-related deaths and almost 500 hospital
admissions were recorded during the episode. The number of hospital visits
increased by 992 %within 30 h (Thien et al., 2018). Three other Melbourne
TA episodes during 2010–2016 occurred on 7, 12 and 25November 2010, re-
sulting to still considerable number of emergency admissions (Howden et al.,
2011; Lindstrom et al., 2017; Report, 2017; Silver et al., 2018).

There is a close temporal link between the thunderstorm circulation, the
increased pollen concentrations and the onset of the epidemic (Marks et al.,
2001). The conceptual TA model of Taylor and Jonsson (2004) proposes
that intact pollen grains entrained by updrafts into a thunderstorm are rup-
tured, thus releasing sub-pollen particles (SPPs)with up to a thousand aller-
genic particles released from a single intact grain. Released sub-pollen
allergen-bearing cytoplasmic starch granules are small enough to deposit
in the lower human airways, where they would have the potential to
cause asthmatic responses in susceptible people. In Victoria (Australia), rye-
grass (Lolium perenne) pollen is predominant (Thien et al., 2018) and its two
most prevalent allergens are Lol p 1 and Lol p 5 (Hew et al., 2020;
Suphioglu et al., 1992).

It is hypothesized that rupturing is caused by three combined effects
within convective clouds: high humidity, lightning, and extreme upwind
streams (Grundstein et al., 2017; Suphioglu et al., 1992; Taylor and
Jonsson, 2004; Vaidyanathan et al., 2006; Visez et al., 2015). Thunder-
storm downdrafts and outflows are assumed to bring these SPPs respirable
allergens to ground level, thus increasing risks for TA epidemics (Taylor
and Jonsson, 2004). Overall, TA epidemics can be generated if the follow-
ing conditions exist: the presence of biological allergens such as grass pol-
len; the presence of small breathable particles formed from ruptured
pollen in the convective atmosphere and brought to ground; and exposure
of people predisposed to asthma symptoms caused by allergens (Marks
and Bush, 2007).

Noting the lack of technological expertise capable to predict the cata-
strophic Melbourne November 2016 TA episode, the State of Victoria,
Australia recommended development of a pollen forecasting model based
on physical principles (Ebert et al., 2017; Management, 2017). In response
to this request, the Victorian Department of Health and Human Services, in
collaboration with the Bureau of Meteorology and research partners, pro-
posed a TA forecasting system with the objective to issue early warnings for
any future TA events (Bannister et al., 2021). The system uses a categorical
risk-based approach and statistical forecasts of high ambient grass pollen con-
centrations which together generate the risk of epidemic thunderstorm
asthma. After testing the proposed method in the hindcast mode and by cor-
relating pollen data and data with hospital admissions, 13 out of 18 assess-
ments of elevated TA risk were not related with high asthma hospital
presentations. Thus, even when the synoptic situations indicate a probability
for a TA, it often may not occur, resulting so to frequent false alarms.

An alternative to statistical models is the use of physically-basedmodels
in which the intact pollen concentration process is driven by numerical
weather prediction parameters (Helbig et al., 2004; Luvall et al., 2013;
Mahura et al., 2009; Pauling et al., 2019; Siljamo et al., 2013; Sofiev
et al., 2013). If such models do not include formation and dispersion of al-
lergenic SPPs, they cannot predict environmental conditions favourable for
possible TA occurrences. Predictions of such models can therefore be used
only as a proxy for possible asthma epidemic occurrence. The first pollen
model with allergenic SPP formation parameterization has been developed
(Wozniak et al., 2018) but used for pollen process studying, not for opera-
tional pollen prediction.

Numerical prediction of thewhole grain pollen concentration is necessary
but not sufficient condition for assessing the TAs occurrences. Current prog-
nostic pollen models, statistical or physically based, either miss to indicate
an incoming TA event or produce frequent false alarms. Recently developed
physically based pollen model (Emmerson et al., 2021) has parameterized
the SPPs production by mechanical wind force, high RH and lightning. This
was for the first time to introduce SPPs concentration as a forecasting
model parameter. Their tests however showed that humidity-induced ruptur-
ing did not produce expected peaks in pollen rupturing during theMelbourne
2016 TA episode and as stated by the authors, would likely lead to repeated
false alarms if used in a predictive mode. Obviously, there is still missing suc-
cessful forecasting tool to assess TAs occurrences based on modelled produc-
tion of SPPs caused under favourable atmospheric conditions.

The objective of our study is to propose a novel numerical pollenmodel
(furthermore referred as DREAM-POLL) capable to achieve a high success
rate for assessing TA outbreaks using the predicted SPPs. In our model,
the SPPs formation is made dependent on the convective conditions pre-
dicted by the atmospheric model which online drives the pollen process.
The convection process involves extreme winds, lightning and elevated hu-
midity, which are key mechanisms hypothesized to cause pollen rupturing
(Taylor and Jonsson, 2004). Our choice to link convection conditions and
production of allergenic SPPs is motivated by the fact that there is a high
correlation between observed convergence lines (a precursor for convective
storms) and the number of hospital asthma cases in Australia (Bannister
et al., 2020): namely, 80 of 81 analysed hospital cases were exposed to con-
vergence lines during the Victorian grass pollen season from 2009 to 2017.
Convergence lines in case of thunderstorms (also known as gust fronts) are
boundary lines between the cooler down drafted air from a thunderstorm
and the warmer air near the ground.

In this paper, the proposed numerical model predicts not only the air-
borne intact pollen process but also production and dispersion of allergenic
SPPs released from ruptured pollen grains under thunderstorm atmospheric
conditions. The model has been tested for 2010 and 2016 pollen seasons
when four largest decadal TA epidemics happened inMelbourne, Australia.

2. Methodology

2.1. Model description

DREAM-POLL represents a version of the DREAM aerosol atmospheric
model (Nickovic et al., 2001; Pejanovic et al., 2012; Vukovic et al., 2014)
modified here to predict pollen concentration dispersion. DREAM-POLL
mathematically describes all major phases of the airborne pollen cycle, in-
cluding emission of intact pollen from surface sources, vertical and horizon-
tal transport, turbulent mixing, wet and dry deposition, as well as the SPPs
formation/dispersion.

DREAM-POLL is an Euler-type model in which the prognostic pollen
concentration continuity equation is on-line embedded into the high-
resolution non-hydrostatic weather prediction NCEP WRF-NMM model
(Janjic et al., 2001). This online approach allows synchronous numerical
processing of both atmospheric and pollen processes. Here, pollen concen-
tration is considered as one of the WRF-NMM prognostic variable.

WRF-NMM uses the terrain-following hybrid pressure-sigma coordinate
in the vertical. The large-scale transport is based on the horizontal advection
numerical scheme which, preserves energy and enstrophy (Janjić, 1984).
The WRF-NMM physical parameterization package contains: the Mellor-
Yamada-Janjic turbulence parameterization scheme for turbulence in the
planetary boundary layer and in the free atmosphere (Janjić, 1994); the
Monin-Obukhov surface layer scheme combined with the viscous sub-
layer (Janjić, 1994); the LISS soil scheme (Vukovic et al., 2010); a grid-
scale cloud and microphysics parameterization; the Betts-Miller-Janjic
(BMJ) convective adjustment scheme (Janjić, 1994); the GFDL longwave
and shortwave radiation package; the mass conservative positive-definite
horizontal advection scheme for scalars (applied to pollen concentration
as well) which suppresses formation of false concentration maxima and re-
duces to a minimum numerical dispersion (Janjic et al., 2009).
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DREAM-POLL numerically simulates all major phases of intact, ruptured
(empty shells) and SPPs pollen particles: the emission, horizontal and vertical
turbulent mixing, long-range transport, and pollen wet and dry deposition. It
includes gravitational settling, Brownian and turbulent deposition at the air-
surface interface, and interception and impaction at surface roughness ele-
ments. The scheme accounts for properties of the depositing particles (size,
density), the features of the depositing surfaces (roughness, land cover, land
texture) and turbulent conditions in the lower atmosphere. The proposed pol-
len model is applicable to a pollen type for which the geographic distribution
of pollinating plant fractions is available.

The pollen model numerically solves the following set of three pollen
mass continuity equations:

∂Cj

∂t
þ DYN j þ

∂Cj

∂t

� �

SOURCE

¼ 0 j ¼ 1, 2, 3 (1)

Here, C1 = CIN, C2 = CRU and C3 = CSP are mass concentrations of in-
tact, ruptured and SPPs pollen particles, respectively. The operator

fDYN j ¼ u
∂Cj

∂x
þ v

∂Cj

∂y
þ ∇h KH∇hCj

� �

þ ∂

∂z
KV

∂Cj

∂z

� �

þ w � vg
� � ∂Cj

∂z

þ ∂Cj

∂t

� �

SINK

¼ 0

(2)

is the dynamic component of the continuity equation which is applied to
the three particle types. Here: u, v andw are horizontal and vertical velocity
components; vg is the Stokes gravitation settling velocity of pollen particles
dependent on their sizes, shapes, and density; ∇h is the horizontal gradient
operator; KH and KV are the lateral and vertical mixing coefficients; sub-
scripts SOURCE and SINK indicate sources and sinks of pollen particles.

Themass of a single pollen particle type j (intact, ruptured or SPPs) for a
given density ρj and effective diameter Dj is

mj ¼ ρj �
1

6
πD3

j

� �

(3)

It is assumed that particles have a spherical shape. Using the aerody-
namic parameters of pollen particles (see Supplemental Material) we con-
vert in the further analysis their mass concentrations into grains per m3.

The source term ∂CIN

∂t

� �

SOURCE
in (1) calculates the emission of intact pol-

len grains from ground sources. The grains emission and its intensity de-
pend on near-surface turbulent conditions involved in our emission
scheme based on the viscous sublayer concept. A viscous sub-layer (VSL)
with depth zVSL is inserted between the surface and the lowest model
level to regulate the emission intensity, where zVSL varies with turbulence
intensity (Janjic et al., 2001). VSL operates over three different regimes:
smooth and transitional, rough, and very rough, as determined by

Fig. 1. Schematic description of the viscous sub-layer model (VSL). Emission under
smooth and transitional regime happens for small u⁎whenVSL is the thickest. In the
rough mixing regime, the near-surface turbulence increases, and the VSL depth
decreases. Under fully developed turbulent conditions (very rough regime),
emission reaches its maximum, and VSL depth vanishes (Cvetkovic et al., 2022).

Fig. 2. Schematic representation of pollen rupturing under convective circulation. According to the Taylor-Jonsson hypothesis, intact pollen grains are lifted by convective
updrafts and ruptured due to high humidity, wind force and electric charge effects in a thunderstorm cloud. Downdrafts then bring respirable allergenic pollen fragments to
surface, according to (Cockcroft et al., 2018).
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corresponding friction velocity thresholds. When the very rough regime is
achieved, VSL is completely ceased, and the emission is fully driven by tur-
bulence of the free atmosphere (Fig. 1). The concentration emission flux is
expressed in terms of the viscous sub-layer parameters by

FS ¼ ν
CIN
VSL � CIN

S

zVSL
(4)

Here, ν is the air laminar viscosity, CS
IN and CVSL

IN are concentrations at
the surface and at the top of VSL, respectively. The lower concentration
boundary condition in the model is:

CIN
VSL ¼

CIN
S þ ωCIN

LM

1þ ω
(5)

which is a weightedmean of CS
IN and the concentration at the lowest model

level CLM
IN . Theweighting factor ω depends on turbulent and laminarmixing

Fig. 3. Parameterization of SPPs production in the model. The percentage of intact pollen mass converted by convection to SPPs is proportional to CAPE.

Fig. 4.Grass pollenfields designated as sources in ourmodelling experiments. Pasture grass fraction coverage over the State of Victoria in southeast Australia used as a pollen
sourcemap in themodel. The 50-m resolution Australian LandUse andManagement (ALUM) classification data (ABARES, 2017)was used to specify the grass fraction used in
the model as potential pollen sources. The ALUM classes “Grazing modified pastures”, “Native/exotic pasture mosaic” and “Grazing irrigated modified pastures” were con-
sidered as grass fields (Emmerson et al., 2019).
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features. CS
IN is a power function of the friction velocity u∗ and of its thresh-

old value u∗t above which emission begins (Nickovic et al., 2001):

CIN
S � u2 1−

u�t
u�

� �2
" #

for u� > u�t ð6Þ

2.2. SPPs parametrization

We propose here a numerical parameterization scheme for SPPs forma-
tion from whole grains following the Taylor-Jonsson conceptual TA model
(Taylor and Jonsson, 2004). This concept assumes that pollen rupturing is
caused by the combined effects of convective thunderstorm conditions char-
acterized with high humidity, extreme velocities, and electric forces (Fig. 2).

We calculate the amount of SPPs produced from intact pollen grains
which are ruptured by the influence of the convective available potential
energy (CAPE). CAPE is a parameter predicted by the atmospheric model
driver. The recently proposed TA risk warning system for Victoria
(Bannister et al., 2021), uses a version of CAPE to diagnose if a thunder-
storm environment is favourable for pollen rupturing.

CAPE [Jkg−1] describes the overall convective features of thunder-
storms and it is defined as the vertically integrated air buoyancy:

CAPE ¼
Z

EL

LCL

g
T � T ′

T
dz (7)

Fig. 5.Observed andmodelled intact pollen concentrations for the period 15 October to 15 December 2016. Observations are collected at Melbourne University pollen count
site (Parkville).

Table 1

Pollen intrusions during Novembers of 2010 and 2016 which caused increased hospital admissions in Melbourne and Victoria hospitals.
Shaded rows indicate occurrence of the major TA episodes. Intact pollen concentrations observed in Melbourne are shown as well.

Date

Asthma-

related 

Melbourne 

hospital 

admissions 

(per 24h)1,2,3,

Asthma-related hospital 

admissions for all 

Victorian, Bolded 

numbers: > 110 hospital 

admissions. Source: (Fig. 

59 in Report, 2017)2

Observed 

intact pollen 

daily-averaged 

concentra�ons 

in Melbourne2

[m-3] 

Character of the episode

7 Nov 2010 n/a 115 39
Pollen intrusion;

reported as a major TA episode

13 Nov 2010 713 130 24
Pollen intrusion;

reported as a major TA episode

17 Nov 2010 n/a 72 87
Pollen intrusion; not reported as TA 

episode

22 Nov 2010 n/a 77 117
Pollen intrusion; not reported as TA 

episode

24-25 Nov 2010 144 2,3 210 56
Pollen intrusion;

reported as a major TA episode

04 Nov 2016 n/a 90 129
Pollen intrusion; not reported as TA 

episode

07 Nov 2016 n/a 105 154
Pollen intrusion; not reported as TA 

episode

12-13 Nov 2016 n/a 75 129
Pollen intrusion; not reported as TA 

episode

17-18 Nov 2016 n/a 62 68
Pollen intrusion; not reported as TA 

episode

21 Nov 2016 380 1,2* 500 102
Pollen intrusion;

reported as a major TA episode

(⁎)The value is extrapolated from the 30 h hospital admission number.
(1)(Lindstrom et al., 2017).
(2)(Report, 2017).
(3)(Silver et al., 2018).
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Here, g is the gravity acceleration; T and T′ are temperature of the air
parcel and temperature of the surrounding air, respectively; LCL is the
lifting condensation level (the bottom of the convection cloud) at which
an unsaturated air parcel reaches its relative humidity 100 %; EL is the
level at which the air parcel becomes as cool as the environment (Bloch
et al., 2019;Moncrieff andMiller, 1976). CAPE describes the convective en-
vironment characterized with high humidity, extreme velocities and light-
ning which are the key potential triggers for pollen rupturing according
to the Taylor-Jonsson hypothesis. CAPE is also closely linked to the
moisture-dependent deep convection parameterization scheme in
DREAM-POLL (Janjić, 1994). According to the US National Weather
Service convection classification (https://www.weather.gov/lmk/
indices#), weak, moderate, very unstable and extremely unstable convec-
tive conditions are respectively characterized with CAPE < 1000, 1000 <

CAPE < 2500, 2500 < CAPE < 3500 and 3500 < CAPE < 4000 Jkg−1.
The maximum vertical velocity in convective clouds is calculated as

wmax≈
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2CAPE
p

(Cecil et al., 2014) where, for example, for CAPE =
1500 Jkg−1, the vertical velocity could reach 55ms−1. The lightning inten-
sity in convective clouds is also associate with CAPE (Cecil et al., 2014).

We parameterize the amount of convectively generated SPPs as a func-
tion of CAPE (Fig. 3):

%SPPs ¼ 0 for CAPE ≤ 500Jkg � 1

%SPPs ¼ α þ β� log
10

CAPEð Þ½ � for CAPE > 500Jkg−1 ð8Þ

Here: %SPPs is the percentage the intact pollen mass converted by con-
vection to SPPs; α=40 and β=13 proposed here are tuneable parameters.

The model starts emitting pollen from a pre-specified surface sources
when the near-ground turbulence exceeds a threshold. The emitted pollen
is further transported by turbulence mixing and large-scale dynamics of
the atmospheric model driver. At the end of their atmospheric cycle, pollen
particles are settled to the ground by precipitation and near-surface dynam-
ics as predicted by the atmospheric driver.

In our pollen rupturing parameterization, we calculate at every model
time step the fragmented mass of sub-pollen particles released from rup-
tured pollen grains whenever CAPE predicted by the driver atmospheric
model exceeds a pre-specified threshold (Eq. (8)). The intact, the ruptured,
and the fragmented particles are driven by the model atmospheric dynam-
ics, where the intact pollen particles are emitted from the ground, and the
other two particle categories originate from a ruptured grain.

According to (Suphioglu et al., 1992) about 700 SPPs are realised from a
single intact pollen in the model, and 70% of pollen grains exposed to con-
vection are ruptured (Wozniak et al., 2018), see Supplemental Material.

The overall mass of the emitted pollen is conserved during themodel in-
tegration. Mass, diameter, and density of the three pollen particle types de-
termine their aerodynamical behaviour. Specification of aerodynamic
parameters of particle categories used in the model are given in the Supple-
mental Material.

Release of respirable-sized pollen allergens into the air has been also re-
corded for other pollens (e.g., birch andArtemisia vulgaris) and in other parts
of the world (Burkart et al., 2021; Hoidn et al., 2005; Robichaud, 2021;
Taylor et al., 2004; Taylor et al., 2002). For instance, the SPPs production
from birch pollen involves a rupturing mechanism similar to that found in
grasses (Grote et al., 2000; Taylor et al., 2004). Therefore, the proposed
methodology can be applicable to other pollen types as well but including
corresponding aerodynamical features (such as particle size, density, etc.).

2.3. Model setup

The major pollen-related input to the model is the geographical distri-
bution of potential sources. A significant source of released allergenic pol-
len over the Southern Australia covered by the model domain is the non-
native ryegrass (Lolium perennial), causing high rates of asthma in the pop-
ulation every pollen season (Suphioglu et al., 1992; Taylor and Jonsson,
2004). Geographical distribution of grass pollen sources is specified using
the Australian Land Use and Management (ALUM) 50 m gridded data
(ABARES, 2017). ALUM includes 193 land cover categories, of which
“Grazing modified pastures”, “Native/exotic pasture mosaic” and “Grazing
irrigated modified pastures” are used to represent all grass pollen sources
(Emmerson et al., 2021). Fractional coverage of these three classes together
is shown in Fig. 4. Other grass types existing in the region (e.g., wheat and
barley) are not considered as pollen sources since they are self-pollinating
cultures which have minor contribution to the airborne pollen
(Emmerson et al., 2021). The pollen fraction in the model grid box is
calculated as a mean value of ALUM fractions belonging to this grid box.
Intensity of the pollen emission in the model is made depended on near
surface turbulent conditions.

The pollen advection and lateral diffusion are computed every 35 s, the
emission and vertical diffusion are updated every 70 s, and the convection
and large-scale precipitation are calculated every 140 s.

The model was run over the periods of 15 October–15 December 2010
and 2016. The initial and boundary conditions for the atmospheric model
component were specified using weather prediction parameters of the
European Centre for Medium-range Weather Forecast (ECMWF) global
model. Since there are no satisfactory three-dimensional pollen concentra-
tion observations to be assimilated, the initial state of pollen concentration
in the model was defined by the 24-h forecast from the previous day model
run. Only for the “cold start” of themodel at 15October 2010 and 2016, the
initial pollen concentrations were set to zero.

The model domain covers southeast Australia. Its spatial resolution is
set to 28 model levels in the vertical spanning from the surface to 50 hPa.
The horizontal grid distance is set to 1/20°, which is equivalent to a resolu-
tion of approximately 5 km. At this resolution, themodel can spin-up severe
convective systems (Janjic et al., 2005) and thus describe effects of thunder-
storm conditions to the pollen airborne process (Grundstein et al., 2017).
DREAM-POLL atmospheric initial and boundary conditions are specified
using archived 10 km gridded global forecasts of ECMWF. The periods 15
October–15December of 2010 and 2016 of ourmodel experiment are char-
acterized with the highest probability for high pollen concentrations, as
shown (Fig. S2 in (Emmerson et al., 2019)). During these periods, four
major Melbourne TAs were recorded (TA07NOV10, TA13NOV10,
TA24NOV10 and TA21NOV16) (Cockcroft et al., 2018; Kevat, 2020;
Lindstrom et al., 2017; Report, 2017; Silver et al., 2018). The model was
run in a day-by-day hindcast mode, to emulate a real-time forecasting
operation. Using the aerodynamic parameters of pollen particles (see Sup-
plementalMaterial) we convert in the further analysis theirmass concentra-
tions into grains per m3.

3. Results and discussion

Although rarely occurring, Melbourne TA epidemics have significant
impact to public health. Between 1984 and 2016, the city experienced at
least six thunderstorm asthma events (Silver et al., 2018), all of them oc-
curred in November. During 2010–2016, four of these TAs resulting in

Fig. 6. Environmental conditions during thunderstorm asthma events. Table columns correspond to TA07NOV10, TA13NOV10, TA24NOV10, and TA21NOV16,
respectively. A1–A4: Synoptic mean-sea level maps. B1–B4: radar images asthma events show convective activity at approximate times of TAs. C1–C4: SPPs (1E−3 ×
grains m−3) surface concentration (yellow-to-green palette); Red squares are approximate areas of radar images. D1–D4: Horizontal wind convergence (red palette) and
predicted intact pollen concentration (grains m−3) (yellow-to-green palette); NW-SE red dashed lines are fitted to points of maximum horizontal convergence to indicate
the position of the front; Red squares are approximate areas of radar images; Orange dashed lines are perpendicular to the front crosses Melbourne and lies in the
approximate direction of the front movement. E1–E4: Vertical cross sections along the normal to the front with pollen concentration in grains m−3 (yellow-to-green
palette), and velocity streamlines (blue lines) and temperature (red dashed lines); Melbourne location is a red dot in each panel; blue and red arrows indicate prevailing
down- and up-draft circulations.
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high hospital presentations are recorded bymedical authorities, happening
on: 7 November 2010, 12–13 November 2010, 24 November 2010 and
21–22 November 2016 (Table 1) (Cockcroft et al., 2018; Howden et al.,
2011; Kevat, 2020; Report, 2017; Silver et al., 2018). These episodes are on-
wards referenced as TA07NOV10, TA13NOV10, TA24NOV10 and
TA21NOV16. TA21NOV16was the worldwidemost extreme event ever oc-
curred, causing nine fatalities (Lindstrom et al., 2017). During these TA
events, there were 115, 130, 210 and 500 asthma-related hospital admis-
sions within 24 h, respectively, according to the evidence for all Victorian
hospitals - Fig. 59 in (Report, 2017) (Table 1). Each TA event was accompa-
nied with grass pollen intrusions and thunderstorms, coinciding with se-
vere asthma epidemics (Report, 2017). However, many other high pollen
intrusions occurred during the pollen season which did not trigger TAs.
For example, there were two major pollen intrusions in 2010 and four in
2016 seasons (Table 1) causing no TAs. Obviously, the elevated intact pol-
len concentration is a necessary but not sufficient condition for TA out-
breaks. For example, DREAM-POLL has predicted most of the observed
intact pollen peaks in Melbourne during 15 October–15 December 2016
(Fig. 5), but only once, on 21 November, TA occurred. Therefore, a TA
warning system based only on predicting intact pollen concentration can
lead to frequent false alarms.

DREAM-POLL numerical experiment is used here to explore its capabil-
ity to predict environmental conditions responsible for provoking Mel-
bourne thunderstorm asthma episodes.

There are several similarities characterizing all four TA episodes. First,
during each episode there were large-scale anticyclones on both sides of
the Australian lateral coasts, accompanied with low-pressure troughs in be-
tween passing over Melbourne (Fig. 6.A1–A4). Radar observations diag-
nosed convective instability in the wider Melbourne region during
afternoon/evening hours of each considered TA event (Fig. 6.B1–B4). For

TA13NOV10, there were two lines on 12 Nov 2010 during the late after-
noon. The first thunderstorm outflow reached the eastern suburbs of
Melbourne, and then about an hour later, a more synoptically-driven
convergence line moved over the whole Melbourne city area (Bannister,
personal communication). For TA24NOV10, a convergence line moved
eastwards across Melbourne in early evening (Bannister, idem); the storm
front reached Melbourne around 20:00 AEDT (AEDT - Australian Eastern
Daylight Time is the local time, equal to UTC+11:00). On 21 November
2016 a multi-cell thunderstorm squall-line was passing the city area be-
tween 17:00 and 18:30 AEDT.

The simulated surface patterns of SPPs at the times of their arrivals to
the city are shown in Fig. 6.C1–C4. Fig. 6.D1–D4, presenting the modelled
intact pollen and the surface horizontal wind convergence (indicated by
lines separating thewarmer and colder air). The squall lines observed by ra-
dars correlate with the TA occurrences (Bannister et al., 2021). Another
commonalty for the considered TAs is that pollen patterns are always
transported to Melbourne from western or south-western directions.

There are also notable similarities in the vertical pollen dynamics as
well. The emitted intact pollen is first lifted by warm updrafts to zones of
the convection (Fig. 6.E1–E4), then ruptured there, after what SPPs are
transported to the surface by cold downdrafts behind the squall line. Such
atmospheric circulation patterns typical for convective storms (Laing,
2003) are reproduced by themodel as well. Time evaluation of meteorolog-
ical and pollen parameters during 1–21 November 2016 is shown in the an-
imated gif (Supplement Video).

The 24-hour evolution of the predicted intact pollen concentration and
SPPs for days of TAs occurrence in Melbourne is shown in Fig. 7. Having
smaller size, SPPs have longer atmospheric lifetimes than intact pollen
and stay airborne for longer a time before reaching the surface (Hughes
et al., 2020). This can explain why SPP spikes here always develop with a

Fig. 7. A–C: Predicted hourly SPPs (1E−3 × grains m−3) and intact (grains m−3) pollen concentrations in Melbourne, for TA07NOV10, TA13NOV10, TA24NOV10 and
TA21NOV16 TAs.
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delay of a few hours after the achieved intact pollen maxima. As a result,
intact/SPP concentrations decrease/increase before/after the storm pas-
sages during the considered TAs (Fig. 7).

Verification of predicted SPPs is difficult since there are no routine daily
measurements of SPPs and will unlikely be soon possible (Bannister et al.,
2021). We therefore indirectly validate predicted SPPs against hospital
data during the Melbourne TA events. During TA13NOV10, the SPPs max-
imum is predicted at 16:00. The hospital asthma presentation data show
that the main 24-hour spike was from noon 12 November to noon 13 No-
vember, although two Melbourne hospitals were still spiked on 13–14 No-
vember (Bannister, personal communication). For TA25NOV10, the storm
reached Melbourne around 20:00 AEDT 24 November 2010; during this
event, most of the hospital admissions were recorded the following day
(Silver et al., 2018). For TA21NOV16, two SPPs maxima predicted at
16:00 and 21:00 AEDT could contribute to prolonged exposure of the pop-
ulation to allergenic particles, thus casing extreme hospital acceptances.
The predicted SPP spike concentrations for TA07NOV10, TA13NOV10,
TA25NOV10 and TA21NOV16 are 259.650, 74.677, 110.979, and
281.334 grains m−3, respectively. These values are within the lower end
of observed ranges (Hughes et al., 2020; Suphioglu et al., 1992).

In our study we have performed a hard testing of DREAM-POLL, run-
ning it over 2010 and 2016 Australian grass pollen seasons during which
the four largest Melbourne asthma episodes occurred (Fig. 8). As shown,
many modelled intact pollen intrusions did not coincide with TA events.
At the same time, SPP spikes are always predicted for each of the four
major Melbourne TAs. Over the total of 60 successive days of the model

run, there is only one SPP maximum on 14 December 2010 which might
be considered as a false alarm. For this particular event we did not find
medical evidence if there was an increased number of hospital visits.

The presented results show that the model has very high probability of
detecting TAs (high hit rate) using the numerical parameterization of SPPs
as a predictor.

4. Conclusions

Despitemany efforts, there is not yet an available system in the commu-
nity to accurately predict rarely-occurring but dangerous thunderstorm
asthma events during pollen seasons. The main deficiency of pollen prog-
nostic models is that they either frequently produce false alarms or do not
predict TA events at all. To overcome these predictive limitations, we pro-
posed here a physically based numerical pollen model which includes
SPPs as a prognostic parameter. SPPs formation is parameterized as a
function of atmospheric convection, following the Taylor-Jonsson TA
conceptual model (Taylor and Jonsson, 2004). We ran DREAM-POLL in a
day-by-day hindcast manner over two grass pollen seasons 15 October–15
December 2010 and 2016 in SE Australia. During these periods, the
four largest decadal thunderstorm asthma episodes seriously affected
Melbourne. During 60 recurring daily model runs, SPPs spikes coincided
with all four major Melbourne TAs. Otherwise, for remaining 55 days
SPPs concentrations were negligible except for a SPP peak on 14 December
2010 for which we did not have access to TA medical evidence. We could
therefore consider this case as a possible but not confirmed false alarm.

Fig. 8. Temporal variation of predicted hourly intact (grains m−3) and SPPs (1E−3 ×grains m−3) pollen concentrations for Melbourne. A: Period 15 October–15 December
2010; B: Period 15 October–15 December 2016.
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We consider that the following components of DREAM-POLL are essen-
tial for its successful performance:

• high horizontal and vertical model grid spacing used; with this, convective
and non-hydrostatic processes responsible for thunderstorm develop-
ments and SPPs formation are reasonable well resolved (Janjic et al.,
2005);

• SPPs and intact pollen concentrations are embedded as prognostic parameters

into the atmospheric model driver; this provides updates of pollen parame-
ters by atmospheric fields at every model time step;

• SPPs formation is parameterized as a function of convective instability; with
this approach, pollen rupturing is implicitly affected by thunderstorm
high moisture, and by strong electric and wind forces, according to the
Taylor-Jonsson TA hypotheses (Taylor and Jonsson, 2004).

Our results contrast with the results presented in (Emmerson et al.,
2021) which are failing to predict the Melbourne 21 November TA. We be-
lieve that the following factors may have contributed to the successful out-
come of our model: pollen concentrations are online driven in our system
by predicted atmospheric parameters; our parameterization of the SPPs for-
mation is strongly connected with the modelled convection conditions.

The high success rate of our model, to our knowledge, demonstrates for
the first time in the community that TA occurrences can be predicted when
appropriate numerical SPP representation is included in pollen modelling
systems.

More field and laboratory measurements of SPPs, including their aller-
gen contents (Grote et al., 2000; Mampage et al., 2022) should improve
understanding of their airborne dynamics, and thus supporting better
parameterization and prediction of rupturing process in pollen models. In
addition, although the model reasonably predicted the temporal dynamics
of intact pollens, a future study should include data from larger number of
measurement sites and for more pollen seasons in order to further validate
and improve the model.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.160879.
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Particle aerodynamic parameters 

Values of the aerodynamic parameters are either predefined or evaluated.  

1) The diameter of intact grains is set to IND m0.34  which is within the observed  range 

(Emmerson et al., 2019; Hughes et al., 2020; Suphioglu et al., 1992) (Jung et al., 2018; 

Rathnayake et al., 2017; Taylor et al., 2004) 

2) The mass of an intact grain is set to ngmIN 5.18  which is within the observed range 

(Emmerson et al., 2019; Rathnayake et al., 2017; Taylor et al., 2004) 

3) The density of an intact grain 3899  kgmIN  is calculated from Eq. (3) and is within the 

observed range (Emmerson et al., 2019) 

4) The calculated number of intact grains per g  is 154  gN IN    

5) 700 SPPs (sub-pollen particles) are released from each single ruptured grain (Suphioglu et al., 

1992) 

6) 70% of intact pollen mass is transferred to masses of pollen shell and SPPs: 
INSPRU mAmm  ; 7.0A  

 
7) The volume of a pollen shell is 90% of the intact grain volume 

8) The diameter of a pollen shell RUD m8.32 is calculated from Eq. (3) 

9) The density of a pollen shell 3210  kgmRU  is calculated from Eq. (3) 

10) The mass of a ruptured particle is     ngmmBmABm SPRUINRU 89.3 ; 3.0B  

11) The calculated number of pollen shell per g  is 1257  gN RU    

12) The density SPPs is set to INSP    

13) The diameter of a single SPP SPD m82.2  which is within the observed range (Jung et al., 

2018; Suphioglu et al., 1992; Taylor et al., 2004; Taylor & Jonsson, 2004) 

 

14) The calculated mass of a single SPP is     ngmABm INSP 013.00.1  , which is within 

the observed range (Jung et al., 2018; Schäppi et al., 1999) 

15) The calculated number of released SPPs per g  is 𝑵𝑺𝑷 = 𝟗𝟒𝟑𝟕𝟏 𝝁𝒈−𝟏 

Values of the predefined and calculated particle aerodynamic parameters considered above are 

summarized in Table S1. 
  



 

 

 

Table S1. Aerodynamic parameters of particles specified as predefined (p) or evaluated (e)  

IN - intact grain; RU - ruptured grain; SP - sub-pollen  

 

  

Particle type Aerodynamic 

diameter of a 

particle    

Particle density 

 

Mass per pollen 

grain 

Number of pollen 

grains 

per g  

Intact pollen IND m0.34
 
P

 
3899  kgmIN  e ngmIN 5.18  p 

154  gN IN   e 

Pollen shell RUD m8.32  e 
38.209  kgmRU  e ngmRU 89.3  P 

1257  gN RU   e 

SPPs  SPD m82.2  e 
3899  kgmSP  P ngmSP 01.0 e 

194371  gN SP  e  
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Abstract: The strongest X-class solar flare (SF) event in 24th solar cycle, X9.3, occurred on 6 Septem-
ber 2017, accompanied by earthward-directed coronal mass ejections (CMEs). Such space weather
episodes are known to cause various threats to human activities ranging from radio communication
and navigation disturbances including wave blackout to producing geomagnetic storms of different
intensities. In this study, SFs’ ionospheric impacts and effects of accompanied heliospheric distur-
bances on primary cosmic rays (CR) are investigated. This work offers the first detailed investigation
of characteristics of these extreme events since they were inspected both from the perspective of their
electromagnetic nature, through very low frequency (VLF) radio waves, and their corpuscular nature
of CR by multi-instrumental approach. Aside data recorded by Belgrade VLF and CR stations, data
from GOES and SOHO space probes were used for modeling and analysis. Conducted numerical
simulations revealed a significant change of ionospheric parameters (sharpness and effective reflec-
tion height) and few orders of magnitude increase of electron density. We compared our findings
with those existing in the literature regarding the ionospheric response and corresponding param-
eters. In addition, Forbush decrease (FD) magnitude, corrected for magnetospheric effect, derived
from measurements, and one predicted from power exponents used to parametrize the shape of
energetic proton fluence spectra at L1 were compared and found to be in good agreement. Presented
findings could be useful for investigation of atmospheric plasma properties, particles’ modeling, and
prediction of extreme weather impacts on human activities.

Keywords: solar flares; coronal mass ejections; atmospheric ionization; sudden ionospheric disturbances;
ionospheric parameters; solar energetic particles; secondary cosmic ray flux; Forbush decreases

1. Introduction

As an important aspect of space weather applications, ionospheric responses to intense
solar flares (SFs) and coronal mass ejections (CMEs) have been investigated for several
decades [1–3]. Short in duration but huge explosive events on the Sun release high-energy
particles and intense broad range radiation influencing the state of the Earth’s upper
atmosphere. While enhanced EUV radiation disturbs E and F regions of the ionosphere,
during solar flares, X-ray radiation can increase by several orders of magnitude and cause
an extra ionization within the ionospheric D-layer [4,5]. The increase in the rate of change
of atmospheric ionization depends on both the flare class and the rate of change in flare
radiations [6]. For the investigation of D-region behavior, radio wave measurements at
very low and low frequencies (VLF-LF) are widely used [7–9]. SFs have a direct radio
wave interference effect on Global Navigation Satellite System (GNSS) transmission and
other radio systems [10–12]. High-frequency (HF) radio wave blackout and magnetic field
variation have also been documented and studied [11,13].

Solar activity can produce extreme phenomena which are more likely around the
maximum of the 11-year cycle. One such type of events are SFs that are, in most cases,
followed by CMEs [14]. CME releases a large-scale flux of charged particles from solar
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corona with an accompanying embedded magnetic field. This additional flux of charged
particles emerging in interplanetary space is defined as interplanetary coronal mass ejection
(ICME). When propagating with speed greater than magnetosonic wave speed (in solar
wind reference frame), ICME can form a shock due to interaction with ambient solar wind.
In situ measurements of the environment performed by space probes at different locations
in the heliosphere can provide information about various solar weather parameters. They
also include direct measurements of fast-moving energetic particles that can be in temporal
correlation with CMEs and SFs [15]. These particles can originate from the Sun, in which
case they are called solar energetic particles (SEPs) or can be accelerated locally by an ICME
related shock when they are referred to as energetic storm particles (ESPs). Several space
probes placed at Lagrange point 1 (L1) between the Sun and the Earth constantly monitor
this flux, in addition to a number of probes at Earth’s vicinity and elsewhere throughout
the heliosphere [16]. Enhancement of interplanetary magnetic field (IMF) creates additional
modulation of cosmic ray (CR) and can lead to one of the transient phenomena, Forbush
decrease (FD). FD is a rapid depression of measured CR flux (typically occurring within
a day), followed by a gradual recovery that can last for several days [17]. Correlation
between FD parameters (magnitude of decrease, duration, time evolution) and various
parameters of solar wind plasma have been studied in the past [18–20].

Extreme space weather events can have severe impacts on wide areas of human
activities. Historically, such events are not very frequent, but the probability of their
occurrence over the next decade is not negligible (i.e., for geomagnetic storms, it has
been estimated to be about 12% [21]). Extreme events can cause significant damage to
sensitive satellite components and increase absorbed radiation dose in space, which can
pose a serious health hazard to astronauts. Energetic particle flux during extreme solar
activity events is studied and different models of the space environment are proposed for
forecasting schemes. Even though many studies have been carried out, still, only limited
information is available on an approximate assessment of the direct impact such events
can have on technological infrastructure and what the indirect associated expenses would
be [22].

Study of ionospheric reaction to SFs is currently very relevant research, given the
prospect of improving the capacity and reliability of anticipating space weather distur-
bances, which might affect the performance of a wide range of space-borne and ground-
based technological systems and pose a danger to human health and safety [23,24].

The 24th solar cycle began in December 2008 and although approaching the solar
minimum and the low solar activity, several strong SFs occurred in September 2017, in-
cluding the X9.3 class flare, the strongest one in that cycle [25,26]. A lot of studies have
been published analyzing different aspects of these extreme weather events. The SF effect
on the chemical structure of the upper and middle atmosphere is reported in [27]. In the
study presented in [28], the analysis of total electron content (TEC) and rate of change of
TEC index to probe the storm-time ionospheric TEC irregularities in the Indian longitude
sector during the space weather events of 6–10 September 2017 was presented. During
the flares, the total radio fade-out in the range of 30 to 90 min at the Hermanus and Sao
Luis ionosondes is reported [29]. It is also observed that SFs’ effects on the ionosphere last
longer than the effects on the Earth’s magnetic field [30]. The effects of the strong X9.3 flare
of 6 September 2017, following its impact on the ionosphere and the resulting difficulties
for existing (e.g., precise positioning and GNSS navigation support services) and future
technologies (e.g., autonomous car navigation) have been analyzed [10].

In this paper, X-class SFs of 6 September 2017 ionospheric impacts and the effects
of accompanied heliospheric disturbances on primary cosmic rays are investigated. The
atmospheric D-region parameters and electron density are obtained and analyzed along
with various heliospheric parameters (associated with the accompanying ICME) measured
in-situ at L1, as well as flux of secondary cosmic ray muons measured on the ground and
shallow-underground levels. Since all empirical models are based upon data obtained
through numerous studies, such as International Reference Ionosphere model [31], each
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case study of extreme weather events is of great significance, not only for the atmospheric
plasma properties investigations, but also for the particles’ modeling procedures. With
that goal, modulation of ionosphere and CR flux by intense X-class SF events was inves-
tigated through a multi-instrumental approach, by employing space- and ground-based
observations on one hand, and by conducting proposed numerical simulations on the other
hand, using both original VLF and CR measurements (from the same location in Belgrade)
as well as data and results from other observing stations worldwide. Through extensive
comparison, noticed agreements and disagreements between results are highlighted as well.

2. Materials and Methods

Galactic cosmic rays interact with interplanetary magnetic fields as they traverse our
solar system. IMF is a solar magnetic field carried by the solar wind, a stream of charged
particles propagating outward from the Sun. Interaction of CRs with IMF modulates
CR flux as is also evident from measurements of CR flux intensity with Earth-based CR
detectors [32]. Galactic cosmic rays, upon reaching Earth, interact with atmospheric atoms
and molecule nuclei, generating a shower of secondary particles. Secondary CRs vertical
flux, at the bottom of the atmosphere (at atmospheric depth 1000 gcm−2), for particles’
energies larger than 1GeV, is composed mainly of muons (≈90 m−2s−1sr−1), protons and
neutrons (≈2 m−2s−1sr−1), electrons and positrons (≈0.2 m−2s−1sr−1), and charged pions
(≈0.04 m−2s−1sr−1) as well as neutrinos [33]. Observation of these secondary CRs can be
conducted in the atmosphere, on the ground or even underground, detecting one or several
different types of produced particles. A worldwide network of neutron monitors (NM) and
ground detectors that detect hadronic components of secondary CRs have been in use for
decades. NMs are sensitive to primary CRs with energies of about 0.5–20 GeV. Another
type of widely used Earth-based CR detectors are muon monitors, focused on detecting
the muon component of secondary CRs. Muon monitors are sensitive to higher energies of
primary CRs, thus complementing NMs measurements [34].

Belgrade CRs station is a part of the Low-background Laboratory for Nuclear Physics
(LBLNP) at the Institute of Physics Belgrade (IPB), Serbia. It has two identical detector
set-ups placed on two different levels, one on ground level (GLL) and the other in shallow-
underground (UL). Underground level is situated below 12 m of loess overburden (25-m
water equivalent). This setup allows for monitoring of secondary CR’s muons flux that
originates from two different energy ranges under the same environmental conditions (such
as geomagnetic location, atmospheric parameters, experimental setup). Altitude of the
station is 78 m above sea level, with a geomagnetic latitude of 39◦32′N. Relation between the
measured count rate of these energy-integrating detectors with flux of primary CRs at the
top of the atmosphere was found using a calculated detector yield function. Additionally,
due to the sensitivity of secondary muons to varying properties of the atmosphere, which
acts as a moderator, correction of measured flux for atmospheric pressure and variation of
temperature throughout the whole atmospheric column from the top of the atmosphere to
the ground is needed. Details of the detector systems and response function of Belgrade CR
station acquired using Monte Carlo simulation of CR transport, along with the description
and results of atmospheric and efficiency corrections are presented in [35,36].

For inspection of the Earth’s lower ionospheric response to intense solar activity
during events of energetic solar outbursts (such as SFs and CMEs) during the descending
branch of the 24th solar cycle, as in September 2017, VLF radio signal registrations from
Belgrade’s (BEL; 44.85◦N, 20.38◦E) Absolute Phase and Amplitude Logger (AbsPAL) station
database were used. This system is a part of the Laboratory for Astrophysics and Physics
of Ionosphere at the IPB, Serbia. Numerical simulations conducted in this paper rely
on application of the well known and widely exploited technique of Long Wavelength
Propagation Capability (LWPC) software [37] utilization on one hand, based on hop wave
theory and the ionospheric exponential model [38,39], and on the FlarED’ Method and
Approximate Analytic Expression application [5,40] on the other hand: the novel approach
based on retrieving ionospheric parameters directly from solar X-ray radiation spectral



Remote Sens. 2023, 15, 1403 4 of 21

components of soft range. Here, novel approach is applied on two cases of SF events within
the strongest X-class (the weaker X2.2 and stronger X9.3), making the validation of the
proposed approximate method firmly applicable and reliable across the entire X-class range,
in addition to some previous recent research all regarding cases of weaker X-class SFs from
the lower section of X-class range [5,8,40]. The methodology used relies on simultaneous
monitoring of several VLF signals during regular and irregular ionospheric conditions, both
for amplitude and phase, and obtaining properties of perturbations directly from observed
recorded VLF data, by signal values’ comparison between unperturbed and perturbed
states. The details are presented in Section 3.2 and Supplementary Material.

3. Results

3.1. Solar Energetic Particles and Secondary Cosmic Ray Flux during and after Intense SF Events

The strongest flare of solar cycle 24 (classified as X9.3) happened in early September 2017
during the declining phase of this solar cycle. Active region AR12673 [41] was the cause of
unusual and intensive solar activity. This region produced several more SFs around that time
with the most intense one occurring on 6 September 2017. The flare was closely followed
by a severe geomagnetic storm that began on 7 September. In total, four different possibly
related CMEs erupted within several days. The first of these was a halo CME that happened
on 4 September which, together with the second one, affected CR flux and produced an
intense Forbush decrease on 7 September. Magnitude of FD for 10 GV rigidity primary CR
corrected for magnetospheric effect (MM) [18] was −7.7% (quoted from IZMIRAN database
of FD parameters [42]).

Solar activity and the accompanying heliospheric disturbance during early September 2017
have been studied in detail in a number of published articles that indicate that successive CMEs
between 4–6 September produced complex transients. Complex interactions caused by the
passage of ICME are not so simple to model, one consequence being that it is not so straightfor-
ward to predict time of arrival of the disturbance on Earth [43]. However, in-situ measurements
by space probes at L1 can help in this regard. Based on data from Solar and Heliospheric
Observatory (SOHO)/Large Angle and Spectrometric Corona-graph (LASCO)/C2 [44] and
analysis given in [45], the first CME from AR12673 with a moderate speed of approximately
710 kms−1 appeared on 4 September followed by a much faster (approx. 1350 kms−1) second
CME. These two CMEs merged in lower solar corona into a single structure producing single
shock followed by a prolonged sheath region which was detected at L1 on 6 September. The
second shock arrived at L1 on 7 September as a result of CME that occurred on 6 September.
This CME had a high velocity of 1480 kms−1 and its eruption coincides with the X9.3 SF. This
shock was followed by a turbulent sheath region and a magnetic cloud. One repository where
such measurements can be found compiled in the form of low- and high-resolution OMNI
data can be found at GSFC/Space Physics Data Facility [46]. Low-resolution OMNI data (used
in this study) contains hourly values for various heliospheric and geomagnetic indices. One
of the probes that monitors variation of energetic proton flux at L1 is the ERNE instrument
onboard SOHO probe [47]. It consists of two separate particle detectors with complementing
detector energy ranges (for lower and higher particle energies) and provides energetic particle
flux measurements in 20 energy bins (ranging from 1.3 up to 130 MeV per nucleon) with a
time resolution of one hour (data are available at [48]). Apart from providing insight into
SF/CME/ICME induced disturbance in the heliosphere, measurements done by this instru-
ment could be useful for predicting the effects that these phenomena have on cosmic rays, as
some studies have shown [49]. Proton flux recorded during early September 2017 is showed in
Figure 1 and Figures S1 and S2 in Supplementary Material. As it is often difficult to determine
the acceleration mechanism related to violent events on the Sun (especially when accelerated
particles are detected near Earth), for the sake of simplicity, going forward, we will refer to both
solar energetic particles (accelerated near the Sun) and energetic storm particles (accelerated in
interplanetary space) as SEP.
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Figure 1. Hourly time series (UT) for several different proton channels from SOHO/ERNE
((a) 1.3–1.6 MeV, (b) 10–13 MeV, (c) 20–25 MeV, (d) 40–50 MeV channels’ energy bands) for
September 2017. Integration interval for spectral fluence is indicated with red vertical dashed lines.

In order to determine SEP fluence related to heliospheric disturbances and FD events
during early September 2017, integration of SOHO/ERNE proton flux time series in sep-
arate energy channels is needed over the time period associated with a given FD event.
Determination of this time period during complex solar activity in September 2017 is not
simple or straightforward. Using procedures described in [36] that rely on the IZMIRAN
database, as well as neutron monitor data and data measured at Belgrade muon station, we
can determine optimal integration intervals more reliably.

Generally, SEP fluence spectrum exhibits a change of slope (sometimes referred to as a
“knee”). Several different models are proposed to describe this characteristic shape [50–52].
We chose to use the double power law proposed in [53] given by Equation (1):

f (E) =

{

E−aexp
(

−
E
Ek

)

, E < (b − a)Ek

E−b[(b − a)Ek]
b−aexp(a − b), E > (b − a)Ek

(1)

where E is the particle energy, Ek is the “knee” energy (at which the break in the spec-
trum occurs), a and b are power exponents related to energy ranges below and above Ek,
respectively. Exponents a and b are determined by fitting the proton fluence spectrum
using Equation 1 and are used to parameterize its shape. Ek is set as a fixed parameter and
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is determined from the known dependence of “knee” energy on integral fluence. More
detailed description of the procedure can be found in [49]. The shape of fluence spectrum
and fitted double power law for the September event are shown in Figure 2. Obtained
values were −1.16 for exponent a and −2.5 for exponent b (taking 6.8 MeV as value for
“knee” energy).

𝑓(𝐸) = ቐ 𝐸ି𝑒𝑥𝑝(− 𝐸𝐸), 𝐸 < (𝑏 − 𝑎)𝐸𝐸ିሾ(𝑏 − 𝑎)𝐸ሿି𝑒𝑥𝑝(𝑎 − 𝑏), 𝐸 > (𝑏 − 𝑎)𝐸

− −

Figure 2. Fluence spectrum for energetic protons measured by SOHO/ERNE at L1 during FD in
September 2017. Data points represent fluence integrated in different energy channels over time of
duration of the event, while red line represents the fitted double power law.

Observed underestimate of fluence in higher energy channels can be explained by the
assumption that there are contributions of low energy CR in these energy ranges that are
suppressed with additional heliospheric disturbance and can be more pronounced for more
extreme solar activity events. Additionally, this discrepancy between model and measured
fluence can be due to saturation of high energy channels during events with greater SEP
flux [54].

Contribution of these higher energy channels to integral flux is rather small and it does
not significantly affect total flux, however, it does add to higher uncertainty of b, which is
why this exponent is seldom used in analysis. Based on the established correlation between
a exponent and FD magnitude corrected for magnetospheric effect [49], an estimated
value of 8.3% was obtained for MM, which is in reasonably good agreement with the
value found in the IZMIRAN database. Large disturbances in the heliosphere in early
September 2017 that cause large FD are part of a complex event that can lead to disturbance
in the magnetosphere and primary CR flux variability, but also influence dynamic processes
in the ionosphere.

3.2. Monitoring Low Altitude Mid-Latitude Ionosphere during intense SF events

Monitoring of the mid-latitude ionospheric D-region (50–90 km) from BEL station
during September 2017 were simultaneously conducted for all VLF signals recorded by
the AbsPAL system. Geographical position of BEL VLF system and the VLF transmitters
(GQD/22.10 kHz, Anthorn UK and TBB/26.70 kHz, Bafa Turkey) are given in Figure S3.
Both shown signals are of short great circle paths (GCPs) propagating mostly over land.
In general, the GQD signal arrives to Belgrade from the north, in NW-SE direction, with
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GCPGQD = 1982 km covering almost two time zones, while TBB signal arrives from the
south, in SE-NW direction, with GCPTBB = 1020 km covering one time zone (Table 1). Corre-
sponding incident solar X-ray flux data were obtained from the Geostationary Operational
Environmental Satellite (GOES) database [55].

Table 1. VLF transmitting sites.

Freq. (kHz) Country Latitude (◦) Longitude (◦) GCP (km) Prop. Path Direction

Transmitter:
GQD 22.10 UK 54.73 N 2.88 W 1982 NW to SE
TBB 26.70 Turkey 37.43 N 27.55 E 1020 SE to NW

We studied data from 6 September 2017 belonging to the descending branch of the
24th solar cycle, with the strongest SF event X9.3 reported during the last solar cycle and the
earth-directed CME which produced FD. September 2017 was the most active month during
2017, with a total of 99 SFs reported, of which there were 68 C, 27 M, and four X class events.
During 6 September 2017, there were seven SFs reported in total, of which there were two C,
three M, and two X-class SFs. Such intense solar activity significantly affected Earth’s lower
ionosphere, which can be clearly observed both as amplitude and phase perturbations on
sub-ionospheric propagating VLF signals and was documented on BEL AbsPAL recordings.
The two strongest SFs reported on 6 September 2017, i.e., X2.2 and X9.3—overall the
strongest SF from the last solar cycle, as observed on GQD and TBB signal traces, practically
occurred during the established stable daytime ionospheric conditions, when both traces
were entirely sunlit. BEL GQD data during the entire day of 6 September 2017, with the
accompanying incident solar X-ray flux from soft spectral range (0.1–0.8 nm) are given in
Figure S4. As the best representative quiet day, 3 September 2017 was chosen. As observed
on GQD signal, solar-induced sudden ionospheric disturbances (SIDs) are denoted by black
arrows accompanied with the time of each SF event’s occurrence in UT. Both amplitude and
phase perturbation follow the SF events’ evolution, with time delays corresponding to the
sluggishness of the ionosphere [56]. Oscillatory character of the perturbations characteristic
for GQD signal registered by BEL station, can still be recognized on the signal’s phase,
especially in the case of the weaker SF, while in the case of the amplitude, this feature is
no longer observable mostly due to inducing SF’s intensity [5,7,57–59]. Although these
two SF occurred back-to-back, it is possible to determine individual contributions of each
SF on signal recordings. It can be stated that, although these SFs strongly impacted the
Earth-ionosphere waveguide for several hours, as observed from BEL station, the mid-
latitude lower ionosphere fully recovered and went back to its regular conditions. Preflare
ionospheric state can be treated as quiet.

Comparison between GQD and TBB signal recordings, arriving from opposite direc-
tions to the BEL station, but both of short GCPs, is given in Figure 3, as an enlarged section
related to time evolution of X2.2 and X9.3 SFs.

Amplitude change in both signals is of similar behavior, simply following the incident
solar X-ray radiation, with similar relative change in the amplitude amount compared
to unperturbed conditions ∆A ≈ 7 dB. However, in the case of the TBB signal, there is a
more rapid decreasing trend after the peak value corresponding to the maximal amplitude
change in both SF cases. In the case of the GQD signal, relative change in the phase
amount compared to unperturbed conditions ∆Ph (◦) is several tens of degrees, with still
recognizable oscillatory behavior characteristic for BELGQD. Unfortunately, in the case of
the TBB signal, phase data were unusable so that further analysis, neither qualitative nor
quantitative and neither any of the numerical simulations, were not possible to conduct.
The TBB signal recordings given are purely interesting from the point of view of amplitude
comparison with the GQD signal, with total opposite GCPs as recorded in Belgrade.
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Figure 3. Simultaneous variations of X-ray flux (a) with phase delay, (b) amplitude delay, (c) variations
of GQD/22.10 kHz and phase delay, (d) amplitude delay, (e) variations of TBB/26.70 kHz signals
versus universal time UT during occurrence of X2.2 and X9.3 class SFs of 6 September 2017. Observed
amplitude and phase perturbations with the quiet signal of 3 September 2017 (dashed black) are
measured at Belgrade station. Time variation of soft X-ray irradiance is measured by GOES-15 satellite.

3.3. Analysis of Signal Propagation Parameters during Intense SF Events

SFs’ occurrence time and evolution were both favorable regarding applied modeling
procedures, due to stable daytime GQD waveguide conditions. This was particularly
significant for application of the first of previously mentioned numerical procedures in the
Methods section, i.e., application of Wait’s theory through LWPC software utilization, based
upon the two-component exponential model. VLF sub-ionospheric propagation simula-
tions, depending on pair of so-called Wait’s parameters β (km−1) and H’ (km) (representing
time-dependent parameter of lower ionospheric boundary sharpness and VLF signal’s
reflection height), are conducted using Equation (2) valid for daytime ionosphere [39]:

Ne(h, H’, β) = 1.43·1013
·e(-0.15·H’)

·e[(β−0.15)·(h − H’)], (m−3) (2)

Parameters β and H’ for unperturbed daytime ionospheric conditions are within
software predefined as 0.3 km−1 and 74 km, respectively, while for each case of per-
turbed conditions, they must be individually modeled as input parameter pairs along
GCP, depending on determined measured amplitude and phase perturbations. Modeling
procedure is based on trial-and-error technique, with the goal of achieving the best fit
between measured and simulated values of amplitude and phase perturbations obtained
through modeling. Results from this numerical procedure in the case of X2.2 and X9.3 SFs
of 6 September 2017, for their entire time evolution, are given in Figure 4. Both sharpness
(Figure 4b) and effective reflection height (Figure 4a) are in correlation with incident soft
X-ray flux (Figure 4c).
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Figure 4. Simultaneous variations of the effective reflection height h’, (a) sharpness β, (b) and X-ray
flux (c) during the occurrence of two successive X-ray flares of 6 September 2017.

Obtained modeled values of sharpness and reflection heights corresponding to X-ray
flux peaks revealed: in the case of X2.2 SF at 09:10 UT with Ixmax = 2.2658·10−4 Wm−2,
sharpness increased for amount of 0.13 km−1 and reflection height was lowered for 14 km,
while in the case of X9.3 SF at 12:02 UT with Ixmax = 9.3293·10−4 Wm−2, sharpness increased
for the amount of 0.25 km−1 and reflection height was lowered for 15.6 km, compared with
their predefined unperturbed values.

Electron density was calculated at the reflection height, when h = H’ throughout
altitude range corresponding to lower ionosphere (50–90 km), but it must be noted that
at the range boundaries, results obtained from calculations should be taken with caution
due to possible model failure. Electron density profiles corresponding to the influence of
two X-class SFs from 6 September 2017, as observed on the GQD signal at BEL station,
are given in Figure 5, in black and red for X2.2 and X9.3 SFs respectively, while quiet
ionospheric conditions are given in blue. Conducted calculations indicate that Ne for these
two SFs differ within one order of magnitude throughout the entire altitude range. Looking
separately, at a height of 74 km, compared to unperturbed ionospheric state, Ne increased
by almost three and about 3.5 orders of magnitude during the cases of weaker and stronger
SF events respectively.

−

−

 

Figure 5. The height profile of electron density at peak time for two successive X-class SFs of
6 September 2017.
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For time evolution of X2.2 and X9.3 SFs of 6 September 2017, during about 12 h,
a novel approach for obtaining GQD signal propagation parameters, sharpness β and
reflection height H’ from incident solar X-ray irradiance, was applied by employing the
FlarED’ Method and Approximate Analytic Expression application, where electron density
is calculated with simple logarithmic second-degree polynomial Equation (3) specially
designed to take ionospheric response time delay through height-dependent coefficients
into calculations (for more details see [5,40]):

log Ne(h, Ix) = a1(h) + a2(h) · log Ix + a3(h) · (log Ix)2 (3)

where a1(h), a2(h), and a3(h) are height-dependent coefficients, Ix is solar X-ray flux (Wm−2),
and h is height (km). Such calculated Ne values are in good agreement with those obtained
using other simulation methods related to the two-component exponential model and VLF
sub-ionospheric propagation simulations conducted through the use of LWPC software [40].
Figure 6 presents a 12-h variation of solar X-ray flux within two spectral bands provided by
GOES-15 and -13 satellites (Figure 6a) and the corresponding Ne (m−3) during these two
X-class SFs (Figure 6b).

−

−

 

Figure 6. Variation of X-ray flux (a) as measured by GOES-15 and -13 satellites and the surface plot of
corresponding electron density profile (b) versus universal time UT during two successive X-class
SFs of 6 September 2017. The results are obtained using simple approximative Equation (3).

3.4. Analysis of Cosmic Ray Flux Registered by Belgrade Station during Early September 2017

As a result of solar activity at the beginning of September 2017, a strong FD was
detected, resulting in a decrease of CR flux of close to 15% (as observed on the South
Pole [60]). The effect was also detected on lower latitudes, being intense enough to be
detected by underground muon monitors that are generally sensitive to higher energies
of galactic CRs. To get a better perspective of data recorded by Belgrade muon station
during this period (both by GLL and UL), we compared it against selected neutron monitor
measurements (provided by the Neutron Monitor Database [61]). For this purpose, we
chose three NMs: one on the opposite hemisphere with low effective vertical geomagnetic
cutoff rigidity Rc, one near the North Pole, and one relatively close to Belgrade muon
station with a comparable Rc. All selected stations have different asymptotic directions, Rc,
and altitude and are generally sensitive to primary CR with lower median rigidity then
CR detected by Belgrade muon station. Median rigidity (Rm) is the rigidity of primary
CR where half of all contributions to detector count rate originates from primary CR with
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rigidity lower than that specific value. Basic characteristics for NM stations are as follows:
South Pole (SOPO, 90.00◦S, altitude 2820 m, Rc = 0.1 GV, median rigidity Rm = 10 GV),
Thule (THUL, 76.5◦N, 68.7◦W, 26 m, Rc = 0.3 GV, Rm = 12.6 GV), and Athens (ATHN,
37.97◦N, 23.78◦E, 260 m, Rc = 8.53 GV, Rm = 25.1 GV). Belgrade muon station, as mentioned
before, measures muon flux on ground level (GLL, 44.85◦N, 20.38◦E, 75 m, Rc = 5.3 GV,
Rm = 63 GV) and underground level (UL, 44.85◦N, 20.38◦E, 75 m, Rc = 12 GV, Rm = 122 GV).
Median rigidity for NM stations is retrieved from [62]. For Belgrade muon station, Rm

values for GLL and UL were determined using the response function obtained by means
of Monte Carlo simulation for CR transport. Time series of detected flux for all stations
during early September 2017 are given in Figure 7. Flux is normalized using a ten-day
average before the FD. This longer interval was chosen due to unusually high solar activity
during the period of interest.

Figure 7. Normalized time series of secondary CR flux detected at several ground and one shallow-
underground monitors: (a) ground (GLL) and (b) underground (UL) detector at Belgrade muon
station, (c) South pole NM (SOPO), (d) Thule NM (THUL), and (e) Athens NM (ATHN).



Remote Sens. 2023, 15, 1403 12 of 21

Hourly time series show that all stations detected FD around the same time, however,
time profiles are not the same. This is due to the specific sensitivity of selected CR stations
to primary CR with different rigidities. Additionally, the measured magnitude of the
FD is not the same for all detector stations. As expected, UL, GLL, and Athens, with
higher cutoff and median rigidity, recovered from sharp depression sooner than stations at
higher latitudes (with lower Rc). For a more quantitative description of the relationship
between observations from selected monitors, cross-correlation analysis of hourly time
series for different stations can be applied using Pearson coefficient with a 2-tail test for
significance. Correlation coefficients between data recorded by these ground stations
during September 2017 are given in Table 2.

Table 2. Statistical correlation between ground stations during September 2017.

Pearson Corr. ATHN SOPO GLL UL THUL

ATHN 1 0.55084 0.43443 0.5056 0.61535
SOPO 1 0.18941 0.45194 0.81747
GLL 1 0.69325 0.36496
UL 1 0.51526

THUL 1

These ground (and one shallow-underground) stations have different locations, different
cut-off rigidities, and different energy-dependent detection efficiency of the detectors. All
these differences can lead to better understanding of these different correlation coefficients.

Further insight can be gathered by comparing variability of CR flux measured by
different stations, as well as geomagnetic activity and selected space weather parameters
for the early part of September, which are presented in Figure 8. One-hour time resolution
was used for all data. The ICME list compiled by Richardson and Cane [63] and the CME
list provided by SOHO/LASCO [64] were used to precisely time the near Earth passage of
two ICMEs observed during this period (respective time intervals indicated in Figure 8 by
dashed blue lines).

In the days following early September X-flares, two sudden storm commencements
(SSCs), or two shocks, arrived during the last hours of 6–7 September (indicated by solid
blue lines in Figure 8). They were followed by a sheath region and ICME ejecta. Interaction
of shock and sheath region of ICME2 with ICME1 ejecta, visible in the sudden change of
solar wind parameters, led to the observed intense geomagnetic activity and consequent
FD. This CME-CME interaction with its complex structure was the main reason for the
extensive geomagnetic storm [65] and a strong detected FD. With arrival of the first ICME,
CR flux showed a small decrease detected as a low-magnitude FD by NM stations [66] (at
23:43:00 UT on 6 September, with magnitude of 1.8% according to IZMIRAN database).

When the second fast interplanetary shock arrived and interacted with ejecta from
the previous ICME, a sharp decrease in CR flux and one of the largest FDs in solar cycle
24 was detected (at 23:00:00 UT on 7 September, with magnitude of 7.7% according to
IZMIRAN database). Main FD was clearly visible even with muon detectors, which leads
to the conclusion that inhomogeneities in the heliosphere created by interaction of these
two ICMEs modulated CR extensively. The recovery phase of this FD was influenced by
disturbed interplanetary condition, the effect being dependent on particle energy as was
evident by comparing profiles of CR time series recorded by different stations. Before the
end of the recovery phase, another flare (X8.2 of 10 September) led to a small ground level
enhancement (GLE), the last one of solar cycle 24 (GLE #72). Recovery time of the main FD
was approximately three days in total, which is a relatively short period for such a large CR
modulation. Cross-correlation coefficients between CR time series measured by Belgrade
muon station and selected space weather parameters for the period of six days (during
5–10 September) are given in Table 3.
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Figure 8. Hourly variation in CR intensity measured at ground station ((f) UL, (g) GLL, (h) Thule),
(e) magnitude of interplanetary magnetic field B, (d) velocity of solar wind V, (c) Dst index, (b) proton
temperature, and (a) one of the proton channels measured by ERNE/SOHO during early September
2017 (period 4th–10th).

Table 3. Statistical correlation (with significance) between time series of CR flux measured at ground
stations and selected space weather parameters during 5–10 September 2017.

Pearson Corr. Thule GLL UL

Thule 1
GLL 0.67213 (<10−6) 1
UL 0.62741 (<10−6) 0.75552 (<10−6) 1

Average B −0.238 (<0.008) −0.242 0.007 −0.243 <0.007
SW speed −0.80562 (<10−6) −0.62829 (<10−6) −0.58503 (<10−6)
Dst Index 0.77923 (<10−6) 0.6979 (<10−6) 0.65494 (<10−6)

Proton Channel
16–20 MeV

0.43083 <10−5 0.38276 <10−4 0.31715 <10−3

During this period, apparent correlation can be established between selected parame-
ters. This correlation is larger for Thule NM than in the case of Belgrade Muon monitor.
Due to the short period, correlation between proton flux at L1 and detected CR flux on all
stations is exaggerated.
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4. Discussion

The cascade of strong solar activity from AR12673 that occurred in early September 2017
was among others characterized by a number of SFs. Several concurrent interconnecting
CMEs/ICMEs emerged in a relatively short period, inducing a disturbance in the heliosphere.
The complex structure of interacting CMEs/ICMEs produced an extensive geomagnetic
storm and ionospheric disturbance and affected the flux of primary CR (visible as a FD).
Additionally, the mentioned phenomena were responsible for the increased flux of energetic
particles in interplanetary space. The origin and acceleration mechanism for energetic protons
measured at L1 is not so straightforward to determine due to complicated interactions of
all effects potentially involved. In case these particles originate from the Sun, correlation
between SF properties and SEP fluence is supposed to be rather poor, although it is suggested
that primary acceleration of SEP to higher energies occur in close proximity to the flare
site [67,68]. If, on the other hand, these particles are accelerated in interplanetary space due
to the passage of ICME shock, some correlation can be established (i.e., between measured
proton fluence and CME/ICME velocity). However, regardless of their origin, the shape of
energetic proton fluence spectrum can hold useful information about heliospheric disturbance
and can even provide insight into the effect that this disturbance has on the flux of primary
CR in interplanetary space (especially when more intense events are concerned). That was
also demonstrated in this case, where the magnitude of the corresponding FD corrected for
magnetospheric effect estimated from proton fluence spectra was in good agreement with the
value for MM calculated based on NM measurements.

Impacts of the soft range X-ray solar electromagnetic radiation released from two pow-
erful SF events from 6 September 2017 onto the European mid-latitude ionospheric D-region
were monitored and inspected based on recordings from BEL narrowband VLF receiving
station, belonging to a global ground-based VLF network system. Lower ionospheric
disturbances induced by incident soft range X-ray radiation were indirectly examined
regarding simultaneous perturbations of VLF radio signals’ propagation parameters within
the Earth-ionosphere waveguide, with analysis conducted for signals with short GCPs
(Table 1; Figure S3).

Aside from quiet ionospheric preflare conditions, SFs’ occurrence times were also
favorable in terms of applied modeling procedure using the LWPC software package, since
analyzed signals on their GCPs towards BEL station were transmitted through waveguides
under already established stable daytime ionospheric conditions. Since this procedure
relies on trial-and-error technique in acquiring the best fitting pair of Wait’s parameters
for depicting real measured data with the modeled data, and from that, by obtaining
information regarding lower ionospheric conditions based on modeled ones, both of these
prerequisites significantly eased an already highly challenging task of modeling X-class
SFs and especially those most energetic among them. In such disturbed conditions, both
ionospheric plasma properties and related corresponding VLF signal propagation parame-
ters are drastically changed compared with the regular state. Accordingly, electron density
height profiles are also changed in regard to both time and space distributions. As expected,
the evolution of observed VLF signals’ perturbations was with similar characteristics,
following a lower ionospheric response to incident solar X-ray flux with delay times corre-
sponding to the sluggishness of the ionosphere and were of amounts expected for cases
of such powerful events (Figure 3). Their back-to-back occurrence did not allow for indi-
vidual duration specification of each SF’s impact on analyzed VLF signals, however, their
individual contribution was possible to determine. According to registered VLF BEL data,
after a several-hour lasting disturbance, the lower ionosphere fully recovered (Figure S4).

For the state of maximal perturbation that corresponds to SFs’ X-ray flux peaks,
perturbed GQD signal’s amplitudes are 118% and 117% of unperturbed, while phases
are 165% and 192% of unperturbed. Wait’s parameters are in correlation with incident
soft X-ray flux and modeling results based upon exponential conductivity increase with
height within the ionosphere suggesting that perturbed sharpnesses are 143.3% and 183.3%
of unperturbed, while perturbed reflection heights are 81% and 78.9% of unperturbed,
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respectively to SFs (Figure 4). As expected, in the case of the stronger SF event, propagation
was more affected by the induced disturbance, causing the reflecting edge boundary to
become significantly sharper, while reflecting edge height descended for 1.6 km−1 more
than in case of the weaker one. Numerically, simulated ionospheric conditions fit well
with observed ones, as indirectly obtained through GQD signal’s amplitude and phase
measurements. Due to its short GCP and stable daytime ionospheric conditions, averaged
conditions that were held within the waveguide during the modeling procedure can be
considered reliable. Electron densities calculated using Equation (2) for the D-region
altitude range show about one order of magnitude difference between analyzed SFs at their
peak, giving a reflection height of 74 km an increase in electron density of 82.1% compared
between stronger and weaker events (Figure 5).

The effects on the ionosphere of the largest SF event of the last decade, X9.3 together
with X2.2, occurred on 6 September 2017, observed through GQD VLF signal response in
relation to the SF class, were compared with some other cases of strong SF events, including
several major SFs (2003–2011 of class X28+–X6.9) and other SFs (from 2006–2017 of class
X1–X9.3 and from period 1994-1998 in range X1–X5). Figure S5 provides a comparison of the
results obtained in this study (black stars) and those available in the literature [5,7,8,69–77].
Presented ionospheric parameters (β and H’) and corresponding electron densities are
related to results from two hundred cases of SF events recorded in Belgrade on GQD trace in
the period of 2003–2017 in other mid-latitudinal ionospheric sectors and the low-latitudinal
ionospheric sector. In order to ensure better insight into the tendency of parameters with the
SF events’ strength, smaller diagrams containing the entire C–X-class range are embedded
in Figure S5. It can be seen that values of signal parameters for some X-class events are
quite scattered.

Our results fit well with the general trend (linear fit), considering that most of the
available cases taken into consideration are from the mid-latitudinal sector. A significant
discrepancy notable in the enlarged X-class section, related to results from [69] and [70],
is probably caused by latitudinal factor (due to low-latitudinal observations likewise
as suggested in [71] and similarly due to observations obtained more towards higher-
latitude compared with Belgrade receiver site, respectively). A novel proposed approximate
method that employs approximative Equation (3) for obtaining ionospheric parameters
was validated both for cases of weaker and stronger SFs and expanded further towards the
upper boundary of X-class range, as compared to recent previous studies employing this
technique. Applied novel approach provides mapping of the entire ionospheric altitude
range (Figure 6) in a simpler and easier to conduct manner. Results obtained in this study
using this novel approach applied to X-class SFs could be useful for validation of the
available ionospheric models and as input data for other climate models.

Furthermore, increased solar activity at the beginning of September 2017 had a sig-
nificant effect on cosmic rays observed as a decrease in measured flux by all relevant CR
stations. Intensity of the event was such that the energy range of affected primary CR was
wide enough for the effect to be detected both by neutron monitors and muon detectors.
The decrease was even observable in shallow-underground muon measurements, although
to a much lesser extent. Temporal agreement between measurements taken by different
detectors was good, while the shape of detected FD varied, as would be expected due
to difference in location, instrument design, and sensitivity. Cross-correlation analysis of
hourly time series for different stations (presented in Table 2) shows expected positive
correlation, where obtained coefficients are consistent with values expected based on differ-
ences in detector location, particular setups, station specific environmental conditions, and
most importantly, the energy (rigidity) range of primary CR they are sensitive to. GLL and
UL have the same position, however, correlation is not so high (≈0.7) due to different Rc

and Rm. Nevertheless, this correlation is higher than that between either of the detectors
and any of the neutron monitor stations. NMs have more similar Rc and Rm values, so
this correlation is greater despite their different location. As far as correlation between
measured CR flux and selected space weather and geomagnetic parameters is concerned,
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a larger correlation observed for NM (Table 3) can almost certainly be attributed to the
fact that muon detectors are sensitive to higher energy CR (which are less modulated by
disturbances in the heliosphere). Correlation between selected proton channel (particles
with energy between 16 and 20 MeV) and CR flux is exaggerated as it is a consequence
of a relatively short time interval taken for analysis. This value is greatly reduced if a
longer interval is taken into consideration, even appearing as a small anticorrelation. This is
expected as proton flux with its turbulent magnetic field scatters CR and thus can produce
a decrease in detected CR flux. Inverse correlation of magnetic field and solar wind speed
with CR flux is anticipated due to the same reason.

Forbush decrease in early September 2017 was caused by compound solar wind dis-
turbance formed due to the interaction of several ICMEs. This time interval is particularly
interesting because it happens in a descending-to-minimum phase of a solar cycle. The
apparent multitude of solar activity is more characteristic to other phases. For example,
similar series of successive CMEs led to FD in March 2012 [78] during the ascending phase
of the solar cycle, but this heightened activity of the Sun, isolated between relatively quiet
periods, allows for better study of the phenomena. Forecasting these multiple CME interac-
tion events and predicting time of arrival is very difficult [45] but needed, so this series of
events can be a good case study.

Although no apparent correlation between SF intensity and solar wind and FD param-
eters is clearly demonstrable, the majority of more intense FDs are caused by a CME/ICME
following a significant SF, thus indicating a likely connection. For one such complex event,
accompanying disturbances induced in the heliosphere, magnetosphere, and ionosphere
are generally directly attributed to different sources and establishing clear relationships be-
tween various parameters used to describe them is far from straightforward. Yet, based on
some general features, it is possible to make rudimentary event classification, where within
certain classes, some of these relationships may be more pronounced. Strong flares do not
necessarily produce a significant FD (although can have an associated GLE, as is the case
for X14.4 flare that occurred on 15 April 2001), can produce both strong FDs and GLEs (e.g.,
GLE #69 on 20 January 2005, GLE #66 on 28 October and GLE #67 on 2 November 2003), or
can produce strong FD but without associated GLE (e.g., 7 March 2012, related to X5.4 flare
and September 2017 event studied here). It has been shown [49,79] that events that fall
in this last category exhibit stronger correlations between FD magnitude and some space
weather parameters, specifically average CME speed. More recently, a correlation between
FD magnitude (especially in the case of more intense FDs) and shape of energetic proton
spectra measured at L1 has been reported for this class of events. As the number of such
events is relatively low, it is of significance that results presented in this work are consistent
with the indicated relationship. For reference, dependence of FD magnitude on selected SF,
CME, and geomagnetic parameters for some of the mentioned events is given in Figure S6.

5. Conclusions

The influence of severely disturbed space weather conditions of 6 September 2017
on parameters of the Earth’s atmosphere was studied, in relation to the relatively close
and far surroundings of the Earth. The influence of strong X-class SFs on the ionosphere
and primary cosmic rays, based on space- and ground-based observations on one hand
and simulations on the other hand, are presented. It contributes to better understanding
of solar-terrestrial coupling processes and how primary cosmic rays and the ionosphere
respond under conditions during the X-class SF events. Based on the results presented, the
following conclusions can be drawn:

- SEP fluence during strongly disturbed conditions of the heliosphere in early September
2017 was calculated from SOHO/ERNE data and modeled using double power law.
Relationships between power exponents used to parameterize the shape of fluence
spectrum and FD magnitude corrected for magnetospheric effect are consistent with
ones expected for this type of event. Hourly time series of secondary CR flux, detected
by several ground-based monitors and one shallow-underground monitor, show that



Remote Sens. 2023, 15, 1403 17 of 21

all stations detected FD at the same time. Cross-correlation between these time series,
and between CR time series and some geomagnetic activity indices, as well as selected
IMF and solar wind parameters, are presented. Sensitivity of different stations to
primary CR with different rigidity results in different time profiles, maximal decreases,
and duration of recovery phase of FD;

- We observed that a correlation between heliospheric and geomagnetic parameters
decreases with increase of median energy of the CR detected by different stations
and that shows an extension of CR modulation of complex CME-CME interaction
structure initiated with strong SFs;

- Impact of intense solar activity onto the Earth’s lower ionosphere, through analyzed
X-class SFs, was clearly observed (perturbed amplitudes are 118% and 117% of unper-
turbed, while perturbed phases are 165% and 192% of unperturbed, for X2.2 and X9.3,
respectively). BEL AbsPAL recordings of registered VLF signals during SF events are
in correlation with X-ray flux (with time delays corresponding to the sluggishness of
the ionosphere). Although X2.2 and X9.3 occurred back-to-back, it was possible to
determine individual contributions of each SF based upon registered VLF signals;

- Numerical simulations were conducted through the application of the LWPC software
package and the FlarED’ Method and Approximate Analytic Expression application’s
novel approach. The ionospheric parameters (sharpness and effective reflection height)
and electron density are in correlation with incident X-ray flux of soft range. Ne for
these two SFs revealed the difference within one order of magnitude throughout the
entire altitude range considered. Compared to quiet ionospheric conditions, Ne at the
reference height increased by several orders of magnitude during both SF events. As
monitored by BEL VLF station in the mid-latitudinal sector, both presented X-class SFs
are common in properties and behavior, as could be expected for intense SF events,
according to their strength. However, there is a significant difference in estimations
of ionospheric parameters related to some other cases of reported X-class SFs from
different sectors.

Although there are numerous papers related to the influence of SF events on Earth’s
ionosphere, the vast majority of present case studies of selected SF events, more or less
are extensively related to numbers of examined cases. X-class SF events have never been
systematically studied in terms of lower ionospheric response. Coupling processes between
such extreme space weather events and the lower ionosphere are not well understood.
In addition, many intense SF events are related to other energetic solar events like CMEs
and SEPs. Comprehensive research is needed especially in terms of retrieving a global
(worldwide) lower ionospheric response to such strong events from propagation param-
eters of radio signals as a remote sensing technique. Case studies, although restricted to
some selected events and with great contribution of “local” components contained within
obtained and presented results, would provide substantial contributions.

This study emphasized the relevance of the ionospheric response, which was analyzed
using a multi-instrument method, and gave a comprehensive examination of the events
from the Sun to the Earth. It gave an insight into the sudden increase in ionization during
the storm and strong SFs from the beginning of September 2017 and the potential effects on
radio communication. Since conditions in the D-region of the ionosphere have a dramatic
effect on high frequency communications and low frequency navigation systems, the
ionospheric responses (and its parameters like β, H’ and Ne) to severe SFs are a key
topic of study in ionospheric physics and are considered to be an important factor for
space weather predictions, improvement of empirical models, and applications of machine
learning techniques in atmospheric sciences.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/rs15051403/s1, Figure S1: Differential SEP fluxes during extreme
solar event in September 2017, measured by SOHO/ERNE energetic particle sensors LET (Low
Energy Detector) proton channels. Red vertical dashed lines indicate the time for the start and the end
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of interval used to calculate the integral flux.; Figure S2: Differential SEP fluxes during extreme solar
event in September 2017, measured by SOHO/ERNE energetic particle sensors HET (High Energy
Detector) proton channels. Red vertical dashed lines indicate the time for the start and the end of
interval used to calculate the integral flux.; Figure S3: The geographic position of Belgrade (BEL) VLF
receiver and the GQD transmitter (54.73◦N, 2.88◦W), Anthorn UK and TBB transmitter (37.43◦N,
27.55◦E) Bafa Turkey with GCP of sub-ionospheric propagating VLF signals.; Figure S4: Simultaneous
variations of X-ray flux (red), phase (blue), and amplitude (orange) of GQD/22.10 kHz signal versus
universal time UT during occurrence of X2.2 and X9.3 class solar flares of 6 September 2017 (from
upper to lower panel). Observed amplitude and phase perturbations on GQD radio signal, as well as
quiet signal (dashed black), are measured at Belgrade station. Time variation of soft X-ray irradiance
is measured by GOES-15 satellite.; Figure S5: Lower ionospheric response to SF events of different
strength across X-class (shaded gray area), obtained indirect modeling of VLF signals’ propagation
parameters: (a) sharpness β (km−1), and (b) effective reflection height H’, (km) and (c) estimated
corresponding electron densities Ne (m−3), in function of X-ray flux; results from our research are
presented by black stars.; Figure S6: Magnitude of the FD versus the average CME velocity between
the Sun and the Earth, calculated using the time of the beginning of the associated CME observations
(a) Minimal Dst-index in the event, (b) maximal X-ray flare power (c) with associated flare indicated
in red.
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Figure S1. Differential SEP fluxes during extreme solar event in September 2017, measured by SOHO/ERNE energetic particle sensors LET (Low 

Energy Detector) proton channels. Red vertical dashed lines indicate the time for the start and the end of interval used to calculate the integral 

flux. 

 



 

 

Figure S2. Differential SEP fluxes during extreme solar event in September 2017, measured by SOHO/ERNE energetic particle sensors HET (High 

Energy Detector) proton channels. Red vertical dashed lines indicate the time for the start and the end of interval used to calculate the integral 

flux. 

  



 

 

Figure S3. The geographic position of Belgrade (BEL) VLF receiver and the GQD transmitter (54.73° N, 2.88° W) 

Anthorn UK and TBB transmitter (37.43° N, 27.55° E) Bafa Turkey with GCP of sub-ionospheric propagating VLF 

signals. 

 

 

 

 

 

 

 



  

Figure S4. Simultaneous variations of X-ray flux (red), phase (blue) and amplitude (orange) of GQD/22.10 kHz signal 

versus universal time UT during occurrence of X2.2 and X9.3 class SFs of September 6th, 2017 (from upper to lower 

panel). Observed amplitude and phase perturbations on GQD radio signal, as well as quiet signal (dashed black), are 

measured at Belgrade station. Time variation of soft X-ray irradiance is measured by GOES-15 satellite. 
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(c) 

Figure S5. Lower ionospheric response to SF events of different strength across X-class (shaded gray area), obtained 

indirect through modeling of VLF signals' propagation parameters: (a) sharpness β (km-1) and (b) effective reflection 

height H’ (km) and (c) estimated corresponding electron densities Ne (m-3), in function of X-ray flux; results from our 

research are presented by black stars. 

 

Our results (black stars) are compared to other studies including several major cases of strong SF events 

from period 2003-2011 with SF cases of class X28+–X6.9 (a-d) and with some other cases from period 2006-

2017 covering range X1-X9.3 (e-i) and from period 1994-1998 in range X1-X5 (j): 

a) X6.9 of August 9th, 2011 at 08:05UT - strongest SF of 24th solar cycle, associated with CME and SPE 

events; at low-latitude site [71,69] 

b) X9 of December 5th, 2006 at 10:35UT – strongest SF in 2006 and eighth of 23rd solar cycle; at mid-

latitude site (Belgrade VLF database) [7] 

c) X28+ of November 4th, 2003 at 19:53UT – one of strongest solar flares ever recorded and strongest 

of 23rd solar cycle associated with CME and SPE events, from very active period October 20th- 

November 5th, 2003 including X10.1 of October 29th, 2003 at 20:49UT and X8.3 of November 2nd, 

2003 at 17:25UT third and fourth in 2003 and sixth and ninth of 23rd solar cycle, both associated 

with CME; at mid-latitude site [72] 

d) X7.1 of January 20th, 2005 at 07:01UT – second strongest SF in 2005 and tenth of 23rd solar cycle 

associated with CME and SPE events, from active period January 15th–22nd, 2005; at mid-latitude 

site (Belgrade VLF database) [73,74] 



e) X1.1-X2.2 of June 10th and 11th, 2014 (CME?) & X17.2 of October 28th, 2003 (associated with CME 

and SPE events); at mid-latitude site (Belgrade VLF database) [5] 

f) X1.3 of September 7th, 2017; at mid-latitude site (Belgrade VLF database) [8] 

g) X1.3-X9.3 of June 10th, 2014 & September 6th–10th, 2017, with strongest two of them (both above 

X5) associated with CME; at mid-latitude site, but a bit northward from Belgrade [70] 

h) X1.5 of December 14th, 2006 at 22:15UT; at low-latitude site [75] 

i) X1-X3.2 in period May–December 2013, all associated with CME and one of the weaker ones 

associated with SPE; at low-latitude site [76] 

j) X3-X5 in period 1994-1998, some associated with CME and SEP events; at mid latitude site [77] 

 

 

 

 

 

 

 



 

Figure S6. Magnitude of the FD versus the average CME velocity between the Sun and the Earth, calculated using the 

time of the beginning of the associated CME observations (a), Minimal Dst-index in the event (b), maximal X-ray flare 

power (c), with associated flare indicated in red. 
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Abstract. A stand-alone lidar-based method for detecting
airborne hazards for aviation in near real time (NRT) is
presented. A polarization lidar allows for the identifica-
tion of irregular-shaped particles such as volcanic dust and
desert dust. The Single Calculus Chain (SCC) of the Eu-
ropean Aerosol Research Lidar Network (EARLINET) de-
livers high-resolution preprocessed data: the calibrated to-
tal attenuated backscatter and the calibrated volume linear
depolarization ratio time series. From these calibrated lidar
signals, the particle backscatter coefficient and the particle
depolarization ratio can be derived in temporally high reso-
lution and thus provide the basis of the NRT early warning
system (EWS). In particular, an iterative method for the re-
trieval of the particle backscatter is implemented. This im-
proved capability was designed as a pilot that will produce

alerts for imminent threats for aviation. The method is ap-
plied to data during two diverse aerosol scenarios: first, a
record breaking desert dust intrusion in March 2018 over Fi-
nokalia, Greece, and, second, an intrusion of volcanic parti-
cles originating from Mount Etna, Italy, in June 2019 over
Antikythera, Greece. Additionally, a devoted observational
period including several EARLINET lidar systems demon-
strates the network’s preparedness to offer insight into natu-
ral hazards that affect the aviation sector.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction

During the aviation crisis related to the volcanic eruption
of Eyjafjallajökull, Iceland, in 2010, the European Aerosol
Research Lidar Network (EARLINET; Pappalardo et al.,
2014) provided range-resolved information to the World Me-
teorological Organization (WMO) on a daily basis (reports
available at: https://www.earlinet.org, last access: 31 Octo-
ber 2019). The reports communicated the altitude, time, and
location of the volcanic clouds over Europe. Furthermore, the
time–height evolution of the lidar returns was freely avail-
able in near real time (NRT) on the EARLINET website.
The nonautomated, non-harmonized, and non-homogenized
process and the lack of tailored products for natural haz-
ards made the EARLINET data disregarded in the decision-
making process.

The lessons learned from the Eyjafjallajökull crisis em-
phasized the vulnerability of air transportation to natural
hazards (Bolic and Sivcev, 2011). Volcanic ash plumes, as
well as desert dust outbreaks, present an imminent threat to
aviation as they lead, among others, to poor visibility with
considerable consequences to flight operations (Bolic and
Sivcev, 2011; Middleton, 2017). Aircraft that do fly in vol-
canic/desert dust conditions can have a variety of damage
from scouring of surfaces to engine failure (Eliasson et al.,
2016). The aftermath of an encounter can be immediate, re-
ducing flight safety; furthermore, it can financially affect the
airlines due to higher maintenance costs and the replacement
of mechanical equipment.

Furthermore, the Eyjafjallajökull eruption highlighted the
gap in the availability of real-time measurements and moni-
toring information for airborne hazards. Specifically, the lack
of height-resolved information, a key aspect in flight plan-
ning and mitigation strategies, became evident. In the frame
of the Horizon 2020 research project EUNADICS-AV (Euro-
pean Natural Disaster Coordination and Information System
for Aviation; https://www.eunadics.eu, last access: 31 Oc-
tober 2019) funded by the European Commission, differ-
ent organizations worked together in a consortium to pro-
vide relevant data during situations when aviation is affected
by airborne hazards (e.g., volcanic ash, desert dust, biomass
burning, radionuclide). Crucial for the overall success of the
project and the early warning system (EWS) design were the
review of the available observations and the collection of spe-
cific requirements from the different stakeholders that once
more pointed out the importance of height-resolved informa-
tion.

A polarization lidar is an important tool to character-
ize the different aerosols. This system permits the discrim-
ination of light-depolarizing coarse-mode particles such as
volcanic and desert dust and fine-mode particles such as
smoke particles and anthropogenic pollution (e.g., Tesche
et al., 2011; Mamouri and Ansmann, 2017). Further, the lidar
setup allows for the retrieval of coarse-mode and fine-mode
backscatter coefficients for wavelengths of 532 and 1064 nm

(e.g., Tesche et al., 2009). When synergistically used with
a photometer, it is possible to retrieve their mass concentra-
tion profile (e.g., Ansmann et al., 2012; Lopatin et al., 2013;
Chaikovsky et al., 2016).

During the last years, EARLINET has strongly increased
its observing capacity with the addition of new stations and
a system upgrade, namely, the installation of depolariza-
tion channels. In addition, the further development of the
Single Calculus Chain (SCC) (D’Amico et al., 2015, 2016;
Mattis et al., 2016) under the ACTRIS (Aerosols, Clouds
and Trace gases Research InfraStructure Network) umbrella
eliminated the inconsistencies in the retrieval procedures and
in the signal error calculation, automated the data evaluation,
and now allows for NRT data processing and the generation
of tailored products network-wide. EARLINET has already
demonstrated the network’s NRT capabilities, as well as as-
sisted modeling studies in NRT evaluation and assimilation
(Wang et al., 2014; Sicard et al., 2015). As a consequence,
EARLINET is prepared to provide prompt, height-resolved
information and tailored products that were greatly missed
during the 2010 aviation crisis. Therefore, a methodology for
an early warning system based solely on EARLINET data is
developed.

In Sect. 2, we present the EARLINET remote sensing net-
work and the data that we used in this study. In Sect. 3, we
introduce the methodology of the EARLINET-based EWS.
In Sect. 4, we present the results obtained by applying the
methodology to real measurements and the lessons learned
from a multi-station EARLINET observational period. Fi-
nally, in Sect. 5, we give our conclusions and indicate di-
rections for future work.

2 EARLINET

The European Aerosol Research Lidar Network (EAR-
LINET; Pappalardo et al., 2014) was established in 2000,
provides aerosol profiling data on a continental scale, and is
now part of the Aerosols, Clouds, and Trace gases Research
InfraStructure (ACTRIS; https://www.actris.eu, last access:
31 October 2019). Nowadays, more than 30 stations are ac-
tive and perform measurements according to the network’s
schedule (one daytime and two nighttime measurements
per week). Figure 1 illustrates the network’s geographic
extent and the location of the active EARLINET stations
(green squares) and the joining EARLINET stations (yel-
low squares), together with the non-active site of Finokalia
(red square), for which lidar data are used in this study. Fur-
ther measurements are devoted to special events, such as vol-
canic eruptions, forest fires, and desert dust outbreaks (e.g.,
Mona et al., 2012; Pappalardo et al., 2013; Ortiz-Amezcua
et al., 2017; Granados-Muñoz et al., 2016). The majority of
the EARLINET stations operate multi-wavelength Raman li-
dars that combine a set of elastic and nitrogen inelastic chan-
nels and are equipped with depolarization channels. This li-
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Figure 1. The EARLINET network in Europe. The green squares
indicate the active stations, the yellow squares indicate the join-
ing stations, and the red square indicates the non-active Finokalia,
Greece, station.

dar configuration allows for the retrieval of intensive aerosol
profiles, such as the particle lidar ratio, particle Ångström ex-
ponent, and particle depolarization ratio. These variables are
shown to vary with the aerosol type and location, and, con-
sequently, EARLINET stations are able to characterize the
aerosol load (Müller et al., 2007). Accordingly, EARLINET
has established tools for automatic aerosol characterization
(Nicolae et al., 2018; Papagiannopoulos et al., 2018).

To ensure a homogeneous, traceable, and quality-
controlled analysis of raw lidar data across the network, a
centralized and fully automated analysis tool, called the Sin-
gle Calculus Chain (SCC), has been developed within EAR-
LINET (D’Amico et al., 2015, 2016; Mattis et al., 2016).
Raw lidar data are first submitted to the central SCC server by
each EARLINET station, and several lidar products are gen-
erated automatically. In particular, low-resolution (in both
time and space) uncalibrated preprocessed products provided
by the SCC EARLINET Lidar Pre-Processor (ELPP) module
(D’Amico et al., 2016) and aerosol optical properties vertical
profiles provided by the SCC EARLINET Lidar Data Ana-
lyzer (ELDA) module (Mattis et al., 2016) are made avail-
able. Recently a new version of the SCC has been released
providing also standardized high-resolution preprocessed li-
dar products. These new products include the calibrated at-
tenuated backscatter coefficient and volume linear depolar-
ization ratio time series at instrumental time and space reso-
lution. Particular attention has been paid to the calibration of
the high-resolution products; an automatic and fully trace-
able calibration procedure using the low-resolution SCC-
retrieved particle backscatter and extinction coefficients has
been designed and implemented in the SCC framework.

The cloud screening module is responsible for cloud iden-
tification in uncalibrated lidar signals and especially with low

clouds since such clouds do not permit the aerosol optical
property retrieval by ELDA. Note that the cloud removal is
also essential in our EWS methodology. The input of the
algorithm is the high-resolution preprocessed signals pro-
duced by the SCC HiRELPP (High-Resolution EARLINET
Pre-Processor) module. The current cloud screening detects
clouds as bins with irregularly high values in signal and edge
strength (Nixon and Aguado, 2019; Tramutoli, 1998). The
algorithm works well with uncalibrated signals recorded by
multiple lidar systems across EARLINET. However, the false
detection of aerosol-laden bins as cloud can occur, especially
in cases where there is high contrast between an aerosol layer
and the rest of the atmosphere. For this reason, the develop-
ment of a cloud screening module based on calibrated lidar
signals and quantitative criteria is foreseen.

The calibrated high-resolution data along with the cloud
screening output are essential for the proposed methodology
and are used in the EWS. The methodology to derive the par-
ticle high-resolution data that are described in Sect. 3 is first
cloud cleared and second based on 5 min and 30 m averaged
profiles in order to increase the signal-to-noise ratio.

2.1 The sites of Finokalia and Antikythera, Greece

The EARLINET component of NOA (National Observatory
of Athens) for the period of April 2017 until May 2018 was
deployed through the NOA lidar system on the north coast
of Crete. The Finokalia Atmospheric Observatory (35.34◦ N,
25.67◦ E) is a research infrastructure with activities covering
in situ aerosol characterization, 3-D aerosol distribution, and
gas precursors. Since June 2018, the system has been located
on the island of Antikythera, where a suite of remote sensing
sensors are installed in order to study the properties of natural
aerosol particles (e.g., sea salt, dust, volcanic ash) in Mediter-
ranean background conditions. The islands of Crete and An-
tikythera are very often affected by windblown dust origi-
nating from the Sahara due to their proximity to the African
coastline, and this can be along the traveled path of volcanic
dust and sulfate aerosols from the Italian active volcanoes
(e.g., Hughes et al., 2016).

The NOA lidar system PollyXT (e.g., Engelmann et al.,
2016) operates in the frame of EARLINET and under the um-
brella of ACTRIS. The system is equipped with three elastic
channels at 355, 532, and 1064 nm, two vibration-rotation
Raman channels at 387 and 607 nm, two linear depolariza-
tion channels at 355 and 532 nm, and one water vapor chan-
nel at 407 nm. Depending on the atmospheric conditions, the
combined use of its near-range and far-range telescopes pro-
vides reliable vertical profiles of aerosol optical properties
from 0.2–0.4 km to almost 16 km in height.

2.2 Additional data

For the detection of the desert dust plume, satellite imagery
from the Spinning Enhanced Visible Infrared Imager (SE-
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VIRI) is used. SEVIRI is a line-by-line scanning radiome-
ter on board the Meteosat Second Generation (MSG) geosta-
tionary satellite. It provides data in 12 spectral bands every
15 min for the full Earth disk area. The spatial resolution is
around 3 km at the nadir, which is different from the high-
resolution visible (HRV) band (1 km). In this study, we used
a largely accepted multi-temporal scheme of satellite data
analysis (Tramutoli, 2007) to detect the dust plume over the
Mediterranean basin. In particular, we used the eRSTDUST
(enhanced robust satellite technique for dust detection) algo-
rithm (Marchese et al., 2017), which combines an index ana-
lyzing the visible radiance (at around 0.6 µm) to another one
based on the brightness temperature difference (BTD) of the
signal measured by the SEVIRI spectral channels centered at
10.8 and 12 µm wavelengths.

For the detection of the volcanic dust, we use the La-
grangian transport model FLEXPART (FLEXible PARTi-
cle dispersion model; Brioude et al., 2013; Stohl et al.,
2005) in a forward mode to simulate the dispersion of vol-
canic emissions from Mount Etna, Italy. Dispersion simu-
lations are driven by hourly meteorological fields from the
Weather Research and Forecasting model (WRF; Skamarock
et al., 2008) at 36 km×36 km horizontal resolution. The ini-
tial and boundary conditions for the off-line coupled WRF–
FLEXPART runs are taken from the National Center for En-
vironmental Prediction (NCEP) final analysis (FNL) dataset
at a 1◦ × 1◦ resolution at 6-hourly intervals. The sea surface
temperature (SST) is taken from the NCEP 0.5◦ × 0.5◦ anal-
ysis. The simulated case study did not include an eruptive
stage; therefore, the initial injection height is set from the
crater level (3.3 km at sea level, a.s.l.) up to 4 km a.s.l. A total
of 10 000 tracer particles are released for this simulation. Dry
and wet deposition processes are also enabled in these runs.
Saharan dust transport is also described in WRF with the Air
Force Weather Agency (AFWA) scheme (Jones et al., 2012).

3 Methodology

3.1 Retrieval of the particle parameters in temporally

high resolution

The delivery of an alert using EARLINET data is based on a
two-step approach. In the first step, the high-resolution cali-
brated data are used to estimate the particle backscatter co-
efficient and the particle linear depolarization ratio. In or-
der to retrieve the particle backscatter coefficient, an iter-
ative methodology is adapted. The methodology, described
in Di Girolamo et al. (1999), is able to retrieve a particle
backscatter coefficient with an overall error of no more than
50 %. Prior to that, the cloud contaminated pixels are re-
moved from the data using the cloud screening algorithm de-
veloped for the SCC (see Sect. 2).

The method is similar to that of Mattis et al. (2016) in
which SCC is employed to derive optical products from elas-

tic backscatter signals. For an ever-available NRT and auto-
mated aerosol retrieval, we use channels for elastic backscat-
tering, including depolarization, since Raman observations
during daytime have been hitherto challenging.

The calibrated attenuated backscatter coefficient provided
by the SCC can be written as

βatt(λ,r) =
[

βmolec.(λ,r) + βpar(λ,r)
]

T 2
molec.(λ,r)T 2

par(λ,r), (1)

where βpar(λ,r) and βmolec.(λ,r) are, respectively, the
backscatter coefficient for particles (par) and molecules
(molec.); T 2

par(λ,r) and T 2
molec.(λ,r) represent the two-way

attenuation to and from range r due to, respectively, particles
and molecules at wavelength λ. The latter can be expressed
as

T −2
par/molec.(λ,r) = exp



−2

R
∫

0

α−1
par/molec.(λ,r)dr



 , (2)

where αpar(λ,r) and αmolec.(λ,r) are the particle and molec-
ular extinction coefficients, respectively. The term λ is omit-
ted from the subsequent expressions as the analysis explicitly
focuses on 532 nm. The terms αmolec.(r) and βmolec.(r) can
be estimated from temperature and pressure profiles.

In an initial step, the attenuation in the atmosphere is

neglected, α
(0)
par(r) = 0 m−1 ⇒ T

(0)2

par (r) = 1, which reduces
Eq. (1) to

β(1)
par(r) = βmolec.(r)

[

βatt(r)

βmolec.(r)T
2
molec.(r)

− 1

]

. (3)

The particle extinction coefficient is estimated by multi-
plying β

(1)
par(r) with a constant lidar ratio, Spar. Using the

particle extinction coefficient in Eq. (1) we derive a new
backscatter coefficient given by

β(2)
par(r) = βmolec.(r)

[

βatt(r)

βmolec.(r)T
2
molec.(r)T

(1)2

par (r)
− 1

]

. (4)

Baars et al. (2017) developed a method to derive atmo-
spheric parameters in temporally high resolution, and they
refer to the product of Eq. (4) as the quasi-particle backscat-
ter coefficient, which serves as the best estimate for the
particle backscatter coefficient. However, here the particle
backscatter,

β(i)
par(r) = βmolec.(r)

[

βatt(r)

βmolec.(r)T
2

molec.(r)T
(i−1)2

par (r)
− 1

]

, (5)

is calculated in the ith iteration step from the calibrated atten-
uated backscatter coefficient. The procedure is successfully
terminated if the absolute difference between the backscatter
coefficient of two subsequent profiles is smaller than a fixed
threshold. The absolute difference, 1β , is defined as

1β(i)
=

∣

∣

∣

∣

∫

β(i)
pardr −

∫

β(i−1)
par dr

∣

∣

∣

∣

. (6)
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We found that fewer than 10 steps are required for a dif-
ference of 1 % for the cases examined herein.

The particle depolarization ratio at 532 nm can be defined
as (Baars et al., 2017)

δpar = [δvol(r) + 1] ×

(

βmolec.(r) [δmolec. − δvol(r)]
βpar(r) [1 + δmolec.]

)−1

− 1, (7)

where δmolec. is the molecular depolarization ratio and is cal-
culated theoretically (Behrendt and Nakamura, 2002). The
term δvol(r) denotes the volume depolarization ratio, and it
is the output of SCC.

The input lidar ratio value used in the retrieval could sig-
nificantly affect the results. Papagiannopoulos et al. (2018)
used 48 ± 13 sr for fresh volcanic particles and 55 ± 7 sr for
desert dust particles observed over EARLINET sites in their
aerosol classification, which illustrates the variability of this
intensive parameter. The uncertainty induced due to the as-
sumption of the lidar ratio can easily exceed 20 % (Sasano
et al., 1985) and presents an important source that affects the
retrieval. In this study, Spar = 50 sr is chosen for the backscat-
ter coefficient retrieval as it is a good compromise for many
EARLINET sites and different aerosol conditions (Papayan-
nis et al., 2008; Müller et al., 2007; Mona et al., 2014; Pa-
pagiannopoulos et al., 2016). Figure 2 shows a desert dust
layer around 3 km over the Potenza EARLINET station on
4 April 2016, 18:47–22:15 UTC. The backscatter coefficient
at 532 nm retrieved for 30, 50, and 70 sr along with the
backscatter coefficient from the Raman method is shown
(Fig. 2a). The three curves almost coincide in the upper part
(relative difference is around 5 %) and deviate from one an-
other by less than 35 % in the lower portion of the profile
where local aerosol is mixed with dust particles.

The performance of the iterative method for Spar = 50 sr
can be assessed in Fig. 2b. The overall agreement is very
good with the relative difference being around 4 %; how-
ever, the iterative method underestimates almost everywhere
the Raman method due to the assumption of Spar = 50 sr in-
stead of the measured 43±7 sr. Figure 2c highlights the effect
when the directly measured lidar ratio is plotted against the
fixed lidar ratio. Evidently, the curves agree fairly well for
the aerosol layer (e.g., desert dust) in the free troposphere
and deviate from the layer below (i.e., values over 50 sr). As
discussed above, the inference of the lidar ratio is an impor-
tant factor, yet a lidar ratio value valid for a common volcanic
dust and desert dust layer will provide a robust solution for
this approach.

3.2 Aviation alert delivery

In the second step, the location and the intensity of the
volcanic dust and desert dust event are identified. Mona
and Marenco (2016) reported that particle depolarization ra-
tio values were around 35 % for freshly emitted particles
from various volcanoes and that the values decrease with
time. Similarly, pure Saharan dust particles are supposed

Figure 2. (a) The 532 nm backscatter coefficient retrieved with the
iterative method (IM) for 30, 50, and 70 sr along with the backscat-
ter coefficient determined with the Raman method (standard SCC
product) measured at Potenza (760 m a.s.l.), Italy, on 4 April 2016,
18:47–22:15 UTC. The lidar system of Potenza has a full overlap
at around 1.15 km a.s.l. for 532 nm (Madonna et al., 2018). (b) The
relative difference between the iterative method (IM: 50 sr) and the
Raman method backscatter coefficient. (c) The lidar ratio profile
measured with the Raman method and the fixed lidar ratio used for
the iterative method.

to have a slightly smaller particle depolarization ratio of
31 % (Freudenthaler et al., 2009). Since nonspherical parti-
cles such as volcanic and desert dust particles yield high par-
ticle depolarization ratio values, the one-step polarization-
lidar photometer networking (POLIPHON) method is used
(e.g., Ansmann et al., 2012).

The particle depolarization ratio is used to separate the
nonspherical particles contribution to the particle backscatter
coefficient. Mamouri and Ansmann (2014) describe in detail
the retrieval process; however, here we treat volcanic dust
and desert dust inextricably. The volcanic dust and desert
dust backscatter coefficient can be expressed by

βc = βpar

(

δpar − δnc
)

(1 + δc)

(δc − δnc)
(

1 + δpar
) , (8)

where the coarse (c) and non-coarse (nc) depolarization ra-
tios are set to δc = 0.31 and δnc = 0.05, respectively. For val-
ues δpar < δnc, we need to set βnc = βpar. Similarly, when
δpar > δc, we set βc = βpar.

Until the aviation crisis in 2010, planes were advised to
avoid the volcanic plumes regardless of the aerosol con-
centration (Guffanti et al., 2010). Recently, the International
Civil Aviation Organization (ICAO, 2014) established three
ash concentration thresholds which play a key role in the
decision-making process. Aircraft are allowed to fly below
0.2 mgm−3, whereas they are forbidden to fly over 2 and
4 mgm−3 (depending on the aircraft’s resilience).
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Figure 3. The scatter plot indicates the mean and the standard de-
viation of the conversion factor, cv, for the different literature ref-
erences. The plot is color coded with respect to “Volcanic” (gray)
and “Dust” (orange) observations. The red line highlights the over-
all mean conversion factor and the reddish-pink rectangle shows the
standard deviation – i.e., (0.76 ± 0.06) × 10−6 m.

The methodology proposed by Ansmann et al. (2012) for
the estimation of aerosol mass concentration profiles em-
ploys data from a single-wavelength polarization lidar. The
methodology retrieves mass concentration profiles with an
uncertainty of 20 %–30 %, and it has proven to be robust and
applicable to very different scenarios (e.g., Mamali et al.,
2018; Córdoba-Jabonero et al., 2018) that need one wave-
length and can be applied to cloudy skies. We chose to
convert the three ash concentration thresholds into particle
backscatter coefficient. The threshold values for the particle
backscatter coefficient, βth, are estimated as

βth = M
1

ρcvS
, (9)

where M is the mass concentration given by ICAO, ρ the vol-
canic and desert dust bulk density, cv the mass-to-extinction
conversion factor, and S the volcanic and desert dust lidar ra-
tio. All the terms have to be assumed constant, and they are
selected from the literature. The above concentration thresh-
olds (e.g., 0.2, 2, 4 mgm−3) are used for the term M . For
the ρ, we used the value 2.6 g cm−3 that corresponds to a
commonly used value for volcanic and desert dust appli-
cations (e.g., Gasteiger et al., 2011; Ansmann et al., 2012;
Binietoglou et al., 2015; Mamali et al., 2018). The term S is
chosen to be 50 sr as a good compromise for fresh volcanic
particles (e.g., Ansmann et al., 2011) and Saharan dust (e.g.,
Wiegner et al., 2012).

The term cv can be estimated using Aerosol Robotic Net-
work (AERONET) observations as being the ratio of the
coarse column volume concentration, υc, to the coarse mode
aerosol optical thickness, τc. More information on the differ-
ent retrievals and AERONET data processing can be found

Table 1. The code used in Fig. 3 and the respective reference.

Code Reference

V1 Ansmann et al. (2010)
V2 Ansmann et al. (2011)
V3 Ansmann et al. (2012)
V4 Devenish et al. (2012)
V5 Sicard et al. (2012)
D1 Ansmann et al. (2012)
D2 Binietoglou (2014)
D3 Córdoba-Jabonero et al. (2018)
D4 Mamali et al. (2018)
D5 Mamouri and Ansmann (2014)
D6 Mamouri and Ansmann (2017)
D7 Ansmann et al. (2019)

in Ansmann et al. (2012), Mamouri and Ansmann (2017),
and Ansmann et al. (2019). However, for an EWS and day–
night availability, we have to select a constant value for vol-
canic dust and desert dust. Figure 3 shows an overview of
AERONET-based cv values. To interpret the horizontal axis
of the figure, one should also look at Table 1. The figure
is separated into volcanic (gray points) and desert (orange
points) dust and depicts the range of the observed values;
furthermore, the plot shows the mean and standard deviation
for the overall average of the conversion factors. It is evident
from Fig. 3 that for both volcanic and desert dust the val-
ues accumulate between 0.6 and 0.9 × 10−6 m with a mean
of (0.76 ± 0.06) ×10−6 m. It is worth noting that although
most of the conversion factors were estimated using care-
fully selected AERONET observations, Mamouri and Ans-
mann (2017) and Ansmann et al. (2019) use a climatology to
derive the conversion factor.

The conversion factor for the coarse particles (i.e., vol-
canic and desert dust) varies strongly with the distance from
the source and, in the case of volcanic eruptions, with the
eruption type. Ansmann et al. (2012) highlight that, when
particles larger than 15 µm (i.e., the higher limit of the
assumed particles radii for the AERONET data analysis
scheme) are present, the mass concentration may be under-
estimated by more than 100 %. The conversion factor in the
case of dense and coarser plumes should be much higher
and, consequently, will have an adverse impact on our EWS
approach. For instance, Pisani et al. (2012) used a conver-
sion factor of 0.6 × 10−5 m for a freshly erupted volcanic
plume near Mount Etna in Italy. A similar increase, although
less pronounced, in the conversion factor can be observed in
Mamouri and Ansmann (2017) and Ansmann et al. (2019),
in which the authors retrieve a dust coarse-mode conver-
sion factor (i.e., the values reported in Fig. 3). It is believed
that particles bigger than 10 µm usually fall quickly to the
ground, whereas smaller particles can travel over long dis-
tances (Goudie and Middleton, 2006; Wilson et al., 2012).
Conversely, van der Does et al. (2016) and Ryder et al. (2018)

Atmos. Chem. Phys., 20, 10775–10789, 2020 https://doi.org/10.5194/acp-20-10775-2020



N. Papagiannopoulos et al.: EARLINET early warning system 10781

Figure 4. The EARLINET alert delivery scheme for aviation. The particle backscatter coefficient and depolarization ratio are used to estimate
the coarse backscatter coefficient (one-step POLIPHON method). Three levels are considered that correspond to “Low alert” for particle
concentrations higher than 0.2 mg m−3 and lower than 2 mg m−3, “Medium alert” for concentrations higher than 2 mg m−3 and lower than
4 mg m−3, and “High alert” for mass concentrations higher than 4 mg m−3. The three backscatter coefficient thresholds are β1

th = 1.7 ×

10−6 m−1sr−1, β2
th = 1.7 × 10−5 m−1sr−1, and β3

th = 3.4 × 10−5 m−1sr−1.

have illustrated that the desert dust size far away from its
source is much coarser than previously suggested, and this
has been incorporated into climate models. In light of the
above, we chose as the conversion factor in our approach
the maximum retrieved value, which is 0.9 × 10−6 m (Ans-
mann et al., 2012). Hence, the thresholds for the particle
backscatter coefficient become 1.7 × 10−6 (for 0.2 mgm−3),
1.7 × 10−5 (for 2 mgm−3), and 3.4 × 10−5 m−1 sr−1 (for
4 mgm−3). Given also that the EARLINET stations are
far from the active European volcanoes (i.e., Mount Etna
and the Icelandic volcanoes), we consider that the selected
AERONET-derived conversion factor holds for most of the
situations.

Figure 4 illustrates the decision flowchart for the avia-
tion alert delivery in which three alert levels are available:
low alert (0.2 < Mc < 2 mgm−3), medium alert (2 < Mc <

4 mgm−3), and high alert (Mc > 4 mgm−3), indicating the
increasing amount of dust particles that are likely dangerous
for flight operations. The coarse backscatter coefficient due
to the highly depolarizing particles is estimated first. Next,
the coarse backscatter coefficient is checked, and the level of
alert is decided. Furthermore, to avoid isolated false alarms in
the EWS product, we incorporated a linear spatial smoothing
filter. It is the average of the pixels contained in the neighbor-
hood of each pixel, for which we defined a 3 pixel × 3 pixel
grid. A similar methodology has been demonstrated within
an international demonstration exercise for the purpose of the
EUNADICS-AV project, in which an artificial Mount Etna
eruption was simulated (Hirtl et al., 2020).

4 Results

In this section, we apply the described methodology to po-
tential perilous events recently detected by the stations of Fi-
nokalia and Antikythera, Greece. The observations refer to
the same lidar system that was initially deployed in Finokalia
and later moved to the island of Antikythera. The aim is not
to present a detailed analysis of investigated cases but instead
to demonstrate the potential of this methodology to be inte-
grated as a tailored EARLINET product for the fast alerting
of airborne hazards relevant to flight operations.

4.1 Desert dust particle case

During March 2018, frequent intense dust storms affected
Greece with the region of Libya being the originating source
(Kaskaoutis et al., 2019). Strong surface and middle and up-
per troposphere Khamsin winds transported dust northwards
for four distinct periods (i.e., 4–7, 17, 21–22, 25–26 March).
Solomos et al. (2018) examined in detail the record-breaking
episode of 21–22 March, when surface concentrations ex-
ceeded 6 mgm−3 on 22 March and resulted in the closure
of the Heraklion airport.

Here we focus on 21 March when the dust cloud initially
appeared over Crete. Figure 5 shows the dust map derived
from SEVIRI data along with the cloud cover at 12:00 UTC.
The dusty pixels are depicted in two different colors as a
function of the confidence levels of the dust detection scheme
(i.e., brown means high confidence and orange mid–low con-
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Figure 5. The dust SEVIRI product (Marchese et al., 2017) at
12:00 UTC on 21 March 2018 is represented in confidence levels
(i.e., brown pixels refer to high confidence and orange pixels to
mid–low confidence). The gray pixels indicate the cloud cover.

Figure 6. WRF-Chem dust aerosol optical depth (AOD) on
21 March 2018 12:00 UTC.

fidence). In particular, the dust cloud moves from north-
ern Africa towards the eastern Mediterranean, where the
cloud cover impedes the dust detection over insular Greece,
although the map demonstrates the intensity and the geo-
graphic extent of the dust event. The situation of the dust
transport at 12:00 UTC on 21 March 2018 is also evident
from the WRF-Chem (WRF model coupled with Chemistry)
dust aerosol optical depth (AOD) in Fig. 6. The entire eastern

Figure 7. EARLINET observations at Finokalia on 21 March 2018:
(a) the coarse particle backscatter coefficient at 532 nm, (b) the par-
ticle depolarization ratio at 532 nm, (c) the cloud screening output,
and (d) the alert for aviation. Note that the cloud screening product
is given at its full resolution – i.e., the vertical resolution is 7.5 m,
and the temporal resolution is 30 s – and all the other products have
a resolution of 30 m and 5 min instead.

Mediterranean is affected by this episode, and the simulated
AOD exceeds 0.4 over certain parts of eastern Crete near the
Finokalia station.

The coarse particle backscatter coefficient, the particle de-
polarization ratio at 532 nm (as described in Sect. 3.1), the
cloud mask, and the tailored product for the period 07:00–
13:00 UTC are shown in Fig. 7. The dust particles arrive over
Finokalia around 08:00 UTC in a filament-like layer of about
4 km, wherein the dust particles exhibit high values of the
particle depolarization ratio. Figure 7d shows the alert prod-
uct for aviation, which demonstrates a low level alert indi-
cating a considerable amount of dust particles in the tropo-
sphere that are likely dangerous for flight operations. In par-
ticular, the coarse particle backscatter coefficient at 532 nm
exhibits values up to 6 × 10−6 m−1 sr−1, which exceeds the
threshold value of 1.7×10−6 m−1 sr−1. In addition, this case
illustrates the advantage of a ground-based lidar system to
operate below high clouds that obstruct satellite observations
(see Fig. 5) and, therefore, provides important insight.

As the event was aggravated in the following hours, the
lidar signal is most likely attenuated which highlights the
limitation of the methodology. However, the alert delivery
could act as a pre-alerting tool for aviation by pinpointing
the specific aerosol conditions. A similar approach for air-
port operations has been developed using automatic lidars
and ceilometers for the prediction of fog formation (Haeffe-
lin et al., 2016).
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Figure 8. EARLINET observations at Antikythera on 2–
3 June 2019: (a) the coarse particle backscatter coefficient at
532 nm, (b) the particle depolarization ratio at 532 nm, (c) the cloud
screening output, and (d) the alert for aviation. Note that the cloud
screening product is given at its full resolution – i.e., the vertical
resolution is 7.5 m, and the temporal resolution is 30 s – and all the
other products have a resolution of 30 m and 5 min instead.

4.2 Volcanic and desert dust particle case

The eruption of the volcano Mount Etna which began in the
early hours of 30 May 2019 injected ash into the atmosphere
at an altitude of 3.5–4.0 km (Toulouse Volcanic Ash Advi-
sory Center report at 11:21 UTC, 30 May). The volcanic
activity ceased most likely on 3 June (https://ingvvulcani.
wordpress.com, last access: 31 October 2019). This volcanic
activity did not lead to any air traffic disruption, as was the
case for the explosion on 20 July. The latter caused flight
rerouting and delays (Amato, 2019).

Aerosol particles of possibly volcanic origin were mon-
itored with the multi-wavelength lidar of NOA over An-
tikythera, Greece. The eastward advection of volcanic par-
ticles from Mount Etna presents a common pathway and has
been previously investigated by means of active remote sens-
ing (e.g., Hughes et al., 2016; Zerefos et al., 2006). The pres-
ence of these elevated layers above Greece could be a result
of the continuous Mount Etna activity of the past few days.
Figure 8 shows two distinct layers with different characteris-
tics for the period from 21:00 UTC on 2 June to 06:00 UTC
on 3 June. The first layer is initially observed between 1 and
2 km on 2 June and remains visible for the rest of the tem-
poral window. The particle backscatter coefficient is around
1 × 10−6 m−1 sr−1, and the particle depolarization ratio is
below 5 % and differentiates from the second layer above.
The second layer is seen after 23:30 UTC on 2 June until
03:00 UTC on 3 June and resides in the range of 2–3 km. The
layer particle depolarization ratio is well above 20 % and in-
dicates non-spherical particles. Moreover, it exhibits a higher

Figure 9. FLEXPART vertically integrated volcanic ash particles
(arbitrary values) originating from Mount Etna on 3 June 2019 at
00:00 UTC. The green star indicates the location of Antikythera,
and the red line is the misplacement of the simulated plume from
the lidar station.

particle backscatter coefficient (∼ 3 × 10−6 m−1 sr−1). As a
result, the alert is triggered for the latter. It is noteworthy that,
as seen in the cloud mask, few pixels within the same aerosol
layer are wrongly classified as clouds and are used instead
in the alert delivery. The improvement of the cloud mask-
ing module is currently ongoing and is expected to elimi-
nate false cloud detection, but nonetheless the aerosol layer
is very well captured by the method.

The identification of the source of the two aerosol lay-
ers is made through an analysis of FLEXPART and WRF-
Chem simulations. Figure 9 indicates the eastward trans-
port of a relatively thin (∼ 60 km horizontal width) volcanic
ash plume from Mount Etna towards Greece. As shown by
the FLEXPART simulation, this plume propagated eastwards
from Sicily towards the Ionian Sea, reaching parts of south-
ern Greece. The simulated plume is misplaced by about
70 km towards the north from the EARLINET Antikythera
station; however, its vertical structure is still evident in the
cross section of Fig. 10. The eastward motion and the ver-
tical profile of simulated aerosol volcanic plume corroborate
the existence of volcanic particles in the upper layer of Fig. 8.
The non-depolarizing structures below 2 km are sea-salt par-
ticles possibly mixed with dust particles. Limited concentra-
tions (> 0.04 mgm−3) of dust are simulated at these heights
by the WRF-Chem model (Fig. 11) and are accompanied by
increased relative humidity near the surface, thus implying
hygroscopic growth and more spherical particles in this area.
In synthesis, both observations and model simulations advo-
cate for the identification of likely volcanic dust and aged
desert dust particles in the same aerosol scene but in separate
layers. Consequently, the alert delivered refers to volcanic
dust.
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Table 2. EARLINET stations that participated in the EUNADICS-AV exercise during 5–6 March 2019. The percentage of the measurements
made for the 2 consecutive days and the specific temporal windows is reported. The “X” denotes the stations for which it was possible to
derive the alert for aviation – i.e., the availability of a calibrated backscatter coefficient and depolarization ratio of 532 nm.

EARLINET station
Measurements performed (%)

EWS
5 March, 6 March,

11:00–17:00 UTC 07:00–12:00 UTC

Antikythera (GR) 100 100 X
Athens∗ (GR) 100 100
Barcelona (ES) 100 0 X
Belgrade∗ (SRB) 100 100
Clermont-Ferrand∗ (FR) 33 40
Cluj∗ (RO) 100 80
Granada (ES) 17 20 X
Hohenpeissenberg (DE) 100 100 X
Leipzig (DE) 100 100 X
Madrid (ES) 33 0
Potenza (IT) 100 100 X
Rome – Tor Vergata (IT) 100 100
Thessaloniki∗ (GR) 83 100

The ∗ indicates the stations equipped with a depolarization channel, although this information was not
available during the exercise.

Figure 10. FLEXPART vertical cross section of the simulated vol-
canic particles (in arbitrary values) over the greater Antikythera re-
gion. The exact location of the cross section is indicated by the red
line in Fig. 9.

4.3 Lessons learned from the EUNADICS-AV exercise

The application of the EWS and the timely delivery of
the EARLINET data were tested in real time during the
EUNADICS-AV exercise, in which EARLINET stations per-
formed synchronous measurements. The EUNADICS-AV
demonstration exercise in March 2019, based on a fictitious
volcanic eruption, demonstrated that tailored observations, as

well as model services, can profitably support aviation stake-
holders (Hirtl et al., 2020).

In particular, 13 EARLINET stations contributed to the
exercise according to a predefined measurement schedule –
i.e., from 11:00 to 17:00 UTC on 5 March 2019 and from
07:00 to 11:00 UTC on 6 March 2019 – independent of the
station’s capabilities with respect to the EWS. This decision
stems from the opportunity to assess the sequence of proce-
dures for real-time data retrieval and data visualization. In
addition, the measurements schedule, the stations submitted
raw lidar data to the SCC server every hour, which were
automatically available on the EARLINET Quicklook In-
terface (https://quicklooks.earlinet.org/, last access: 16 Jan-
uary 2019). For the majority of the stations and temporal
windows, low clouds and cirrus clouds were observed. Ta-
ble 2 summarizes the measurements gathered per hour seg-
ment and the station capabilities with respect to the EWS.
In total, 73 % of the measurements were performed success-
fully, whereas rain and staffing the stations mostly inhibited
the rest. Moreover, only for six of the stations was it possible
to retrieve the tailored product mainly because of the lack of
the depolarization information during the exercise. The tai-
lored product did not produce any alert as the aerosol lay-
ers were neither volcanic dust nor desert dust, and they did
not yield high backscatter coefficient values. Hence, results
of the exercise are not shown here; nonetheless, the EAR-
LINET observations are available through the EARLINET
Quicklook Interface.

Overall, the raw lidar data were streamed and processed in
less than 30 min from the measurement, enabling the timely
delivery of the lidar data and the tailored product when pos-
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Figure 11. WRF-Chem time–height cross section of simulated
dust concentration (µg m−3) over Antikythera starting on 2 June
at 12:00 UTC. The solid black line is the 0 ◦C isotherm, and the
dashed black line indicates 90 % relative humidity. The red lines
correspond to the time domain of the lidar observations – i.e., from
21:00 UTC on 2 June 2019 until 06:00 UTC on 3 June 2019.

sible. Furthermore, the demonstration exercise was the first
occasion in which the proposed methodology was tested in
NRT, and the obtained results suggest that the network could
actively support stakeholders in decision-making during an
aviation crisis.

5 Conclusions

A tailored product for aviation hazards by means of high-
resolution lidar data has been proposed for the first time
to our knowledge. In particular, the methodology em-
ploys single-wavelength EARLINET high-resolution data
(i.e., 532 nm calibrated backscatter coefficient and 532 nm
calibrated volume linear depolarization ratio) and yields
NRT alerts based on established aerosol mass concentra-
tion thresholds. The methodology aims to provide an EAR-
LINET EWS for the fast alerting of airborne hazards exploit-
ing the SCC advancements and to mitigate the effects of a
future aviation crisis. The application on EARLINET data
from the eastern Mediterranean demonstrated the strength of
the methodology in identifying possible dangers for aviation
from volcanic ash and desert dust plumes.

One of the key challenges for a NRT automated alert de-
livery is the calibration of the backscatter and depolariza-
tion profiles as the elastic and depolarization channels are
used. The EARLINET SCC ensures the absolute calibration
of the lidar signals. As a source of high uncertainties in the
retrieval of the particle backscatter coefficient, the inference

of the lidar ratio was acknowledged. Accordingly, an itera-
tive method has been developed to work with high-resolution
lidar data, which compares well with particle backscatter co-
efficient profiles retrieved with the Raman method.

Additionally, and equally important in the alert deliv-
ery approach, there is the conversion factor with which the
mass concentration thresholds are converted into a particle
backscatter coefficient. The AERONET-derived conversion
factors are known to be restricted by the AERONET data in-
version scheme and to underestimate large to giant particles.
Therefore, the selected conversion factor was chosen (i.e.,
0.9 × 10−6 m) as the maximum value of the literature review
with reference to fresh volcanic and desert dust observations.

The NRT operation of EARLINET during the
EUNADICS-AV exercise was successfully demonstrated.
The successful application of the method in NRT has been
achieved during the EUNADICS-AV exercise. The raw
data, upon being uploaded to the SCC server, were auto-
matically processed and became freely accessible through
the EARLINET portal and available in order to initiate
the alert delivery. The exercise demonstrated the strength
of the network, which, if promptly triggered, can enable
measurements in the case of natural hazards for aviation.

In addition, a similar approach can be extended to lidar
systems operated by the European volcano observatories.
Two examples of such observatories in Europe are the Isti-
tuto Nazionale di Geofisica e Vulcanologia – Osservatorio
Etneo (INGV-OE) and the Icelandic Meteorological Office
(IMO). INGV-OE is responsible for monitoring Mount Etna,
while IMO is responsible for monitoring all volcanic activity
in Iceland.

This method is highly versatile as it can adapt to other
wavelengths, and the aerosol backscatter thresholds can be
set to accommodate different volcanic and desert dust scenar-
ios by adjusting the conversion factor, the lidar ratio, the bulk
density, and the mass concentration levels. In addition, even
if developed on the basis of EARLINET, it can be applied
to such lidar systems as those that are part of Galion (AD-
Net, LALINET, MPLNET), as well as to current (CALIPSO;
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Obser-
vation) and future (EarthCARE; Earth Clouds, Aerosols and
Radiation Explorer) lidar-based satellite missions.
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Abstract: The lower ionosphere influences the propagation of electromagnetic (EM) waves, satel-
lite and also terrestrial (anthropic) signals at the time of intense perturbations and disturbances.
Therefore, data and modelling of the perturbed lower ionosphere are crucial in various technological
areas. An analysis of the lower ionospheric response induced by sudden events during daytime-solar
flares and during night-time-lightning-induced electron precipitation was carried out. A case study
of the solar flare event recorded on 7 September 2017 and lightning-induced electron precipitation
event recorded on 16 November 2004 were used in this work. Sudden events induced changes in the
ionosphere and, consequently, the electron density height profile. All data are recorded by Belgrade
(BEL) radio station system and the model computation is used to obtain the ionospheric parameters
induced by these sudden events. According to perturbed conditions, variation of estimated parame-
ters, sharpness and reflection height differ for analysed cases. Data and results are useful for Earth
observation, telecommunication and other applications in modern society.

Keywords: atmosphere; radio signal; disturbances; data; modelling

1. Introduction

The ionosphere, as a huge layer of the atmosphere, has physical and chemical proper-
ties that depend on the incident radiation and local energetic processes [1,2]. In particular,
the lower ionospheric region and the fluctuations of its parameters are very important for
human life and many activities on Earth and require continuous measurements, observa-
tions and available information [3].

In-situ observations of the lower ionospheric layers are difficult and expensive and,
consequently, remote sensing measurements are mainly used for investigating this re-
gion [4,5]. High-energy events, triggered from an external source or inside the atmosphere,
can induce ionospheric disturbances and as a consequence affect all processes within [6].

For example, during solar flares (SFs) the increase in the ionospheric electron con-
centration at all altitudes is noticeable. Solar flares are giant explosions on the surface
of the Sun when a huge amount of electromagnetic energy is released across the entire
electromagnetic spectrum [7]. The enhanced extreme ultraviolet (EUV) radiation is ab-
sorbed at higher altitudes ionizing the E (90–150 km above Earth’s surface during daytime
conditions) and F (160–400 km, same) regions of the ionosphere (see e.g., [8]). During
SFs, electromagnetic radiation within soft X-rays in a wavelength range of 0.1–0.8 nm,
significantly oversteps the ionization of the Lyman-a spectral line 121.6 nm and cosmic
rays, becoming a major source of ionization at a range of altitudes corresponding to the D
region (50–90 km, same), causing enhanced ionization and absorption of the EM waves that
propagate within the Earth-ionosphere waveguide [9,10]. As a result of radiation effects,
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the solar induced ionospheric disturbances and plasma irregularities cause perturbations
in the amplitude and phase of radio signals.

Furthermore, some processes create localised areas of increased electron density in the
low ionosphere and thus change its properties. Radio waves, generated by atmospheric
discharge and propagating along geomagnetic field lines into the plasmasphere, get into
transversal cyclotron resonance with energetic electron beams (30–300 keV) moving in
the opposite direction. As a consequence of such interaction, electron precipitation into
the atmosphere takes place. Electron precipitation produces localised areas of increased
electron density in the low ionosphere (on heights corresponding to D–region heights of
50–90 km [11–13]), known as localised ionization enhancement (LIE) [14]. Perturbations
in very low frequency (VLF) propagation, known as trimpi events, can be explained by
formation of such areas. Classic trimpi events [15] are phase delay and/or amplitude
perturbations of VLF signals propagating in the Earth-ionosphere waveguide. Whistlers
occur about one second after a corresponding atmospheric discharge and propagate in the
magnetosphere along geomagnetic field lines [16]. Electron precipitation, caused by ducted
whistlers, is explained in [17]. Since disturbances of VLF signals are a consequence of elec-
tron precipitation caused by atmospheric discharges, they are named as lightning-induced
electron precipitation events (LEP). In addition to the above-mentioned phenomena, which
can be detected as disturbances in VLF propagation, there are a number of other phenom-
ena which can be optically detected in areas above thunderclouds. The formation of ducts
of enhanced electroconductivity between thunderclouds and the ionosphere is connected
with such phenomena [18–20]. Trimpi perturbations can be simultaneously monitored
on multiple adjacent traces of VLF signals. Based on adjacent VLF signals recordings
comparison, LIE dimensions and spatial position can be estimated by numerical modelling,
depending on the transmitter frequency, VLF signal great circle path (GCP) length and
position of LIE in relation to the VLF signal path.

Disturbances in propagation of VLF radio signals at the Belgrade station BEL (located
at the Institute of Physics Belgrade (44.85◦ N, 20.38◦ E), Serbia) were observed and the
model computation is used to obtain the atmosphere parameters induced by these sudden
events. According to perturbed conditions, variation of estimated parameters, sharpness
and reflection height differ for the analysed cases.

2. Methods

For the examination of the ionospheric composition, altitudes, locations and other
properties, experts usually make use of satellites equipped with suitable sensors, GPS,
sonde, radars, various optical instruments, or balloons, rocket probes, etc. A widely used
technique for remote sensing of the Earth’s ionosphere exploits radio signals (e.g., [21–24]),
and for altitude range that corresponds to the ionospheric lowest layer, i.e., the D region,
VLF radio signal range is preferred (e.g., [25–30]). Remote sensing of the lower ionosphere
by utilisation of radio signals in the VLF range is based on the hop wave theory (see,
e.g., [31–34]). These techniques are successfully used for exploration of Earth’s lower
ionosphere’s response to a number of processes, with their origin from extra-terrestrial to
terrestrial environments (e.g., [35–41]).

The methodology used and results of mid-latitude lower ionosphere diagnostic
obtained by this technique, based on VLF radio signals recorded at the Belgrade re-
ceiver site, in cases of regular and irregular solar-terrestrial conditions, can be found
in, e.g., [23,37,39,42–50]. In our study, at the ionosphere altitudes 50–90 km (D region),
measurements rely on radio wave propagation technique, i.e., monitoring of phase and
amplitude of VLF radio signals. For this reason, the perturbation of VLF phase delay and
amplitude was estimated as a difference between values of the perturbed signal induced
by external disturbance and signal in the normal unperturbed conditions. The details are
described in the next section.
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Used Numerical Model

A standard technique for retrieving ionospheric parameters during sudden iono-
spheric disturbances (SIDs) is based on comparing the registered amplitude and phase
changes with the equal values computed by Long Wavelength Propagation Capability
(LWPC) software [51], as interpreted in [9,10]. To determine electron density from recorded
amplitude and phase variations, a trial and error procedure can be utilized, with the density
profile being changed until the LWPC predicted amplitude and phase matched the moni-
tored data (see, e.g., [42]). As a result, the calculated beta and H′ values can be employed in
subsequent computations and simulations (e.g., electron gain and electron loss processes
coefficient, etc.).

3. Results

3.1. Lower Ionosphere during SF Event

The monitoring and investigation of VLF data has been carried out simultaneously
with the examination of the correlative incoming solar X-ray fluxes collected from the
Geostationary Operational Environmental Satellite (GOES).

In the presence of SIDs, a standard numerical procedure for the estimation of plasma
parameters is based on comparison of the recorded changes of amplitude and phase with
the matching values acquired in simulations by the LWPC numerical software package as
explained in [9,44,46,47].

We studied data for 7 September 2017, as an example of a day with strong X1.3 class
SFs that caused SID and seriously affected the VLF signal. It should be noted that the
development to the flux of X-ray lasted almost one hour.

The monitored and simulated changes of amplitude (∆A) and phase delay (∆P) com-
pared to normal day-time levels for a signal emitted on frequency 24 kHz from Cutler
(44.65◦ N, 67.30◦ W), ME, USA, with codename NAA measured at the BEL site is pre-
sented in Figure 1. Besides the good agreement between simulated and monitored data,
X-ray flux peak and VLF signal perturbation happened synchronously i.e., energetic ra-
diation perturbed the ionosphere which, in turn, caused the activation of disturbances in
radio signal.
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Figure 1. Measured and simulated amplitude (a), and phase delay (b) excesses of NAA radio signal
during X1.3 class SF on 7 September 2017.
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Figure 2 presents obtained values of effective reflection height H’ and the sharpness
β during almost two hours, i.e., during occurrences of SFs on 7 September 2017. During
X1.3 class SFs, the shape of reflection height is in anticorrelation and the sharpness is in
correlation with X-ray flux.
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Figure 2. Parameters H′ (a), and β (b) and X-ray flux (right axis) during occurrence of X1.3 class SF
on 7 September 2017.

The change of the reflection height is a normal behaviour, i.e., after the beginning of
SFs the reflection height decreases to a minimum and after peaks of X-ray flux it rises to
the preflare value (see Figure 2a). The shape of sharpness is correlated with the shape of
recorded X-ray flux increase. During the X1.3 SF, the sharpness increases to a maximum
and after the SF peak (14:36 UT) it decreases to the pre-flare value (Figure 2b). At peak
time (14:36 UT), the X-ray flux is Ix = 1.3 × 10−4 Wm−2, and the H’ lowers by 13 km to
a value H′ ~63 km. The sharpness values increase to 0.42 km−1 at peak time 14:36 UT on
7 September 2017.

Electron density profile changes can demonstrate the variation in distribution of
ionization at the D-layer due to SFs. Figure 3a presents the simultaneous change of X-ray
flux, and the corresponding Ne (Figure 3b) obtained at reference height 74 km versus
UT during occurrence of X1.3 class SF on 7 September 2017. It can be seen that the
electron density is in correlation with X-ray flux and, Ne increased by almost two orders of
magnitude during the X1.3 class SF.

The current study is important because most results concerning investigation in the D-
region are scattered and vary in order of magnitude (see [9,23,52,53]), thus it is necessary to
take into account all the data and correct the existing data. Sudden events induce changes
in the ionosphere and, consequently, the electron density height profile. It is useful to
obtain new results by analysing the similarities and differences, especially for case studies,
i.e., when solar flares last significantly longer and perturb the ionosphere in a specific way.
An additional aim is the simultaneous analysis of the lower ionospheric response and
electron density height profile variations in the lower ionosphere induced by sudden events
during daytime solar flares and during night-time lightning-induced electron precipitation.
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Figure 3. X-ray flux measured by the GOES satellite (a), and evaluated electron density profiles (b)
during occurrence of X1.3 class SF on 7 September 2017.

3.2. Signal Propagation Parameters during LEP Event

Lightning-induced electron precipitation, i.e., LEP, is triggered by an extremely low
frequency (VLF and ELF) portion of EM energy released by lightning discharges that
manage to reach the Earth’s magnetosphere and by propagating as whistler mode wave
interactions with electrons from radiation belts forcing them to precipitate to lower altitudes
of 60–120 km, causing an increase in electron density. Such localised and transient electron
density enhancements in the D-region altitude range can produce significant amplitude and
phase delay perturbations on narrowband VLF signals (with change in amplitude level up
to 6 dB and in phase delay of about 20 degrees, typically with rise times up to 1 s and signal
decay below 100 s) propagating through or near-by the disturbed region (e.g., [18,48,54]
and references therein). An LEP event occurred on 16 November 2004 and its impact
on VLF signal traces NAA/24.0 kHz and GQD/22.1 kHz (signal with codename GQD
emitted from Anthorn (52.40◦ N, 1.20◦ W), GB) was selected for analysis. The presented
LEP event is one of the typical LEPs recorded by the Belgrade VLF station, from those
during the period 2008–2010 [48,55], similar in absolute perturbation amplitude change
of up to 5 dB and phase delay of up to a few tens of degrees with maximal duration of up
to two minutes. Amplitude (solid lines) and phase delay (dotted lines) registrations, with
resolution 0.1 s on NAA and GQD signals, before, during and after the LEP event occurred
on 16 November 2004 and are presented in Figure 4a,b, respectively. Moments at which
amplitude and phase delay values for unperturbed (regular) and perturbed (irregular)
ionospheric conditions in waveguide were read, are marked with red and blue arrows.
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Figure 4. Amplitude (solid lines) and phase delay (dotted lines) time evolution before and during the
LEP event occurred on 16 November 2004 on considered VLF signal traces: (a) NAA/24.0 kHz and
(b) GQD/22.1 kHz.

3.3. Modelling and Simulation during LEP Event

NAA/24 kHz signal propagates along W–E direction and has a long (GCP distance
D = 6540 km) and mostly oversea path, while GQD/22.1 kHz signal propagates along
a short (GCP distance D = 1980 km) and mostly overland path (Figure 5). Disturbance
occurred on both analysed signal traces, so it is reasonable to assume that ionospheric
irregularity caused by an LEP event was located in the vicinity of the Belgrade receiver
site. That is why, both for unperturbed and perturbed ionospheric conditions, the VLF
propagation conditions were modelled only in that section of waveguide which is just a few
hundred km away from the Belgrade receiver site (44.85◦ N, 20.38◦ E).

 

Figure 5. Possible paths for considered NAA/24.0 kHz (red) and GQD/22.1 kHz (yellow) VLF signals 
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Figure 5. Possible paths for considered NAA/24.0 kHz (red) and GQD/22.1 kHz (yellow) VLF signals
emitted towards Belgrade (Serbia) from Maine (USA) and Skelton (UK).

By means of Long Wavelength Propagation Capability computer program
(LWPCv21) [51], the propagation paths of NAA/24.0 kHz and GQD/22.1 kHz signals
were simulated and modelled. Best fitting pairs of parameters sharpness β (km−1) and
reflection height H′ (km) were estimated in order to obtain values as close as possible to
real measured values of the signals’ phase delay (deg) and amplitude (dB) at the place of
the receiver in Belgrade, for both cases of regular and disturbed ionospheric conditions
in observed sections of waveguides. The estimated amplitude and phase delay values
obtained by the LWPCv21 program are in good agreement with real measured values at
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the Belgrade receiver site (Table 1: first and third rows indicate unperturbed VLF signal
values, while the second and fourth rows indicate the perturbed ones).

Table 1. Measured and estimated amplitude and phase delay values of NAA and GQD signals during
the LEP event that occurred on 16 November 2004.

VLF Signal
Time UT
0337 UT +

Measured Values LWPC Simulation

A (dB) ∆A (dB) P (◦) ∆P (◦) A (dB) ∆A (dB) P (◦) ∆P (◦)

NAA/24.0 kHz
unperturbed values

20.16 s 55.42 0 157.08 0 55.63 0 173.18 0

NAA/24.0 kHz
perturbed values

25.54 s 54.37 −1.05 170.03 12.95 54.62 −1.01 195.02 21.84

GQD/22.1 kHz
unperturbed values

20.16 s 70.70 0 −178.05 0 70.40 0 −214.88 0

GQD/22.1 kHz
perturbed values

25.54 s 68.96 −1.74 −169.05 9 68.65 −1.75 −209.22 5.66

The amplitude change ∆A (dB), was obtained as the difference between the maximum
value of the amplitude during the perturbation and the value of the amplitude in undis-
turbed signal. The phase delay change ∆P (◦) was obtained as the difference between the
phase delay value that corresponds in time to the maximum value of the amplitude during
the perturbation and phase delay value in the undisturbed signal interval that corresponds
in time to the amplitude value chosen as unperturbed.

The model for the propagation of VLF signals within the Earth-ionosphere waveguide
is defined by pairs of parameters (β, H′) and analytically described by equations for the
calculation of the electron density height profile Ne(z) (m−3) during daytime ionospheric
conditions is given in [56]. The procedure for the computation of the electron density height
profile is based on the equation for determining the electron density Ne(z) (m−3) within the
Earth-ionosphere waveguide during night-time conditions [14], where the electron density
was calculated as a function of a certain pair of parameters β and H′, at the height z (km),
based on the equation adapted for the nocturnal ionosphere [14]. Electron density height
profile Ne(z) (m−3), for given parameters β and H′, was calculated using the expression for
the night-time ionosphere given by [14]:

Ne(z, H′, β) = 1.86 × 1011
·e−0.15·z

·78.57·eβ(z − H′), (m−3) (1)

Parameter β, for night-time ionospheric conditions, is in the range 0.47–0.50 km−1,
while parameter H′ is in the range 50–87 km. Electron density was calculated at the
reflection height, when z = H′, and in that case (1) takes the form:

Ne(z) = 146.1402 × 1011
·e−0.15·z, (m−3) (2)

For modelling of parameters β and H′, the LWPC software was used. Detailed method-
ology, related to utilisation of LWPC software and VLF signal propagation modelling for
different cases, can be found in [14,29,56,57]. Here, the procedure for modelling parameters
β and H′ is only outlined. The basic parameters of the propagation medium, the sharpness
of the upper boundary of the Earth-ionosphere waveguide β and the height of the signal’s
reflection H′ are related to the electron density Ne(z) within the waveguide. Each change
in the electron density in the waveguide changes the propagation parameters, amplitude
and phase delay of the VLF signal. According to the LWPM model, for regular night-time
conditions in the ionosphere, the program code takes the parameter β as 0.40 km−1 and
the parameter H′ as 87 km. However, to model the values of the amplitude and phase
delay of the VLF signal, in each individual case, it is necessary to independently determine
the appropriate parameter pairs (β, H′) as input parameters, so that the simulated values
of the amplitude and phase delay obtained as output by the computation, correspond to
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the measured values of the amplitude and phase delay as close as possible, as the best
fitting pair.

The procedure itself consists of numerous trials, in which parameter pairs (β, H′) are
manually defined as input parameters and the program gives calculated amplitude and
phase delay as the output values. Program output is dependent on numerous factors (such
as signal frequency, bearing angle, receiver and transmitter locations, observed date and
time, solar zenith angle, geomagnetic dip and electro-conductivity of lower waveguide
boundary) that are imbedded as background data in calculations.

During night-time ionospheric VLF transmission, signal’s amplitude is more stable
than phase delay. During modelling, we focused on providing (β, H′) parameter pairs to
obtain a really good agreement for relative amplitude change ∆A (dB) for both analysed
signals, while still obtaining a relatively good agreement for relative change in phase delay
∆P (◦). Simulated amplitude and phase delay values for NAA/24.0 kHz and GQD/22.1
kHz along GCP path, for the unperturbed (red) and perturbed (blue) state in waveguides
on 16 November 2004, are presented in Figures 6 and 7, respectively. Areas of amplitude
and phase delay changing near the Belgrade receiver site are framed and as zoomed in
panels presented on the right.

 

Figure 6. Simulated amplitude and phase delay along GCP path towards the Belgrade receiver, for
unperturbed (red) and perturbed (blue) ionospheric states for NAA/24.0 kHz VLF signal waveguides,
on 16 November 2004.

Parameters β and H′ changing along GCP path, for NAA/24.0 kHz (dashed lines) and
GQD/22.1 kHz (dotted lines) VLF signal waveguides, for unperturbed (red) and perturbed
(blue) ionospheric states, on 16 November 2004, are presented in Figure 8a,b, respectively
(for waveguide sections of 1980 km along GCPs looking towards the Belgrade receiver;
direction of view on x axis is presented by black arrows, pointing from left to right at
the bottom scale when looking from transmitter T towards receiver R and pointing from
left to right at the upper scale if looking from receiver R towards transmitter T). Using
the expression (1), for given parameter pairs (β, H′), electron density height profile Ne(z)
within ionospheric irregularity, in perturbed section of waveguide, for both analysed VLF
signals, was calculated. Irregularity modelling indicates that both VLF signal traces, in
some part of the waveguide, encounter an area of enhanced electron density. Electron
density changing along GCP path, for NAA/24.0 kHz (dashed line) and GQD/22.1 kHz
(dotted line) VLF signal waveguides, for unperturbed (red) and perturbed (blue) iono-
spheric states on 16 November 2004, are presented on Figure 9 (in length of 1980 km, as
looking from Belgrade towards both transmitters). Electron densities along GCPs for
unperturbed state (Figure 9—red) were calculated based on modelled parameter pairs
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(β, H′) posted as unperturbed for all characteristic altitudes (Figure 8—red), where parame-
ters β and H′ undergo changes due to signal propagation within the unperturbed waveg-
uide. Electron densities along GCPs for perturbed state (Figure 9—blue) were calculated
based on modelled parameter pairs (β, H′) for all characteristic altitudes (Figure 8—blue),
where parameters undergo changes due to present irregularity and deviated from their
posted unperturbed values.

 

β

β

β

β

β

Figure 7. Simulated amplitude and phase delay along GCP path towards the Belgrade receiver, for
unperturbed (red) and perturbed (blue) ionospheric states for GQD/22.1 kHz VLF signal waveguides,
on 16 November 2004.

  

(a) (b) 

β

β

Figure 8. Parameter β and H′ changing along GCP path towards the Belgrade receiver, for considered
VLF signal waveguides (NAA in dashed lines and GQD in dotted lines), for unperturbed (red) and
perturbed (blue) ionospheric states, on 16 November 2004 (R is for receiver, T is for transmitter, black
arrows on x axis point the direction of view): (a) parameter β and (b) parameter H′.

Transmission in entirely nocturnal unperturbed ionospheric conditions, in the case of
short GCPs is described by LWPC program usually with only one parameter pair (β, H′),
while in the case of moderate GCPs usually with several parameter pairs (β, H′), along
the entire path. It should be noted, that in this case, the unperturbed conditions were
also modelled in order to provide the best possible match with real measured data. As
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already mentioned, since the perturbation was recorded on both monitored signals, in
order to provide the best possible match with real measured data, in cases of perturbed con-
ditions, sections of paths of several hundred km away from Belgrade towards transmitters,
were modelled.

β

β

β
β

−

−

Figure 9. Electron density changing along GCP path towards the Belgrade receiver, for considered
VLF signal waveguides (NAA/24.0 kHz in dashed line and GQD/22.1 kHz in dotted line), for
unperturbed (red) and perturbed (blue) ionospheric states, on 16 November 2004 (R is for receiver, T
is for transmitter, black arrows on x axis point the direction of view).

On the NAA signal trace section, where ionospheric irregularity occurs, the calculated
maximum value of electron density is 3.65 × 107 m−3, while in unperturbed ionospheric
conditions, on the same NAA signal path section, it is 3.39 × 107 m−3. On the GQD signal
trace section, where ionospheric irregularity occurs, the calculated maximum value of
electron density is 3.76 × 107 m−3, while in unperturbed ionospheric conditions, on same
GQD signal path section, it is 3.39 × 107 m−3. In Figure 9, the electron density height
profiles in the altitude range 60–90 km, for unperturbed and perturbed conditions due to the
analysed LEP event were calculated at the reflection heights in the case of both monitored
VLF signals (altitude 86 km for NAA and 85.8 km for GQD in Figure 8b), in the area of the
most prominent electron density change along GCPs (e.g., at about 5300 km in the case of
NAA and 1100 km in the case of the GQD signal looking from the transmitter towards the
Belgrade receiver, i.e., at the approximate location of about 1100 km looking from Belgrade
towards both transmitters) are given. Electron density Ne(z) height profiles for GQD (at
reflection height 85.8 km) and NAA (at reflection height 86 km) signals, calculated for the
altitude range 60–90 km, for 16 November 2004, are given in Figure 10.

In order to create an easier and more convenient use of results presented in the analysis
conducted in this paper, an expression for electron density Ne(z) at reflection height is
introduced in the form of a polynomial function as given in the equation below:

log Ne(z, H′, β) =
1

∑
i=0

ai · zi, (3)

where z is height in km, and dimensionless quantities take values of a0 = −5.88339 and
a1 = 0.15635.
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Figure 10. Electron density Ne(z) height profiles for GQD (at reflection height 85.8 km) and NAA
(at reflection height 86 km) signals, calculated for altitude range 60–90 km, for 16 November 2004,
at 03:37 UT, in the area of the most prominent electron density change along GCPs at a location
approximately 1100 km looking from Belgrade towards both transmitters. The unperturbed state
for GQD signal is given in red hollow squares, the perturbed state for GQD signal is given in blue
hollow squares, unperturbed state for NAA signal is given in red solid circles and perturbed state for
NAA signal is given in blue solid circles.

3.4. Analysis of the LEP Event

In perturbed ionospheric conditions at the Belgrade receiver site (44.85◦ N, 20.38◦ E),
an increase in phase delay and decrease in amplitude for both analysed VLF signals, are
registered (Figures 4 and 10). Such behaviour can be explained by lowering the VLF signal
reflection height (delay in the phase is less) and, respectively, by reducing the sharpness of
the ionized environment lower edge. In perturbed waveguides, modal minima are miti-
gated compared to the unperturbed ionospheric state. In the perturbed NAA waveguide,
reflection height decreased from 86.5 km (characteristic value for normal unperturbed night-
time ionospheric conditions) to 86 km, while reflection edge sharpness decreased from
0.46 km−1 (characteristic value for normal unperturbed night-time ionospheric conditions)
to 0.36 km−1, which is a value characteristic for daytime ionospheric conditions. Changes
in GQD propagation are similar: in perturbed waveguide, reflection height decreased from
86.5 km to 85.8 km, while reflection edge sharpness decreased from 0.46 km−1 to 0.38 km−1

(value characteristic for daytime ionospheric conditions). A less sharp lower edge of the
ionized environment enables the VLF signal to penetrate into the ionized environment,
and at the same time, VLF signal deviant energy absorption takes place. It is well known
that β is a function of ω. After an LEP event, an NAA signal pair (β/H′) have values
(0.46 km−1/86.5 km) and GQD have values (0.46 km−1/86.6 km), so it can be said that
the ionosphere is fully recovered. Same ionospheric conditions ((β/H′) have values of
0.46 km−1/86.5 km) that apply for areas outside of the irregularity, too. Obtained values of
(β/H′) pairs are in agreement with [48], who reported β in the range 0.48–0.5 km−1 and
H′ in the range 85.3–87 km for cases of short signals with a mid-latitudinal transmission,
also with [57] who reported β in the range 0.46–0.5 km−1 and H′ in the range 84–87 km for
cases of short and moderate length signals in most cases with mid-latitudinal transmission,
and [54], who reported β in the range 0.307–0.42 km−1 and H′ in the range 80.3–87 km
for cases of short length signals in most cases with mid-latitudinal transmission. An ob-
tained relative change in reflection height during analysed perturbation of 0.5 km and
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0.7 km in cases of NAA and GQD signals, respectively, are in agreement with the results
reported by [54,55] who reported ranges of 7–10 km and 3.7–6.7 km, respectively. Measured
and simulated relative change in amplitude and phase delay values (Table 1) are in line
with [18] and reference therein, an amplitude difference ~6 dB and ~20 deg of phase shift
and [48,54] who reported relative measured and modelled amplitude and phase change of
1.4 and 1.5 dB and 9 and 8 deg and up to 2.01 and 1.74 dB and 3.63 and 3.15 deg, respec-
tively. Calculated maximum electron density values (for NAA signal Ne pert (86.5 km) =
3.65 × 107 m−3 and Ne unpert (86 km) = 3.39 × 107 m−3 and for GQD signal Ne pert (86.5 km)
= 3.76 × 107 m−3 and Ne unpert (85.8 km) = 3.39 × 107 m−3) are in agreement with [48]
who reported Ne unpert (87 km) = 3.14 × 107 m−3 and Ne pert (85.3 km) = 3.67 × 107 m−3,
while [54] reported higher values and a steeper slope (variation of Ne pert (84 km) from
ambient Ne unpert (84 km) reported 1.519 × 108 and 0.607 × 108 m−3, respectively). The
errors, introduced by the technique used, place the uncertainty of the results between
10% and 25% (see, e.g., [23]). More precisely we estimate that the total error, i.e., noise
error and the calibration error is ~5% in amplitude and phase delay, which is in agreement
with [58]. Moreover, the absolute amplitude variation between the recorded values and
the signal amplitude and phase values acquired using LWPC is usually 10–20% which
gives uncertainty of the results between 10% and 25%. Electron densities and ionospheric
parameters obtained by different models and techniques [23,30,47,59] vary by about one
order of magnitude (factor 10). Electron density ratios related to flare Ixmax given in [60]
are within one order of magnitude and for unperturbed flare conditions given in [61] are
smaller. Results obtained by VLF technique and LWPCV2.1 software are satisfactory for
conducted qualitative analysis presented in this work.

By NAA signal trace modelling, it was found that ionospheric irregularity related to
LIE outreach from 4920 km to 5800 km when looking along the GCP path from transmitter
to receiver, thus, LIE extent is 880 km, with corresponding coordinates (0.7◦ E, 51.5◦ N)
and (12◦ E, 48.3◦ N). By GQD signal trace modelling, ionospheric irregularity outreach
was found from 780 km to 1440 km when looking along the GCP path from transmitter
to receiver, thus, LIE extent is 660 km, with corresponding coordinates (7.4◦ E, 51.4◦ N)
and (14.9◦ E, 48◦ N). Modelled LIE extent for both cases is in agreement with [54,57] who
reported precipitation patches estimated as at least 1500 × 600 km and spatial extent of dis-
turbance as 728 km, respectively. Assumed geographical position of modelled irregularity
in NAA and GQD waveguides, i.e., electron density increases in D–region due to energetic
electron precipitation (see Figure 9), is presented by a blue oval in Figure 11, indicating that
energetic electron precipitation took place over central Europe.
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Figure 11. Geographical position of modelled LIE (blue oval) related to energetic electron precipitation
on 16 November 2004.
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4. Conclusions and Perspectives

Ionospheric conditions highly differ depending on the time of day when sudden
disturbances occur, with a transition period between stable daytime and stable night-time
ionospheric conditions, i.e., during dawn and sunset being especially challenging for
modelling. Regular night-time ionospheric conditions are described with parameter pairs
(β, H′) within a range of values, that is 0.47–0.50 km−1 and 50–87 km, respectively, while in
unperturbed daytime ionospheric conditions, this pair is defined only by one pair (0.3 km−1,
74 km). In the case of perturbation presence, ionospheric conditions are changed affecting
VLF transmission within the Earth-ionosphere waveguide, inducing signal’s amplitude
and phase delay to deviate from their regular values. In such disturbed environment,
parameter pairs (β, H′) also deviate from their regular values, depicting the change in
electron density that takes place, following the causative agent’s behaviour. In the case of
the examined LEP event example, parameter pairs (β, H′) changed according to perturbed
nocturnal waveguides. Specifically, in the case of the NAA signal parameter, H′ went
through a decrease from 86.5 km (characteristic value for normal unperturbed night-
time ionospheric conditions in pre-LEP state) to 86 km at LEP’s peak and returned to its
regular value of 86.5 km in post-LEP conditions, while parameter reflection edge sharpness
β decreased from 0.46 km−1 (characteristic value for normal unperturbed night-time
ionospheric conditions before LEP occurrence) to 0.36 km−1 at LEP’s peak, which is the
value characteristic for daytime ionospheric conditions and returned to 0.46 km−1, its
regular value after the influence of the LEP event. Similar behaviour is also present in the
case of GQD trace, where parameter H′ went through a decrease from 86.5 km to 85.8 km
at LEP’s peak and returned to 86.6 km, while reflection edge sharpness β decreased from
0.46 km−1 to 0.38 km−1 and returned to 0.46 km−1. It can be concluded that after the
influence of the analysed LEP event, the ionosphere is fully recovered in both waveguides,
still remaining slightly higher, reflecting the edge height in the case of the GQD signal.
Electron density change is one order of magnitude below regular values.

Regarding measured ∆A (dB) and ∆P (◦), in the case of the LEP event, they are in
a range of −1 to −2 dB and +9 to +13◦ (where the minus sign denotes decrease and plus
sign increase in signal values compared to pre-LEP state). In the case of mid- and strong
flare events, ∆A (dB) and ∆P (◦) are usually of higher values [38,62,63], and especially
in X-class flare events such as the one analysed here, where they took values of about
+4 dB and +159◦, respectively. At the maximum X-ray irradiance during X1.3 class flare
event that occurred on 7 September 2017, as the response within lower ionosphere, the
reflecting edge height decreased by 13 km to the height 63 km, and the reflection edge
sharpness increased to the value 0.42 km−1, while the induced electron density increase
reached almost two orders of magnitude compared to the regular value. The analysed flare
event lasted for almost two hours, while it took much longer for the lower ionosphere to
fully recover.

Data related to the ionospheric research and the results obtained are of great use for
various Earth observations and especially for telecommunications, while they also can
be significant to other applications in modern society. Modelling ionospheric parameters
is crucial for validation of proposed models. Results presented in this paper are related
to modelling the plasma response of the ionospheric lowest region, to some high energy
events, as recorded by radio signals. The presented results are important for the modelling
of this region but also useful for future atmospheric aerosol–electricity interactions research
in climate science. Monitoring and observing ionospheric characteristics related to the
mid-latitude European ionosphere using VLF signals is particularly important, especially
bearing in mind that beside the Hungarian system, this is the only available source of
such data [64]. The computational results can differ by a factor of ten depending on
which method is used, thus it is important to present new modelling results and make
comparisons to the results obtained by the same or similar technique. The findings are
significant in light of possible future collaboration on VLF studies in this part of Europe.
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Abstract: The calculated photodissociation data of some small molecular ions have been reported.
The cross-sections and spectral rate coefficients data have been studied using a quantum mechanical
method. The plasma parameters, i.e., conditions, cover temperatures from 1000 to 20,000 K and
wavelengths in the EUV and UV region. The influence of temperature and wavelength on the spectral
coefficients data of all of the investigated species have been discussed. Data could also be useful for
plasma diagnostics in laboratory, astrophysics, and industrial plasmas for their modelling.

Dataset: Supplementary File.

Dataset License: CC-BY 4.0

Keywords: atomic and molecular data; photodissociation; small molecules; radiative processes;
spectroscopy; astrochemistry; planetary chemistry; planetary geochemistry; modelling

1. Summary

Atomic and molecular databases and data have become crucial for data interpretation,
diagnostics, and the creation of models and simulations of intricate physical processes [1–4].
The importance of studying optical properties in different fields, especially when modelling
those systems, is of particular interest [5–7]. If the required data, i.e., information, are
available, we can simulate the spectral properties [8–11].

One can note the current importance of the investigation of optical properties of
various small molecules and corresponding atomic and molecular data [12–17]. Here,
we investigate the photodissociation processes that occur in non-symmetric systems that
contain hydrogen and helium, and alkali atoms, ions, and molecular-ions. As noted
in [18], the helium hydride ionic molecule has been discovered to be one of the primary
constituents in He/H plasma sources, including synchrotron devices, high voltage glow
discharges, inductively coupled plasma generators, capacitively coupled RF discharges,
and magnetically confined plasmas, and plays a very special role in the advancement
of thermonuclear fusion nowadays. The majority of alkali hydride species, both ionic
and neutral, are highly important for comprehending how the molecular universe was
created and developed [19]. Although they have a role in a number of astrophysical and
astrochemical processes such as radiative transfer, their spectroscopy is mostly unknown
in both theory and observation, especially when it comes to molecule ions [20]. In addition,
one can note the potential importance of the aluminum monohydride cation in solar and in
laboratory investigations [21,22].

Our aim is to obtain spectroscopic information, i.e., data, about such systems. We
determined the spectral absorption rate coefficients and average cross-sections for molec-
ular ions AlH+, HeH+, and HK+. The outcomes, i.e., the data gathered, could be used

Data 2022, 7, 129. https://doi.org/10.3390/data7090129 https://www.mdpi.com/journal/data

https://doi.org/10.3390/data7090129
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/data
https://www.mdpi.com
https://orcid.org/0000-0001-7938-5748
https://orcid.org/0000-0003-4769-0152
https://orcid.org/0000-0002-7785-4456
https://orcid.org/0000-0001-9138-8642
https://orcid.org/0000-0002-0525-1197
https://doi.org/10.3390/data7090129
https://www.mdpi.com/journal/data
https://www.mdpi.com/article/10.3390/data7090129?type=check_update&version=2


Data 2022, 7, 129 2 of 6

for various applications, such as plasma chemistry or experiments such as PLEIADES
synchrotron [23–25], for modelling atmospheres of diverse environments such as the inter-
stellar medium, planets, and dwarf stars, and also in the plasma fusion area [7,26–30].

2. Data Description

A dataset, i.e., new results for the average cross-section, as well as the spectral absorp-
tion rate coefficients for small molecular ions AlH+, HeH+, and HK+ has been provided
(see Tables S1–S9). In addition, the results are illustrated in this section by Figures 1 and 2
and also in Supplementary Materials.

–
–

–

 
 

 

The photodissociation spectral rate coefficients K(λ, T) for the case of AlH

Figure 1. Examples of the averaged cross-section for photodissociation for some small molecular ions
for the wide region of temperatures in EUV and VUV spectral region. (a) The averaged cross-section
for photodissociation of the HeH+ molecular-ion, as a function of wavelength and temperature.
(b) The averaged cross-section for photodissociation of the AlH+ molecular-ion, as a function of
wavelength and temperature.

–
–

–

  

The photodissociation spectral rate coefficients K(λ, T) for the case of AlHFigure 2. The photodissociation spectral rate coefficients K(λ, T) for the case of AlH+ molecular ions
as a function of wavelength and temperature.

The averaged cross-section for photodissociation for some small molecular ions for the
wide region of temperatures in EUV and VUV spectral region are depicted in Figure 1a,b.
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Figure 1a,b demonstrates that the temperature dependence of the mean thermal
photoionization cross-section differs considerably for those species. In addition, the maxima
of the cross section for those molecular ions are located at different wavelengths and with
different behaviors (with slow and faster changes). Looking at Figure 1a,b and the data in
the tables, it can be seen that cross-section maxima for HeH+ are located around 50 nm. It is
very wide (several tens of nm), i.e., cross-section slowly increases and also slowly decreases.
The opposite behavior is shown by the KH+ cross-section. The maxima are very sharp and
at a wavelength of about 125 nm. In addition, AlH+ has sharp maxima, but is located at
higher wavelengths. All average cross-section data for photodissociation are presented in
the Supplementary Material.

As an example, the behavior of the aluminum hydride cation photodissociation rate
coefficient K(λ, T) data is graphically shown in Figure 2 as a function of wavelength and
temperature. A similar behavior, i.e., shape can be observed as its average cross section.
All of the data are organized into tables in the Supplementary Material for all of the
analyzed species.

3. Methods

The spectral rate coefficients and average cross-sections were obtained using a quan-
tum mechanical method in which the photodissociation process was studied as an outcome
of radiative transitions among the ground state and the first excited adiabatic electronic
state of the species, i.e., molecular-ion [5]. Here, in the dipole approximation, the transitions
were caused by the electronic component of the ion-atom system interacting with the
electromagnetic field. Within this theory, the mean thermal photodissociation cross-section
can be given by:

σ(λ, T) =

∑
J,υ

(2J + 1)e
−EJ,υ

kT · σJ,υ(λ)

∑
J,υ

(2J + 1)e
−EJ,υ

kT

(1)

where EJ,v denotes the energies of the states with the respect to the ground rovibrational
states. In the above equation, σJ,v(λ) is the partial cross-sections for the rovibrational states
with specified quantum numbers J and v, given, e.g., in [5], with the dipole approximation.
According to the processes’ stated mechanism, the photon with energy ǫλ is absorbed
close to the resonance point R = Rλ, where Rλ is the root of the equation U12(R) ≡ U1(R) −
U2(R) = ǫλ. Here, the ground electronic state is represented by U1(R), while the first excited
electronic state is represented by U2(R).

The photodissociation spectral rate coefficient can be presented using Equation (1) by
the expression

K(λ, T) = σ(λ, T) ·
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·
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−1

(2)

In Equation (2) g12, g1, and g2 denote the electronic statistical weights of the considered
species, i.e., molecular ions, atoms, and ions, and Edest is the molecular-ion dissociative
energy. The theory, mechanism, and other needed quantities can be found in [5] in detail.

To prepare easier and more satisfying usage of calculated data in modelling as well as
in an explanation of the experimental results in laboratories, we provide a simple fitting
formula. We provide a simplified formula to prepare the calculated data for easier and more
satisfactory employment in modelling and in the justification of experimental results in lab
settings. Based on a least-square method, the photodissociation spectral rate coefficients
for investigated small molecular ions can be presented as a logarithmic second-degree

polynomial: log(K(λ, T)) =
2
∑

k=0
pk(λ)(log(T))k. In the Supplementary Tables coefficients,
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pk(λ) for the selected fits and range of parameters for the aluminum hydride cation, helium
hydride cation, and potassium hydride cation are given. We note that the simplified
expression can be valid outside the range of defined plasma conditions, but their use
should be taken with caution. In addition, we present Figure S1 in the Supplement Material,
which simultaneously presents the photodissociation spectral rate coefficients data and
simplified formula data on the example of HeH+.

We note that both the cross-section and rate coefficient can be described by more
sophisticated formulas. However, it is unclear how simple some of them are to use and
whether they are appropriate when quick analysis and product delivery are crucial. The
formula should be simple to use and allow for quick computations and practical analysis.

4. User Notes

A dataset with new results for photodissociation for corresponding molecular ion
species is shown in Supplementary Material Tables S1–S9, which is appropriate for fur-
ther use.

The presented data can be used in practice in different areas of science and in several
possible ways:

• for laboratory research (spectroscopic investigation, synchrotron experiments, etc.)
• for industry and technology application
• for the advancement of chemistry and modelling of various layers of different atmo-

spheres
• for potential astrophysical use (early universe chemistry and interstellar gas investiga-

tion)
• for various theoretical studies

Notably, the data and its analysis highlight interdisciplinary nature and usage, e.g., in
physics, chemistry, astrophysics, astroinformatics, and astrobiology [24,31–35].

Supplementary Materials: The following supporting information are available online at https:
//www.mdpi.com/article/10.3390/data7090129/s1. Tables S1, S2, and S3 present data for average
photodissociation cross-sections for molecular ions AlH+, HeH+, and KH+. Tables S4, S5, and S6 the
photodissociation spectral rate coefficients for investigated species. Tables S7, S8, and S9 present
data for simplified formulas for photodissociation spectral rates. Figure S1 presents the simultaneous
photodissociation spectral rate coefficients data and simplified formula data for the example of HeH+.

Author Contributions: Conceptualization, V.A.S.; formal analysis, L.M.I., V.V. and V.A.S.; validation,
V.A.S. and L.M.I.; visualization, V.A.S. and V.V.; writing—original draft, V.A.S.; writing—review and
editing, V.A.S., Z.R.M., A.K. and M.S.D. All of the authors contributed equally to this work. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the Institute of Physics Belgrade through a grant by the Min-
istry of Education, Science, and Technological Development of the Republic of Serbia. This arti-
cle/publication is based on work from COST Action CA18222–Attosecond Chemistry (AttoChem),
supported by COST (European Cooperation in Science and Technology).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are in the Supplement Material.

Acknowledgments: We would also like to express our gratitude to Magdalena Christova for her time
and effort put into this work, as well as for a fruitful discussion.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

https://www.mdpi.com/article/10.3390/data7090129/s1
https://www.mdpi.com/article/10.3390/data7090129/s1


Data 2022, 7, 129 5 of 6

References

1. Albert, D.; Antony, B.K.; Ba, Y.A.; Babikov, Y.L.; Bollard, P.; Boudon, V.; Delahaye, F.; Del Zanna, G.; Dimitrijević, M.S.; Drouin,
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Abstract: Strong radiation from solar X-ray flares can produce increased ionization in the terrestrial
D-region and change its structure. Moreover, extreme solar radiation in X-spectral range can create
sudden ionospheric disturbances and can consequently affect devices on the terrain as well as signals
from satellites and presumably cause numerous uncontrollable catastrophic events. One of the
techniques for detection and analysis of solar flares is studying the variations in time of specific
spectral lines. The aim of this work is to present our study of solar X-ray flare effects on D-region
using very low-frequency radio signal measurements over a long path in parallel with the analysis
of X-spectral radiation, and to obtain the atmospheric parameters (sharpness, reflection height,
time delay). We introduce a novel modelling approach and give D-region coefficients needed for
modelling this medium, as well as a simple expression for electron density of lower ionosphere
plasmas. We provide the analysis and software on GitHub.

Keywords: solar radiation; sun activity; disturbances; radio spectra; X-spectral domain; Lyman-alpha

1. Introduction

Solar flares (SFs) are giant eruptions on the surface of the Sun [1,2] that release huge
amounts of electromagnetic energy over the whole electromagnetic spectrum [3–7]. Levels
of photoionization processes in the ionosphere depend on plasma composition along with
radiation spectral ranges at specific altitudes [8]. Information on certain solar spectral lines
could be of importance in research of solar flares [9,10]. The enhanced Extreme Ultraviolet
(EUV) radiation is absorbed at higher terrestrial altitudes additionally ionizing E and
F regions of the ionosphere [11]. In addition, Lyman-alpha and X-rays penetrate more
deeply into the ionosphere, reaching the D-region and causing enhanced ionization and
absorption of electromagnetic (EM) waves there [12–14]. Solar flares can be classified into
different classes based on their peak emission in the X-ray 0.1–0.8 nm spectral range as B
(≥10−7 Wm−2), C (≥10−6 Wm−2), M (≥10−5 Wm−2), and X (≥10−4 Wm−2) classes [15–17].

The abrupt increase in X-radiation and EUV emission following solar flares causes
additional ionization and increased absorption of EM waves in the sunlit part of the Earth’s
ionosphere. At the time of SFs and consequently during sudden ionospheric disturbances
(SIDs), the gain of the atmosphere electron density at all heights is noticeable [18,19].
As a consequence of radiation influence, SFs create SIDs and induce disturbance in the
monitored amplitude and phase of Very Low-Frequency (VLF in narrow band 3–30 kHz)
radio signals, primarily in the D layer, which is located between the Earth’s lower atmo-
sphere, which has dense air, and its strongly conducting ionosphere [20,21]. These events
of X-ray SFs have been monitored by Geostationary Operational Environmental Satellite
(GOES) [15].
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In this paper we will focus on the VLF technique—on amplitude and phase signals of
worldwide transmitters of signals monitored by BEL VLF system (Belgrade, Serbia) [22].
VLF signals from the emitters located all over the world are continuously recorded by
the BEL system. Events of X-ray SFs monitored by GOES satellites are further identified
using a radio station’s system of receivers. For these events, VLF wave enhancements
are measured and analysed for the daytime atmosphere. In continuation of our previous
research, the aim of this contribution is to present our study of solar X-ray flare effects
and to obtain the daytime atmospheric parameters and ionization rate induced by this
extreme radiation, and to provide a simple equation for altitude-dependent electron density
of D-region plasma which depends on X-ray spectral intensity and sluggishness of the
medium. Finally, we discuss how the approximately obtained altitude-dependent electron
density relies on the shape of X-ray flux. The python scripts for calculating ionosphere
parameters can be found on GitHub: https://github.com/sambolino/flarED (accessed on
17 October 2021).

The text is organized as follows: Section 2 briefly presents methods for observing
the D-region and introduces a methodology. Section 3 provides the details of numerical
results, analyses, and introduces a simple expression of electron density of the D-region.
In Section 4 the results are discussed together with further directions of research.

2. SFs Impact

We have studied the VLF amplitude (A) and phase (P), acquired by recording VLF
radio signals broadcast by NAA transmitter at Maine, USA (44.63◦ N, 67.28◦ W) during
solar-induced SIDs. The data were recorded by Belgrade VLF system (44.85◦ N, 20.38◦ E).
The BEL stations can synchronously record several radio signals broadcast by different
transmitters. The technicalities and description of the BEL VLF system are presented in [22].
The NAA-BEL path is sufficiently long (6540 km) and correctly oriented west–east.

Here, we present the study of SIDs induced by the large SFs of solar cycles 24 and
25. The acquisition and research of VLF signals has been carried out together with the
investigation of the corresponding X-ray fluxes obtained from GOES. In this research,
the registered data of incoming solar radiation X-ray flux in the XRS spectral range of
0.1–0.8 nm are of primary interest.

2.1. Monitoring SF

We have studied the amplitude and phase data, obtained by monitoring VLF radio
signals emitted by NAA/24.00 kHz transmitter during solar-induced SIDs. During SIDs,
a regular method for signal examination and the determination of ionospheric parameters
rely on the comparison between the registered variation of amplitude and phase and the
matching values acquired with simulations by the Long-Wave Propagation Capability
(LWPC) numerical software package [23,24], as explained in [20,25,26].

As an instructive example of a monitored active day, we present 7 September 2017
(see Figure 1). Three M-class solar flares erupted from sunspot AR2673 of magnitudes
M2.4, M1.5, and M7.3, followed by a huge X1.3-class SF. Energy and particulates hurled at
the Earth while the proton flux velocity was two times greater than normal. The aurora
borealis was also seen.

In Figure 1 we present measured amplitude (lower panel) and phase (upper panel)
for NAA/24.00 kHz signal on high solar activity during M1.5 (Ix = 1.5 × 10−5, Wm−2

at peak time, 09:54 UT), M7.3 (10:15 UT), C3 (12:14 UT) and X1.3 (14:36 UT) events on
7 September 2017 as a function of time. There were visible changes in the VLF daily signal
during the C, M and X flares (see signal peaks on panels). From Figure 1, one can see that
these VLF and GOES peaks during the daytime happened almost simultaneously (with a
time delay of the order of minutes).

https://github.com/sambolino/flarED
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Figure 1. Time variation of X-ray irradiance on the right axes, NAA/24.00 kHz signal phase (a) and
amplitude (b) during M1.5 (09:54 UT), M7.3 (10:15 UT), C3 (12:14 UT) and X1.3 (14:36 UT) events on
7 September 2017.

In this work we have calculated the amplitude increase ∆Arec, defined as the differ-
ence between the maximum amplitude Amax registered during the flare and the regular
amplitude during quiet condition Aquiet as:

∆Arec = Amax − Aquiet (1)

In the same way, phase delay increase ∆Prec has been calculated as:

∆Prec = Pmax − Pquiet (2)

The time delay ∆t can be defined as: ∆t = tAmax − tImax where tAmax is the time
of maximum of VLF amplitude Amax and tImax is time of maximum of X-ray irradiance
Imax [20]. The time delay is nearly similar to the D-region sluggishness [13] and is an
important quantity that can be used to study the ionospheric response to the flares [27].
The quantity ∆t depends on flare intensity and other factors, and usually takes values of
about a few minutes [16,27].

For the representative quiet days, i.e., conditions, we have chosen the days under
low solar activity. The conditions were that the daylight maximum of X-ray flux had to be
lower than 10−6 Wm−2 in the 0.1–0.8 nm XL band.

2.2. Used Numerical Methods

2.2.1. Two-Component Exponential Model and Simulations

The daytime two-parameter exponential profile of electron density can be used for
VLF modelling [28] and is given by:

Ne(h, H′, β) = 1.43·1013 exp(−0.15·H′) exp[(β − 0.15)·(h − H′)] [m−3]. (3)
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Here, β in km−1 is a time-dependent parameter of sharpness, H′ is a reflection height
in km, and h is the height in kilometres above surface.

During SIDs, a regular method for the obtaining of ionospheric parameters is based
on comparison of the registered variation of amplitude and phase (Equations (1) and (2))
with the equal values obtained in computation by the LWPC software [23] as interpreted
in [20,25,26]. Ne can be obtained from the measured amplitude and phase changes by a trial-
and-error method where density profile is modified until the LWPC computed amplitude
and phase match with monitored data (see, e.g., [22]). Thus, the obtained parameters β and
H′ can be applied for further calculation and simulations (Equation (3), etc.).

2.2.2. FlarED’ Method

In [29], i.e., GitHub: https://github.com/sambolino/flarED (accessed on 17 October 2021),
the database is created with SID VLF data (∆Arec, ∆Prec ) parameters, sharpness β and
reflection height H′ for different values of Ix, i.e., different classes of solar flares (during
the period of ascending phase and maximum of the solar cycle 24 and 25). Solar flares are
monitored and analysed by VLF technique and ∆Arec, ∆Prec while parameters β and H′ in
database are obtained by the method described in [20]. The python scripts for calculating
ionosphere parameters can be found https://github.com/sambolino/flarED (accessed on
19 September 2021). For the input values of solar X-ray flux, parameters β and H′ can be
evaluated and altitude values of electron density for the low terrestrial ionosphere can be
calculated. Users can easily calculate time series and hight profile of electron density. The
results, i.e., data, can be plotted and exported in csv.

2.2.3. Approximate Analytic Expression

In order to create an easier and more adequate use of results and data, we give
an electron density specially modified simple logarithmic second-degree polynomial ex-
pression, with height-dependent coefficients taking into account the delay time of the
ionosphere response. The python scripts for calculating electron density by this specially
modified expression can be found at https://github.com/sambolino/flarED (accessed on
10 October 2021). Additionally, for details see Section 3.2.

3. Results and Discussion
3.1. Analyses of SF Events

An example of flare-induced phase and amplitude perturbations, measured for the
NAA/24.00 kHz signal on an active day of 10 May 2013, is given in Figure 2 (red lines on
both panels). The unperturbed daytime values of phase and amplitude were measured on
9 May 2013 (black lines on both panels in Figure 2). There were visible changes in the VLF
daily signal during the duration of M1.3 SF (peak time, 12:56 UT) and C2.5 SF (peak time,
14:37 UT).

One can see visible variations in amplitude and phase. SID VLF changes at the time
of the maximum of SF of M1.3 and C2.5 SF classes are ∆A = 4.2 dB, ∆P = 68.19 deg and
∆A = 1.06 dB, ∆P = 19.20 deg, respectively (see Table 1 and Figure 3c,d). It can be seen
that during SF class C, amplitude and phase disturbances are not well defined, but are
still noticeable.

Figure 3 shows simultaneous variations of the sharpness β, effective reflection height
H′, amplitude and phase (recorded and simulated), electron density at reference height
(74 km) and X-ray flux, during the occurrence of two successive flares on 10 May 2013 from
Figure 3a–e, respectively.

For the period around SFs on 10 May 2013, we have calculated the time-dependent H′

and β parameters as shown in Figure 3a,b. During M1.3- and C2.5-class SFs on 10 May 2013,
the change of H′ with time has normal behaviour. After the start of the SFs it falls to a
minimum, and after X-ray peak it keeps growing to a preflare value. Sharpness behaviour
is connected with form of registered increase of VLF amplitude, i.e., β rises sharply to a
maximum, and after the peak of X-ray flux it drops to a preflare value. At 12:56 UT, i.e.,

https://github.com/sambolino/flarED
https://github.com/sambolino/flarED
https://github.com/sambolino/flarED
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at peak time of the M1.3-class SF, with Ix = 1.36·10−5 Wm−2, H′ decreases to a value of 67
km and the β rises to 0.41 km−1. At C2.5-class SF peak time (14:37 UT) with Ix = 2.59·10−6

Wm−2 the H′ decreases to 72 km and the β increase to 0.32 km−1. It can be noted that the
reflection height and the sharpness are in correlation with X-ray flux shape.

Figure 2. Measured variation of amplitude (a) and phase (b) on NAA signals for 9 May 2013
(quiet day) and 10 May 2013 with noticeable SF events.

Table 1. The data on SFs, amplitude and phase perturbations of VLF signals caused by different events analysed in this study.

SF Tim SID VLF Signatures SF Data

SF
(Class, Date)

Start [UT] Peak [UT] End [UT] ∆A [dB] ∆P [deg] ∆t [min]
Ix max XL
[Wm−2]

Active
Region

M1.3
10.05.2013 12:37 12:56 13:04 4.20 68.19 0 1.36 × 10−5 1745

C2.5
10.05.2013 14:30 14:37 14:42 1.06 19.20 1 2.59 × 10−6 1745

M1.8
12.06.2014 09:23 09:37 09:42 4.50 51.47 4 1.81 × 10−5 2085

M2.7
12.06.2014 10:14 10:21 10:27 5.72 83.01 2 2.74 × 10−5 2087

X1.0
11.06.2014 08:59 09:06 09:10 5.54 90.45 3 1.00 × 10−4 2087

X1.3
07.09.2017 14:20 14:36 14:55 4.50 159 1 1.39 × 10−4 2673

Figure 4 shows the height profile, i.e., vertical electron-density profile before, after and
during the M1.3- and C2.5-class solar flares that occurred on 10 May 2013. Electron-density
altitude profile changes describe the variation of ionization at the D layer due to SF events
and are relevant for mapping the low ionosphere [30,31] and moreover are important for
checking the validity of the method and results [32] as shown in many examples. For
unperturbed (preflare) ionospheric conditions (blue line) and post flare, there is a moderate
increment in Ne (from 2.8·107 m−3 at h = 60 km height, to 6.7·108 m−3 at the upper part of
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this region, i.e., at h = 80 km). These lines have almost the same behaviour. Completely
different slope and behaviour have black and dashed dotted–dotted pink lines at peak times
of M- and C-class SFs with increment from ~7·107 m−3 at 60 km height to 1.6·1010 m−3 and
4·109 m−3, respectively. It can be noted that the electron density profiles moved to higher
electron densities with different slopes when compared to the density profile of the preflare
ionospheric condition. These changes in altitude profile of electron density are important
for the nature of VLF propagation.

Figure 3. Simultaneous variations of the sharpness β (a), effective reflection height H′ (b), VLF
amplitude (c) and phase (d) excess recorded and simulated, electron density at reference height
(e) and X-ray flux (on the right axis (e)) during the occurrence of two successive SFs on 10 May 2013.

Figure 4. The altitude profile of electron density during two successive SFs on 10 May 2013.
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X-ray flux, amplitude, and phase of NAA/24.00 kHz radio signal as a function of UT
during strong M-class successive SF on 12 June 2014 is presented in Figure 5. The lower
panel shows perturbation of amplitude and X-ray flux, and in the upper panel perturbation
of phase and X-ray flux is presented. We analysed two successive M-class solar flares (M1.8
with peak time 09:37 UT and M2.7 with peak time 10:21 UT). There were visible changes in
the VLF daily signal during the duration of M1.8 SF and M2.7 SF. SID amplitude and phase
changes at the peak time of SF of M1.8 and M2.7 SF classes are ∆A = 4.5 dB, ∆P = 51.47 deg
and ∆A = 5.72 dB, ∆P = 83.01 deg, respectively (see Table 1 and Figure 6c,d).

Figure 5. X-ray flux, amplitude, and phase of NAA signal during strong successive flares on 12 June 2014.
(Lower panel) Amplitude and X-ray flux variation; (Upper panel) phase and X-ray flux variation.

Figure 6. Variations of the sharpness β (a), effective reflection height H′ (b), VLF amplitude (c) and
phase (d) recorded and simulated, reference height electron density (e) and X-ray flux (on the right
axis (e)), during the occurrence of two successive M-class SFs on 12 June 2014.
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Sharpness β, effective reflection height H′, amplitude and phase of VLF signals
(recorded and simulated), electron density at reference height, and X-ray flux during
the presence of two M flares on 12 June 2014 are presented in Figure 6 on the upper to
lower panels, respectively.

For the period around SF on 12 June 2014, we have calculated the time-dependent
effective reflection height and sharpness as shown in Figure 6b,a. Generally, as in previous
example, the shape of H′ and β are in correlation with solar X-ray flux. During occurrences
of M1.8- and M2.7-class SFs on 12 June 2014, the changes of H′ during time have a normal
nature. H′ lowers in intensity to a minimum after SFs beginning and it rises to a preflare
value after X-ray flux peaks. The structure of β is correlated with the amplitude shape.
At the time of this SF, it rose quickly to a maximum after the SF peak time and then collapsed
to preflare size. At peak time of the M1.8-class SF, (Ix = 1.81·10−5 Wm−2), H′ lowers to
a value of 67 km and β rises to 0.42 km−1. At peak time 10:21 UT during M2.7-class
SF with flux Ix = 2.7·10−5 Wm−2, the H′ decreases to 65 km and the sharpness increases
to 0.46 km−1.

The Ne at reference height is also in correlation with the intensity and shape of X-ray
flux during the analysed time period (see Figure 6e).

Figure 7 presents the values of simulated amplitude and phase of the NAA signal
along the GCP distance, obtained for quiet and disturbed ionospheric state during SFs
on 12 June 2014. The simulations of propagation were performed using LWPC code. Am-
plitude and phase values of NAA signal proportionally increase with increasing X-ray
intensity along the whole path. During the initial and main phase of the SID event, the sig-
nal variations are more frequent. SID events in the D-region are most noticeable as changes
in the phase of VLF radio signals.

Figure 7. The phase (a) and amplitude (b) of the NAA/24.0 kHz signal along the GCP distance from
Maine, USA, to BEL VLF station, Belgrade, obtained for quiet and disturbed ionospheric state during
SFs on 12 June 2014.

The height profile, i.e., vertical Ne density profile before, after and during the M1.8-
and M2.7-class solar flares on 12 June 2014 are shown in Figure 8. For unperturbed (preflare)
conditions (black dashed line), one can see a slow increment of Ne (from 3.2·107 m−3 at
60 km height, to about 9.7·108 m−3 at 80 km height). Different slopes have a pink line and
dashed red lines (at peak times of M-class SFs), with an increment from ~6·107 m−3 and
~1.2·108 m−3 at 60 km height to 1.45·1010 m−3 and 5·1010 m−3 at 80 km height, respectively.
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Figure 8. The altitude profile of electron density during two successive M-class SFs on 12 June 2014.

Strong SF: In order to cover the whole Ix spectral range needed for further analysis,
we studied X-class solar flares with flux ≥10−4 Wm−2. Figure 9 presents the values of the
monitored and simulated excess of amplitude and phase of the NAA signal simultaneously
with X-ray flux during SF on 11 June 2014. Measured and simulated signal values are in
good agreement, i.e., almost identical. Barely visible differences are at the right corner of
the figure, i.e., during relaxation time and the end of SF.

Figure 9. Time variation of X-ray irradiance (on the right axes), NAA/24.00 kHz signal phase (a) and
amplitude (b) enhancement during M1.0 (09:06 UT) events on 11 June 2014.

Additionally, amplitude and phase values of NAA signal proportionally increase with
increasing X-ray intensity, and during relaxation time (right wings of signal) amplitude



Appl. Sci. 2021, 11, 11574 10 of 17

values decrease more slowly than the flux due to ionosphere sluggishness. For the period
around SF on 11 June 2014, we have calculated the quantities needed for modelling such as
the effective reflection height H′ and the sharpness β, as shown in lower panels of Figure 10.
One can see that the time profile, i.e., shape of reflection height and the sharpness are in
correlation with X-ray flux. More precisely, β has almost the same form as Ix but shifted by
∆t, while H′ has a reverse shape.

Figure 10. Variations in the effective reflection height H′, sharpness β and X-ray irradiance during
the occurrence of SF on 11 June 2014 are shown in panels from lower to upper, respectively.

3.2. Approximative Expressions and Simulations

Nowadays, more complicated methods and formulas exist and can be used in this
field of science [27,33,34]. They are mostly related to calm conditions in the ionosphere,
but still they are also used for perturbed conditions. However, the question arises of how
easy some of them are for use and whether they are applicable when speed of analysis
and obtaining products are important. The idea is to make the formula easy to use as
well as to enable rapid calculations and analysis, such as for example the IRI model—the
international standard empirical model for the terrestrial ionosphere [35,36].

In order to create an easier and more adequate use of the results and data, here we
introduce the electron-density expression:

log Ne(h, Ix(t), t + ∆t) =







2
∑

i=0
ai(h)·(log(Imax

x ))i, t ≤ tIxmax a)

y0 + (2 ∗ A/pi) ∗ (w/(4 ∗ (t − xc)2 + w2)), t > tIxmax b)
(4)

where, tImax is time of maximum of X-ray flux (Wm−2) and h is height (km), ∆t is time delay
defined earlier in the text and ai(h) represents height-dependent dimensionless coefficients.
Here, y0 + (2 ∗ A/pi) ∗ (w/(4 ∗ (t − xc)2 + w2)) is Lorentzian function. Equation (4) gives
more than satisfactory results when simplified (which was our intention to make it easy to
use), i.e., when (4a) is valid for the whole time interval. Consequently, instead of whole
Equation (4) we can use a simple logarithmic second-degree polynomial expression for
theentire time interval, with height-dependent coefficients:

log Ne(h, Ix(t), t + ∆t) =
2

∑
i=0

ai(h)·(log(Imax
x ))i (5)
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Height-dependent coefficients ai(h) can be found in the Github project. Compared to
paper [37], here for the first time we introduce ∆t and improve the expression by taking
into account the delay time of the ionosphere response, making it more physical.

Time delay ∆t in min can be presented (we use it further in the investigation) by linear
dependence on the logarithm of X-ray flux (see, e.g., Figure 11)

∆t =
1

∑
i=0

ci·(log(Imax
x ))i [min] (6)

where dimensionless quantities take values c0 = 0.45385 and c1 = −0.44863 and Ix
max is

X-ray flux at peak time in [Wm−2]. Further in the investigation we will use expression (6),
which can be additionally corrected by inserting various influences. Of course, a more so-
phisticated formula might have been developed, but such precision was unnecessary since
the values of the D-region parameters are known to fluctuate by an order of magnitude.
The goal was to make the formula simple to use while also allowing for quick calculations
and analysis.

Figure 11. (a) The time delay ∆t between the VLF amplitude max and the peak of SF X-ray flux as a function of peak flux
(black circles are data from present investigation, red stars data from [27]; (b) Distribution of ∆t data points (a rug plot).

In Figure 11a, we present values of obtained time delay ∆t between the X-ray flux and
the VLF amplitude as a function of peak flux. Black circles are data from present work
and red stars are data from [27], obtained under the same conditions, i.e., with the same
equipment and for the same transmitter–receiver path. Additionally, in Figure 11b we
provide the distribution of ∆t data points—a rug plot. The time delay between the X-ray
flux and the VLF amplitude maximum ∆t has a mean value of about 3 min. For C-class
SFs, ∆t is more scattered and has the highest variation, and for the larger values of flux Ix

(M- and X-class SFs), the increase is the smallest.
From Figure 6 of the paper by Hayes et al. [38], one can see that presented data are

scattered, even more so than in our case, with ∆t up to 10 min and with a mean value
of about two minutes, which is in accordance with our results. From Figure 11b (see rug
plot), we certainly have the largest grouping between 1–4 min, which is also the case with
the results of Hayes et al. [38] i.e., the results are in accordance. Certainly, there are other
results in the literature such as from the paper of Basak & Chakrabarti [39], but our results
and also the recent findings of Hayes et al. [38] differ from findings of Basak & Chakrabarti,
which surely does not affect the main goal of the present work.
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The conclusion is that the maximum of the signal, and consequently the electron
density, is shifted by an average value of three minutes in relation to the maximum of the
flux during the flare event due to ionosphere sluggishness. In addition, detailed statistics
could have been performed but the main goal was to obtain a useful and easy to use
expression for Ne.

Variation in X-ray flux (upper panel), measured by GOES-15, and Ne (h = 74 km) as a
function of UT during two successive flares on 12 June 2014 (lower panel) are presented
in Figure 12. The red line in the lower panel shows results acquired by approximative
Equation (5). The circles present values of electron density Ne obtained in this research by
the method mentioned above using Equation (3). One can see that the results are in good
agreement except the post-flare wings (Ne shape is more stretched). It can be noted that
due to the sluggishness of the ionosphere, the shape of electron density over time does not
totally follow the solar flux shape and it returns more slowly (post-flare wings) to a calm
state due to the D-region relaxation time.

Figure 12. X-ray flux from GOES-15, and Ne (h = 74 km) as a function of UT during two M-class
SFs on 12 June 2014. The dashed red line shows results acquired by approximative Equation (5).
Ne obtained by the above-mentioned method is presented by circles.

In [29], the database contains parameters β and H′ for different values of Ix, i.e.,
different classes of solar flares (during the period of ascending phase and maximum of
the solar cycle 24 and 25). Solar flares are monitored and analysed by VLF technique
and parameters β and H′ in database are obtained by method described in [20]. In
https://github.com/sambolino/flarED (accessed on 19 September 2021) [29] for the input
values of solar X-ray flux, Wait’s parameters β and H′ can be evaluated and altitude values
of electron density for the low terrestrial ionosphere can be calculated.

Figure 13 presents a scatter plot of a pair of D-region parameters, H′ and β, for SID
cases analysed in this study together with data obtained using methods from [29]. Calcu-
lated parameters H′ and β are in the range of 60–74 km and 0.30–0.60 km−1, respectively.
Black circles represent data from present work and red circles are related to the data ob-
tained using the flared method (see Section 2.2.2). In the bottom right corner (for M- and
X-classes of SF) data are more scattered.

https://github.com/sambolino/flarED
https://github.com/sambolino/flarED
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Figure 13. A scatter plot of a pair of D-region parameters, i.e., H′ versus β, is shown for SID cases
analysed in this study using LWPC and two-component exponential model together with ones
obtained using flared method from Github project [29].

3.3. Comparison of Results

In Figure 14, we present the results from this investigation, i.e., paper (using three
methods from Sections 2.2.1–2.2.3), which are either simulated, calculated, approximated or
the data obtained from literature [16,37,40–42], for electron density Ne at reference height
as a function of X-ray flux. The area of importance is between the two red lines. It can
be noticed that the results differ from each other in some cases by an order of magnitude
or more. Although the data are scattered, especially for stronger flares (right side of the
graph), they still tend to increase with the intensity of the X-ray radiation. As noted,
our results were acquired on the basis of analysis of SID events on NAA/24.00 kHz signal
and using methods described in the text. Electron density at reference height h = 74 km
changed from Ne = 2.16 × 108 m−3 to Ne > 1011 m−3. Additionally, we compared data
with the Ne data obtained using approximate Equation (5) (plus sign in Figure 14) and
simulations (black star) using the flared method. The results are in fair agreement with
previous studies. We can conclude that measurements over a long path give slightly higher
slope, i.e., lower values of electron density than expected, but are quite satisfactory. This
is important because most results concerning investigation in the D-region are scattered
and vary in order of magnitude and we need to take into account all the data and correct
the existing ones. During SIDs the time profile of electron density follows the solar X-ray
flux variation.
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Figure 14. Electron-density data (calculated, simulated and approximated) at reference height
h = 74 km and maximum of Ix flux during occurrence of different class SFs. The data are compared
with results from [16,37,40–42]. Area of importance is between the two red lines.

4. Conclusions and Perspectives

In this paper we analysed SF events with extreme radiation in the X-spectral range.
The perturbed VLF data were collected by monitoring the NAA/24.00 kHz VLF signal
(transmitted in Maine, USA and then received in Belgrade, with GCP = 6540 km) and used
together with GOES satellite data. The magnitude of impact of SFs on D-region and the
consequences of these explosive events were analysed using measurements over a long
path. The amplitude and phase data and ionosphere parameters during the enhancements
of radiation due to the SF obtained in our study, are presented.

The GCP from the NAA transmitter to the Belgrade receiver is about 6540 km long and
characterized as a long, dominantly sea path, and we studied cases when it is entirely sunlit.
The data obtained here demonstrate the advantages of using these long-path measurements
due to stable form of phase and amplitude variation caused by SID in contrast to the VLF
perturbations on the short path which display more complexity and oscillations, including
decreases and increases depending on the flare intensity. This is very important during the
modelling process.

Furthermore, we conclude that the intensity of amplitude and phase perturbations
on VLF kHz signal over a long path is in correlation with the size and shape of X-ray flux.
This is in line with previous studies. The most effective influence on the enhancement of
the ionization rate in the D-region during the observed SFs is due to the increased intensity
of spectral lines in the X-ray spectra. Moreover, X-ray SFs with larger line intensities pro-
duce a larger increase in electron density. The computation was applied, and we obtained
coefficients, i.e., sharpness, reflection height, and time delay needed for modelling this
medium under increased radiation in the X-spectral range. One can notice that the inten-
sified solar radiation in the X-spectral range changes D-region parameters and conducts
an enhanced production rate, consequently deforming the VLF signal. The dependence
of electron density on X-ray flux has slightly lower slope but is in fair agreement with
previous studies.
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The present manuscript offers an extension of the electron-density modeling in the
daytime, SF-perturbed D-region of the ionosphere already introduced in [37]. In particular,
the extension includes time delays from ionospheric sluggishness in Ne modeling, making
use of data over a long GC path that ensures enhanced stability of SID-induced variations
in phase and amplitude shape. The construction of the associated flarED GitHub project is
designed to be easily applicable.

Moreover, we introduce novel methods and provide a simple, modified expression
for Ne as a function of Ix, valid for unperturbed and perturbed conditions. We develop the
expression by taking into account the delay time of the ionosphere response, making it
more physical. The analysis and software are provided on GitHub under the MIT license.

In addition, the observed increase in the atmospheric aerosol number density after the
event of SFs in February and March 2011, as well as high-level cloud formation in the upper
atmosphere, reveal the importance of further investigation of SF and possible influence on
particle-electrification mechanisms [43–45]. Recent studies [46] have introduced reconsid-
eration of atmospheric aerosol–electricity interactions, which could improve theoretical
understanding and simulations of the aerosol lifecycle, opening new horizons for weather
and climate science. Future research will focus on a multidiscipline approach, investigating
solar–geomagnetic activity effects on aerosol particles and on radiative transfer.
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� Potential of rainwater for BTEX scavenging from ambient air was examined.

� BTEX concentrations in rain samples exceeded the theoretically predicted values.

� BTEX retention could be associated with BTEX aerosol fraction.

� Random forest and instance based algorithms provide reliable enrichment predictions.

� Gas mixing ratios, rainwater characteristics and meteorology affect BTEX distribution.
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a b s t r a c t

The contribution of atmospheric precipitation to volatile organic compound (VOC) removal from the

atmosphere remains a matter of scientific debate. The aim of this study was to examine the potential of

rainwater for benzene, toluene, ethylbenzene and xylene (BTEX) scavenging from ambient air. To that

end, air and rainwater samples were collected simultaneously during several rain events that occurred

over two distinct time periods in the summer and autumn of 2015. BTEX concentrations in the gaseous

and aqueous phases were determined using proton transfer reaction mass spectrometry. The results

reveal that the registered amounts of BTEX in rainwater samples were higher than those predicted by

Henry's law. Additional analysis, including physico-chemical characterization and source apportionment,

was performed and a possible mechanism underlying the BTEX adsorption to the aqueous phase was

considered and discussed herein. Finally, regression multivariate methods (MVA) were successfully

applied (with relative errors from 20%) to examine the functional dependency of BTEX enrichment factor

on gaseous concentrations, physico-chemical properties of rainwater and meteorological parameters.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Benzene, toluene, ethylbenzene and the three xylene isomers,

frequently referred to as BTEX, constitute a group of aromatic hy-

drocarbon species of particular environmental interest, commonly

associated with the petrochemical industry and incomplete fossil

fuel oxidation (Stoji�c et al., 2015a, 2015b). Besides being important

photochemical precursors for tropospheric ozone and secondary

organic aerosols (SOA) (Chatani et al., 2015), these hazardous air

pollutants cause chronic toxicity even in small concentrations

(Stoji�c et al., 2015c). According to the IARC data, benzene is

recognized as a significant public health threat and classified as

group I carcinogen, ethylbenzene is a suspected IIB carcinogen,

while both toluene and the xylene isomers belong to group III

neurotoxins (WHO, 1986, 1993, 1997; Durmusoglu et al., 2010).

In the atmosphere, volatile species are distributed between the

gaseous, aqueous and particle phase (Matsumoto et al., 2010). In

their biogeochemical cycle, it is believed that the role of atmo-

spheric water is quite prominent, but this issue is still subject to

continuous scientific debate (McNeill et al., 2012). The concentra-

tions of BTEX in various forms of atmospheric water depend on

various factors including their ambient gas mixing ratios, water

solubility and Henry's law constant, frequency and intensity of

precipitation events (Balla et al., 2014), gas-water surface in-

teractions (Raja and Valsaraj, 2004), content and concentrations of

other species in atmospheric water (Okochi et al., 2005; Sato et al.,
* Corresponding author.
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2006; Allou et al., 2011), as well as the origin of air masses

(Mullaugh et al., 2015). Previous studies, which primarily focused

onwet deposition of BTEX and their partition between gaseous and

aqueous phases, were relatively scarce and provided contradictory

conclusions.

In the study aimed at investigating the capacity of rainwater for

wet scavenging of BTEX, Okochi et al. (2004) reported that the

concentrations of species detected in rain samples were higher

than those predicted by Henry's law, and concluded that atmo-

spheric precipitation might play significantly greater role in

removing BTEX from ambient air than previously thought. Thereby,

the observed supersaturation was assumed to be associated with

the presence of surface-active agents in rain droplets, whereas the

rainfall intensity appeared to be of negligible importance. Accord-

ingly, our previous study confirmed a significant enrichment of

BTEX in the aqueous phase in a dynamic equilibrium system

designed to resemble the interactions between the gaseous and

water phase during rainfall (�So�stari�c et al., 2016). Conversely, recent

findings of Mullaugh et al. (2015) indicate that BTEX were not

efficiently scavenged from the atmosphere by wet deposition pro-

cesses. Furthermore, the authors concluded that light-mediated

reactions with OH$ or nitrogen radicals remain the major atmo-

spheric sink for BTEX. Nonetheless, it should be noted that this

research was not based on the ambient air measurements, but it

mainly relied on the previously published BTEX data from similar

locations.

In order to better understand the fate of volatile species in at-

mospheric, terrestrial and aquatic systems, the present study ex-

amines the contribution of rainwater to wet scavenging of

atmospheric BTEX, as well as the mechanisms related to their air-

water distribution transfer.

2. Materials and methods

A total of 53 sample pairs of air and rainwater samples were

collected simultaneously during several rain events that occurred

over two distinct time periods in the summer and autumn season of

2015. The sampling was performed at the Institute of Physics

(Belgrade, Serbia; 44�490 N, 20�280 E), located in the vicinity of the

Danube river, in the suburban residential area, with a number of

local fireboxes active during the heating season.

Rainwater sampling was performed using a custom-built pre-

cipitation collector with the effective sampling area of 9 m2. The

steep collecting panels (45�) were designed to reduce rainfall

retention time and minimize possible BTEX volatilization. Such

large sampling area enabled collecting a vast number of samples

per each rain event. The panels were thoroughly rinsed with 18 MU

ultrapure water (ELGA PURELAB maxima system) prior to each

sampling campaign, and the rinsing water was collected and

analyzed as a field blank control sample. No target compounds

were detected in the field blank control samples. The samples were

collected and stored directly into brown glass bottles of 1 300 mL.

All bottles were washed with detergent, thoroughly rinsed with

ultrapurewater and dried in an oven for 2 h at 105 �C to remove any

trace of contamination. During the sampling, the bottles were filled

to the top to avoid headspace, and the sampling duration and

sample temperature were recorded. Since sampling equipment

enables collection of large volumes of rainwater within a short

period, the last sample in each sampling campaign was collected in

the bottle of 2600 mL and was split into two standard aliquots. The

first aliquot was analyzed immediately, whereas the other one was

examined after all other samples to determine whether the BTEX

levels changed over time. No difference could be observed in the

obtained quantity of double samples (Table S1, Supplementary

material).

BTEX concentrations in both gas and water phases were

measured using proton transfer reaction mass spectrometer

(Standard PTR-quad-MS, Ionicon Analytik, GmbH, Austria), whose

detailed description is given elsewhere (Lindinger et al., 1998).

Since PTR-quad-MS is not capable of distinguishing isobaric ions,

the signal detected at m/z 107 referred to C8 aromatic hydrocar-

bons, ethylbenzene, o-, m-, and p-xylene. Signals detected at m/z

79 and m/z 93 referred to benzene and toluene, respectively

(Warneke et al., 2003).

The air samples were collected as a side flow from a 1/8-inch

teflon tube sampling line through which ambient air was drawn

at the flow rate of about 50 L min�1 to ensure short residence. The

sample inlet was located 6 m above ground level with a sampling

angle of 360�. Drift tube parameters included: pressure, ranging

from 2.04 to 2.14 mbar; temperature, 60 �C; voltage, 600 V; E/N

parameter, 145 Td providing reaction time of 90 ms? The count rate

of H3O
þH2O was 3e8% of the 9.2$106 counts s�1 count rate of pri-

mary H3O
þ ions. PTR-MS calibration was performed before and

after each sampling campaign using an external standard five-point

calibration, ranging from 0 to 26 ppbV, 0e25 ppbV and 0e80 ppbV

for B, T and EX, respectively. For this purpose, 2.5 ppmV mixture of

BTEX (BTEX in nitrogen, Messer Group GmbH) was diluted with

high-purity synthetic air (CH free, Messer Group GmbH) by means

of HORIBA ASGU 370-P system.

Determination of BTEX concentrations in rainwater was per-

formed immediately after each sampling campaign. A liter of each

unfiltered rainwater sample was transferred to the gas washing

bottle (GWB) and purged out with synthetic air at a flow rate of

1L min�1. Rainwater filtration was avoided due to potential

adsorption of species on the filter. The GWB output was connected

with PTR-MS inlet via T-piece, and further analytical procedure,

calibration and data processing were conducted as described in
�So�stari�c et al. (2016). In brief, PTR-MS signal obtained during

exsufflation was subject to baseline fitting. The exsufflation time

was determined for each sample as the interval required for equi-

librium to be achieved (teq). The obtained exsufflation time was

used for determining the amounts of target compounds retained in

the analyzed rainwater samples. The aqueous concentrations of

analyzed species were calculated by multiplying the obtained

amounts by the conversion factor (3.25; 3.83 and 4.41 for B, T and

EX, respectively). The detection limits (DL) in rainwater were

determined using HC free air and calculated as 10 nM, 10 nM and

20 nM for B, T and EX, respectively. The remaining portion of each

rainwater sample was transferred to a 300-mL bottle and stored at

4 �C until further analysis, which included determination of the

major inorganic anions (F�, Cl�, SO4
2�, NO2

� and NO3
�), dissolved

cations (Naþ, NH4
þ, Кþ, Ca2þ and Mg2þ), total organic carbon, elec-

trical conductivity, UV extinction, turbidity and pH, in accordance

with the standardmethods (US EPA 300.1:1993, EN ISO 14911:1998,

ISO 8 245:1999, EN 27888:1993, SMEWW 19th method 5 910 B, US

EPA 180.1:1993, EN ISO 10523:2008, respectively). More details of

the methods and equipment applied for physico-chemical analysis

conducted on rainwater samples are presented in Supplementary

material.

In order to determine the extent to which Henry's law constant

(KH) describes BTEX distribution between the gaseous and aqueous

phase, distribution coefficients (DOBS) were calculated for each

sample pair and each species, as the ratio of the corresponding

experimentally derived rainwater concentrations in nM (CR) and

ambient gas phase mixing ratios in ppbV (pg):

DOBS ¼ CR
.

pg

�

M atm�1
�

(1)

Furthermore, the enrichment factors (EF) were calculated as the
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ratio of DOBS and KH.

Considering the KH temperature dependence, EF were calcu-

lated using temperature corrected KHT for each rain sample by

means of the following equation (Sander, 2015):

KHT ¼ KHð298:15Þexp

�

�DH

R

�

1

298:15
�
1

T

��

(2)

where KH is the Henry's law constant at 298.15 K for pure water, DH

is the enthalpy change of air-water transfer, T is the rainwater

temperature, and R is the universal gas constant (8.314 J K�1mol�1).

Furthermore, to assess the representativeness of ground level

conditions for the atmospheric conditions during rainfall, KHT and

EF altitude profiles were calculated using the temperature profiles

obtained from GDAS1 (Global Data Assimilation System, 2015), by

replacing the rainwater temperature value by the temperature at

the corresponding altitude.

Meteorological parameters during rain events (precipitation

(accumulated rainfall, rain current and peak intensity, and the

duration of a rain event), wind speed and direction, pressure, hu-

midity and temperature) were measured by Vaisala Weather

Transmitter WXT530 Series. Cloud information, including cloud

height and type, was obtained from the airport “Nikola Tesla”,

Belgrade, ICAO code LYBE, located 8.9 km SSW from the sampling

site.

The relationships between enrichment factors (EF), physico-

chemical characteristics and wind characteristics (wind speed

and direction) were examined using the bivariate polar plot ana-

lyses (Carslaw and Beevers, 2013) implemented in the Openair

package (Carslaw and Ropkins, 2012) within the statistical software

environment R (Team, 2012).

The neutralization factors (NF) were calculated based on the

study of Moreda-Pi~neiro et al. (2014), Tiwari et al. (2016) and ref-

erences therein in order to examine the potential of the cations to

balance the rainwater acidic components:

½NFCa2þ � ¼

�

nssCa2þ
	

NO�
3 þ

h

nssSO2�
4

i (3)

h

NFMg2þ

i

¼

�

nssMg2þ
	

NO�
3 þ

h

nssSO2�
4

i (4)

h

NFNHþ
4

i

¼

h

NHþ
4

i

NO�
3 þ

h

nssSO2�
4

i (5)

½NFKþ � ¼

�

nssKþ	

NO�
3 þ

h

nssSO2�
4

i (6)

To calculate the non-sea salt fraction of any particular ion (nss),

we assumed that all Na originated frommarine sources, and used it

as a referent element. The nss contribution is given as:

½nss� X�i ¼ ½Xi� �
h

Naþ
i

i




½X�

Naþ

�

sea salt

(7)

where [nss - X]i is the nss concentration of the selected ion in the

sample i, [Xi] is the total concentration of the ion X measured in the

rainwater sample i, [Naþ] is the total concentration of Naþ

measured in the rainwater sample, and [[X][Naþ]�1]seasalt is the

reference ratio determined in the seawater.

Potential remote source regions that might affect the observed

BTEX mixing ratios were identified using HYSPLIT-derived 72-h

back trajectories (Draxler and Rolph, 2014). The trajectories were

computed for each hour UTC a day before and during each rain

event, above the sampling location at the half of the planetary

boundary layer height calculated from GDAS1 using MeteoInfo

(Wang, 2014), as described in Stoji�c et al. (2016) and Stoji�c and

Stani�si�c Stoji�c (2017).

Rainwater source apportionment was performed using Unmix

(USEPA, 2007). The maximum number of species selected as input

variables was chosen using the trial and error with the overall aim

of yielding the most physically meaningful results. For concentra-

tions below the DL, a value equal to the half of the DL was used.

Guided regularized random forest (GRRF) was applied (Deng

and Runger, 2013) for the selection of features that are most rele-

vant for EF. Random forest (RF) consists of a number of decision

trees which every node represents a condition on a single variable

designed to split the dataset in two parts so that similar response

values end up in the same set. Variable importance measures how

much each variable decreases the weighted impurity across all

tress, a measure based on which the optimal condition is chosen.

GRFF uses the importance scores from a preliminary RF to guide the

feature selection of regularized random forest (RRF), and has

several advantages as follows: it is more robust and computation-

ally efficient than RRF, varSelRF and LASSO logistic regression; it can

select compact feature subsets moderating the curse of dimen-

sionality; it avoids the effort to analyze irrelevant or redundant

features; and it has competitive accuracy performance. Variable

importance presented herein was obtained by calculating the

average value of 2000 GRRF runs. The appropriate number of trees

was determined to assure out-of-bag error convergence. Method

performance was tested by 100 times replicated 10-fold cross

validation.

To analyze the relationship between EF and features that are

considered most relevant for EF prediction, the following 24

regression MVA methods implemented in Weka 3.8 (Hall et al.,

2009) were applied: Alternating Model Tree, Conjunctive Rule,

Decision Stump, Decision Table, Elastic Net, Gaussian Processes, IBk,

IBkLG, Isotonic Regression, K*, Least Median Squared, Linear

Regression, Locally Weighted Learning, M5P, M5 Rules, Multilayer

Perceptron, Pace Regression, Random Forest, Random Tree, Radial

Base Function (RBF) Network, RBF Regressor, REP Tree, Simple

Linear Regression and SMOreg Support Vector Machine. A brief

description of the methods, including functions (neural network,

support vector machine, etc.), clustering techniques, rules and

trees, is provided in Supplementary material. Method performance

was tested by 10 times replicated 10-fold cross-validation.

3. Results and discussion

Light showers, with occasional thunderstorms, constituted a

considerable part of summer rain events. Scattered and broken

clouds in the form of cumulonimbus or towering cumulus were

observed at the height of 400e1 000 m. In the autumn campaign,

the vast majority of rain events were light and sporadically fol-

lowed by mist. Scattered clouds were registered at levels below

300 m, whereas broken clouds were observed from 100 to 900 m.

As expected, both aqueous and gaseous BTEX concentrations

were higher during the cold part of the year. Lower BTEX concen-

trations in summer can be attributed to intense photochemical

removal and washout effects associated with more sunny and rainy

days (Lee et al., 2002), whereas higher concentrations of BTEX in

autumn can be associated with individual combustion fireboxes

widely spread in the vicinity of the sampling site. Furthermore,

aqueous B concentrations in summer were below DL.

As can be seen in Fig. 1, each rain event was associated with air
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masses coming from different source regions and heights. During

summer rain events, air flows from all directions were followed by

significant variations in physico-chemical properties of rainwater,

whereas N and NE air masses in autumn were associated with a

more uniform rainwater composition. Gaseous concentrations of

volatile species, particularly B, were relatively stable during rain

events, which can be explained by the fact that the sampling site

was dominated by local BTEX sources.

3.1. Physico-chemical characteristics of rainwater

Basic statistics for all rainwater parameters and BTEX concen-

trations is given in Table S2, Supplementary material. The average

rainwater pH was 6.01, while the turbidity was below 10 NTU,

indicating that the samples contained moderate amounts of sus-

pended particles from the atmosphere. As illustrated in Fig. S1,

conductivity, as well as high concentrations of most ions (SO4
2�,

NO3
�, Ca2þ, Mg2þ, Kþ and Naþ) were influenced by the high-speed

SW wind (20e30 m s�1), while only NH4
þ concentrations were

increased with the wind of moderate speed (10 m s�1) from NE

direction.

The rainwater pH varied from 3.70 to 8.20 with the volume

weighted mean of 6.01, which is mainly due to scavenging of

alkaline species (Ca2þ and SO4
2�). The average pH value is also close

to the 5-year-mean (6.1) obtained as a part of the regular air quality

monitoring in Belgrade. The contribution of SO4
2� to the rainwater

acidity was confirmed by (Cl� þ NO3
�) and (SO4

2�) ratio below 1

(Tiwari et al., 2016). As shown, Ca2þ was the dominant neutrali-

zation component, followed by NH4
þ, Mg2þ and Kþ, with mean of

77%, 14%, 7% and 2.3%, respectively.

As shown in Fig. S2, significant correlations were observed as

follows: > 0.80 (NO3
� � SO4

2�, NH4
þ � aq. B, NH4

þ � gas. B,

NH4
þ� EFB); 0.70e0.80 (F�� SO4

2�, F��NO3
�, F�� aq. B, F�� gas. B,

F� � EFB, K
þ � Naþ); and 0.60e0.70 (NO3

� � Mg2þ, SO4
2� � Mg2þ,

SO4
2� � EFEX, Na

þ � Mg2þ). Furthermore, high correlations were

noted between aq. And gas. BTEX concentrations (�0.80), as well as

between aq. EX and aq. B (0.67) and aq. T (0.67), suggesting that

these species might share the common source.

As can be seen in Tables S3, S4 and S5, four factors were derived

using Unmix.With high contributions of volatile BTEX species (99%,

44.5% and 52.2%) and a relatively high share of UV extinction

(33.3%), the first factorwas recognized as organic compounds in the

gaseous form. The second factor, characterized by the highest

contribution of TOC (71.6%) and turbidity (79.7%), represented the

solid fraction dissolved in the atmospheric water. Significant shares

of Kþ (58.0%), SO4
2� (42.2%) and NO3

� (31.3%) were also apportioned

to this factor, as a result of fossil fuel burning and traffic exhaust

(Rao et al., 2016; Tiwari et al., 2016). The high shares of crustal-

related elements, Naþ (61.8%) and Mg2þ (61.4%), were appor-

tioned to the third factor (Cao et al., 2008; Sapek, 2014). Moderate

to significant shares (>30%) of all species except Naþ, Kþ and Bwere

apportioned to the fourth factor, being recognized as the aerosol

fraction. Apart from gaseous oxides (SO2 and NO2), which react

with ozone and OH$ radicals in the presence of Ca2þ and Mg2þ

(Seinfeld and Pandis, 2006), BTEX are susceptible to photo-

oxidation that can also lead to SOA formation. BTEX reactions

include oxidation with ozone and OH$, but also with NOx and SO2,

which results in multi-functional oxy products that are further

deposited onto the existing aerosol or initiate the formation of SOA

by self-nucleation. BTEX behave differently in the atmosphere due

Fig. 1. Back trajectories a day before (August 15 and November 24) and during summer (a) and autumn (b) rain events and corresponding trajectory heights (c, d).
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to differences in the methyl chain substituent and the alkyl chain

length. Benzene is considered being extremely stable compared toT

and EX (Słomi�nska et al., 2014), and it is less susceptible to the

heterogeneous reactions and formation of SOA in the atmosphere.

The contributions of the gaseous organic- and aerosol-related

factors were mostly associated with N wind of moderate speed

(<10m s�1), which clearly reflects their local origin, while the solid-

and crustal-related factors were associated with the air masses

from SW direction and high wind speed (20e30 m s�1) (Fig. S3).

The contribution of the factor assigned to aerosols declined during

rain events due to wet deposition, while similar behavior was not

observed for other factors.

TEX air mixing ratios and rain concentrations decreased during

the first 2 h of the rainfall, but tend to rise afterwards probably as a

result of rainfall intensity decrease (Fig. S4, Supplementary

material). The highest TEX enrichment, caused by air mixing ratio

decrease, was detected during the second hour. Typical washout

effect was observed for source contributions related to the rain-

water aerosol and solid components, and was less pronounced for

crustal factor. Unlike TEX, only a slight decrease in benzene air

mixing ratios was noticeable, which is reflected in a constant EFB
increase.

3.2. BTEX distribution between gaseous and aqueous phases

The exsufflation time required for the equilibrium to be ach-

ieved was different for rainwater samples and ultrapure water,

which suggests that physico-chemical properties and BTEX content

distributed between different phases have certain impact on the

adsorption to the aqueous phase (Fig. 2, left). However, the corre-

lations were registered only between the concentrations of B, and

F� (�0.72) and NH4
þ (0.83) (Fig. S2, Supplementary material). The

impact of rainwater physico-chemical properties on the BTEX

retention was further examined by insufflating 2 ppbV of BTEX in

10 pre-exsufflated rainwater samples, as described in our previous

paper (�So�stari�c et al., 2016). The results showed slightly longer

exsufflation periods for rainwater samples compared to the pure

water, indicating that physico-chemical properties are not the main

contributor to the extended retention in the rainwater. The

comparative qualitative analysis of rainwater and ultrapure water

exsufflation time series obtained by real-time PTR-MS measure-

ments showed that different capacities for BTEX retention can be

mainly associated with BTEX aerosol fraction (Fig. 2, right).

Generally, due to very small KH values of aromatic compounds,

BTEX concentrations in rainwater are expected to be low

(Słomi�nska et al., 2014). However, according to the results, EF values

were in the range from 61 to 128, from 8 to 209, and from 25 to 295

for B, T and EX, respectively, indicating that the BTEX amounts in

the aqueous phase significantly exceeded the theoretically pre-

dicted levels. Both lower and higher EF values have been reported

in the literature. According to the studies dealing with the distri-

bution of chlorinated hydrocarbons and monocyclic aromatic hy-

drocarbons between air and rainwater, EF ranged from 2.4 to 34 for

BTEX (Okochi et al., 2004; Sato et al., 2006), whereas the study of

Valsaraj et al. (1993) reported several hundred to a thousand-fold

enrichment of hydrophobic organic compounds in fog samples.

The enhanced BTEX transfer to urban dewwater was also shown by

Okochi et al. (2005), with the reported EF values ranging from 7.87

to 20.2. Furthermore, Fries et al. (2007) showed that the concen-

trations of aromatic hydrocarbons including ethylbenzene, xylenes

and 1,2,4-trimethylbenzene, have been significantly lower in rain

(15e53 ng L�1) than in snow (71e2 200 ng L�1). In the later study,

Fig. 2. The time required to reach equilibrium (teq) and 99, 95 and 90% quantity of benzene and toluene to be exsufflated (left), and toluene exsufflation from ultra-pure water and

rainwater (right).

Fig. 3. Henry's constant and EF BTEX altitude distributions.
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Fries et al. (2008) found that in-cloud scavenging could be a

possible explanation for the occurrence of VOC in fallen snow.

Fig. 3 illustrates the KH and EF altitude distribution for BTEX. It

should bementioned that KH and EF for B and EX exhibit the similar

pattern. As can be seen, KH and consequently EF, change as the

raindrop falls to the ground. KH values calculated using the average

temperature on the path of the raindrop differ ±20% from those

obtained using the rainwater temperature. Such agreement in-

dicates that the rainwater temperature measured at the ground

level is a good indicator of atmospheric conditions under which

reactions with BTEX takes place. Moreover, in the study of Lin et al.

(2011), it was concluded that, at higher altitudes in locations with

dominant local sources, VOC concentrations were generally lower,

and hence, higher KH values would not be expected to affect CR, nor

calculated values of DOBS and EF.

As suggested by the field studies (Valsaraj et al., 1993; Goss,

1994; Okochi et al., 2004; Starokozhev et al., 2009), as well as the

laboratory experiments (Bruant and Conklin, 2000, 2002; Raja

et al., 2002; Raja and Valsaraj, 2004; �So�stari�c et al., 2016), the

interfacial adsorption might be the major mechanism associated

with the enhanced VOC transfer to the aqueous phase.

Some previous studies have examined the composition of at-

mospheric water and the impact of different species, including

nitric acid, anionic and nonionic surfactants, as well as the impact

of salinity and pH on air-water VOC distribution (O'Sullivan et al.,

1996; Vane and Giroux, 2000; Sato et al., 2006; Allou et al., 2011).

The supersaturation of VOC in rain samples was explained by

decreased rainwater polarity associated with the presence of

different organic compounds (Sato et al., 2006). The presence of

colloidal organic matter with its large binding capacity for many

hydrophobic species was found in fog droplets (Valsaraj et al.,

1993). Similarly, in the study of Okochi et al. (2005), the

enhanced dissolution of VOC species in urban dew compared to

rainwater was explained by the fact that dew forms near the

ground and contain more humic-like substances that could lead to

a decrease in water surface tension and consequently result in

higher VOC enrichment.

The present study considers several factors that could

contribute to BTEX enrichment in rainwater, including BTEX con-

centrations, rainwater physico-chemical properties, rainfall in-

tensity, air masses origin, meteorological conditions and adsorption

at the air/water interface.

As regards the physico-chemical characteristics of rainwater,

only F� and SO4
2� can be considered important for the prediction of

EFB (�0.73) and EFEX (0.62), respectively. The latter indicates that

SO2-rich coal burning emissions are also a significant source of EX,

while the results for B should be taken with caution due to the

small data size.

Higher rainwater T enrichment was mostly observed for low

gaseous T concentrations, high TOC (8e12 mg L�1) and turbidity

(Supplementary file 1), although the strict link between rainwater

enrichment and gaseous concentrations cannot be established. The

exsufflation dynamics (Fig. 2) and the EF values suggest that pro-

longed BTEX retention could also be attributed to the adsorption to

aerosol fraction. We have considered T partitioning, not only

because T concentrations were in a relatively broad range, but also

because of the significant number of samples collected in both

seasons with comparable concentrations, despite the fact that

similar findings were observed for the rainwater enrichment with

EX (Supplementary file 2). As can be observed in Fig. 4 and Table S6

of the Supplementary material, higher T enrichment was mostly

associated with a higher wind speed at the sampling site (up to

30 m s�1) and air masses coming from SWarea, whereas the lowest

rainwater enrichment was registered under relatively stable at-

mospheric conditions (ws < 5m s�1). Similar associations were also

observed for EX. Higher rainwater enrichment could be the result of

the prolonged contact time between the aqueous and the gaseous

phases, when strong wind-driven raindrops were falling obliquely.

According to GRRF results (Table S7, Supplementary material),

physico-chemical rainwater properties and gaseous T concentra-

tions appear to be of greater importance than meteorological fac-

tors for predicting T and EX rainwater enrichment. Furthermore,

these findings also indicate that ground level gaseous concentra-

tions have higher impact on the transfer of species to the aqueous

phase than the polluted air masses coming from greater atmo-

spheric heights.

Out of 24 examined MVA regression methods, some of which

were previously successfully applied for prediction of PM10 and

VOC emissions (Stoji�c et al., 2015d; Peri�si�c et al., 2017), it has been

shown that RF, IBk and IBkLG can provide predictions of EFT and

EFEX based on the variables of the highest importance derived by

GRRF with relative errors of approx. 20%, i.e. 27%, and correlation

coefficients around 0.95 and 0.87, respectively (Table 1).

Conversely, the prediction of EFT and EFEX based on Unmix derived

source contributions was less accurate (K*: 36.3% relative error and

correlation coefficient 0.79). As can be concluded, functional

description of EFT and EFEX can be based on certain rainwater

properties and gaseous T concentrations. In addition to ambient

and rainwater B concentrations, EFB is affected by meteorological

conditions (sample and ambient temperature and Rh), but these

results should be taken with caution due to the small B data size.

Fig. 5 represents EF for T and EX as a function of their ambient

gas phase mixing ratios. As can be seen, EF values increased in

summer, due to ambient air temperature, which is one of the most

important factors for the decrease of the surface tension leading to

enhanced interfacial adsorption (Bruant and Conklin, 2000, 2002).

Another important feature of Fig. 5 is the power functional

dependence of EF on ambient gas phase mixing ratios, as adsorp-

tion processes are generally more efficient for lower adsorbate

concentrations and are characterized by the power functions. These

findings are in compliance with the findings of Sato et al. (2006)

who showed that rainwater enrichment is especially significant

for the species with lower atmospheric concentrations.

4. Conclusions

The transfer of BTEX and other VOC from the atmosphere to

various forms of atmospheric water is an important process that

affects the global transport of air pollutants, environmental fate and

enables the transfer of these species to terrestrial and aquatic

systems. The purpose of this study was to investigate the scav-

enging potential of rainwater and consider the potential mecha-

nisms and factors associated with this phenomenon.

As shown, BTEX concentrations observed in the aqueous phase

exceeded the theoretically predicted values. Given that the inter-

facial adsorption is assumed to be themajor mechanism underlying

the enhanced rain scavenging of BTEX, the removal process was

observed to be more efficient for lower gas mixing ratios, mainly

due to equal surface available for smaller number of molecules and

the prolonged contact time between the two phases when wind-

driven rain drops were falling obliquely. Accordingly, theoretical

predictions are probablymore accurate in the area of larger gaseous

concentrations, whereas in the case of lower concentrations,

transfer to the aqueous phase is often underestimated. Further-

more, the results of the presented regression multivariate analysis

suggest that multiple factors determine the spatio-temporal BTEX

distribution in the environmental multiphase system, including

ambient mixing ratios, physico-chemical properties of rainwater

and meteorological data. More specifically, the functional descrip-

tion of EFT and EFEX can be based on certain rainwater properties.
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Fig. 4. The relationship between BTEX air mixing ratios (ppb), rain concentrations (nM) and enrichment factor and wind characteristics.

Table 1

MVA method performance comparison for enrichment factor prediction based on the measured parameters and Unmix-derived source contributions: absolute error, relative

error and correlation coefficient (r).

Method EFT EFEX

Measured parameters Unmix derived source

contributions

Measured parameters Unmix derived source

contributions

Abs. error Rel. error r Abs. error Rel. error r Abs. error Rel. error r Abs. error Rel. error r

Alternating Model Tree 18.5 34.8 0.88 40.8 76.4 0.67 33.8 42.0 0.78 59.2 111.0 0.53

Conjunctive Rule 26.1 48.9 0.64 32.0 59.9 0.40 39.2 48.7 0.55 43.4 81.2 0.41

Decision Stump 25.5 47.8 0.57 29.3 54.9 0.46 36.4 45.2 0.57 39.4 73.8 0.45

Decision Table 17.8 33.3 0.85 25.3 47.4 0.68 33.9 42.1 0.71 44.8 83.9 0.46

Elastic Net 15.2 28.5 0.88 22.3 41.9 0.77 29.4 36.5 0.74 38.6 72.4 0.62

Gaussian Processes 16.1 30.2 0.88 21.9 41.0 0.79 30.6 38.0 0.72 41.0 76.8 0.60

IBk 11.6 21.7 0.95 20.6 38.5 0.79 22.4 27.8 0.89 31.9 59.8 0.68

IBkLG 11.6 21.7 0.95 20.6 38.5 0.79 22.4 27.8 0.89 31.9 59.8 0.68

Isotonic Regression 13.7 25.7 0.93 31.4 58.9 0.54 34.9 43.3 0.62 39.5 74.0 0.58

K* 11.9 22.3 0.92 19.4 36.3 0.79 22.0 27.4 0.87 31.0 58.1 0.68

Least MedSq 17.4 32.7 0.87 35.6 66.8 0.67 52.7 65.4 0.29 47.4 88.8 0.50

Linear Regression 15.5 29.1 0.89 22.7 42.5 0.78 30.8 38.2 0.74 39.0 73.2 0.61

LWL 15.9 29.7 0.91 26.7 50.0 0.72 35.5 44.1 0.70 39.4 73.9 0.53

M5P 13.9 26.1 0.91 21.6 40.5 0.78 29.7 36.9 0.74 40.4 75.7 0.60

M5Rules 15.0 28.1 0.90 22.9 42.9 0.74 30.8 38.3 0.74 42.2 79.1 0.59

Multilayer Perceptron 17.7 33.1 0.92 24.2 45.4 0.80 37.5 46.5 0.74 49.5 92.7 0.55

Pace Regression 15.9 29.8 0.88 22.7 42.6 0.77 30.1 37.4 0.74 38.6 72.4 0.62

Random Forest 11.6 21.7 0.95 22.5 42.2 0.76 27.8 34.5 0.76 34.9 65.4 0.62

Random Tree 13.8 25.9 0.89 28.6 53.7 0.59 32.8 40.8 0.67 41.7 78.1 0.54

RBF Network 29.9 56.0 0.45 30.4 57.0 0.65 44.8 55.7 0.49 52.8 98.9 0.40

RBF Regressor 14.7 27.6 0.91 23.6 44.2 0.78 28.1 34.9 0.83 40.9 76.6 0.56

REP Tree 13.9 26.1 0.91 22.5 42.1 0.72 36.9 45.8 0.58 42.0 78.8 0.43

Simple Linear Regression 29.9 56.1 0.49 30.3 56.7 0.55 34.3 42.7 0.71 40.5 75.8 0.61

SMOreg 14.7 27.5 0.88 21.5 40.3 0.79 28.8 35.8 0.75 39.0 73.2 0.61
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On the other hand, it has been shown that EFB is affected by

meteorological conditions (sample and ambient temperature, and

Rh), as well as B ambient and rainwater concentrations (however,

these results should be interpreted with caution due to the small B

data size).
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Abstract: Following solar flares (SF), the abrupt increase in X-radiation and EUV emission generates
additional ionization and higher absorption of, e.g., electromagnetic waves in the sunlit hemisphere
of the Earth’s ionosphere. The modeling of the ionosphere under solar flares are motivated by
new observations with spacecrafts, satellites, and ground-based measurements. The estimation of
modeling parameters for the ionospheric D-region during SF events poses a significant challenge,
typically requiring a trial-and-error approach. This research presents a machine learning (ML)
methodology for modeling the sharpness (β) and reflection height (H′) during SF events occurred
from 2008 to 2017. The research methodology was divided into two separate approaches: an instance-
based approach, which involved obtaining SF parameters during the peak SF, and a time-series
approach, which involved analyzing time-series data during SFs. The findings of the study revealed
that the model for the instance-based approach exhibited mean absolute percentage error (MAPE)
values of 9.1% for the β parameter and 2.45% for the H′ parameter. The findings from the time-
series approach indicated that the model exhibited lower error rates compared to the instance-based
approach. However, it was observed that the model demonstrated an increase in β residuals as
the predicted β increased, whereas the opposite trend was observed for the H′ parameter. The
main goal of the research is to develop an easy-to-use method that provides ionospheric parameters
utilizing ML, which can be refined with additional and novel data as well as other techniques for data
pre-processing and other algorithms. The proposed method and the utilized workflow and datasets
are available at GitHub.

Keywords: regression; kernel density estimation; solar flares; ionospheric data; ionospheric
parameters modeling

1. Introduction

The low ionosphere, located between approx. 50 and 90 km above the Earth’s sur-
face [1], varies in ionization with the solar flow [2] and displays the effects of solar flares
(SF) [3–5]. Crucial for its modeling, the ionosphere parameters are directly/indirectly
measured with sounding rockets, which offer a single measuring point [6] and are asso-
ciated with high operational costs [7–9]. Consequently, the utilization of the very low
frequency (VLF) approach is commonly employed [10,11]. Usually, both the VLF signal’s
amplitude and phase display the impacts of SF occurrences that follow X-ray flux, in
most cases often seen as increased values during such events, but with patterns highly
influenced with VLF trace geometry [11–14]. The D-region of the ionosphere is defined by
two parameters: sharpness (β) in km−1 and reflection height (H′) in km [15], also known
as Wait’s parameters or waveguide ionospheric parameters. The electron density (ED)
may be computed for both undisturbed and disturbed ionospheric conditions using an
equation displayed by Wait and Spies [16]. Typically, the estimation of the ionospheric
parameters is performed by the utilization of the Long Wavelength Propagation Capability
(LWPC) software LWPC. Computer Programs for Assessment of Long-Wavelength Radio
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Communications, V2.1. Available online: https://github.com/space-physics/LWPC (ac-
cessed on 2 February 2023). [17], which is a challenging task due to the complex nature
of ionospheric modeling during disturbances, especially related to SF events of extreme
intensity [18]. Figure 1 gives an example of one such energetic event, i.e., X17.2 SF that
occurred on 28 October 2003 with peak soft X-ray Irradiance at 11:10UT, third in strength
within the entire 23rd solar cycle. The response of the mid-latitude lower ionosphere over
the Balkan region to this energetic SF, as recorded by BEL VLF station in Belgrade (Serbia),
is given in Figure 2, together with the modeling results of the obtained electron density
estimated by the use of a numerical procedure developed by Srećković et al. [19], relying
on approximate equations for obtaining ionospheric parameters directly from measured
X-ray data. In many cases of intense SFs, obtaining lower ionospheric response based on
VLF signal technology indirectly from amplitude and phase perturbations of monitored
VLF signals through classical approach using LWPC software can be problematic due to
many factors, in first line including model limitations/restrictions and factors related to
the geometry of Great Circle Paths of VLF signals. So, developing new approaches for
retrieving necessary data for estimation of electron density profiles during such extreme
events is of great importance.

tt

β −
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ć ć

 

tt
 

Figure 1. Measured data from GOES satellites for period 27–29 October 2003: variation in X-ray flux
(a), proton flux (b), and electron flux (c) (data available at https://www.ncei.noaa.gov/data/goes-
space-environment-monitor/access/avg, accessed: 2 February 2023).
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Figure 2. (a) Variation in X-ray flux from GOES-15 satellite (solid black line) and corresponding
electron density (red crosses) at a reference height of 74 km versus universal time on 28 October 2003
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during an extreme event of X17.2 class SF, obtained through the numerical procedure presented in
Srećković et al. [20], (b) GQD signal amplitude and phase perturbations induced by X17.2 class SF, as
recorded in Belgrade (Serbia).

Previous research has examined the estimation of ionospheric parameters by em-
ploying artificial neural networks (ANNs) and utilizing synthetic data created using the
LWPC software [21]. Furthermore, Alpatov et al. [22] demonstrated that the inherent
characteristics of the ionosphere necessitate the utilization of statistical and probabilistic
approaches for effective ionospheric modeling. Gross and Cohen [21] developed an ANN
target function that was designed to accept a single time-step of VLF amplitude and phase
as the input and generate the waveguide parameters as the output. Subsequent research
revealed that the model underwent expansion to encompass nighttime conditions [23]. In
relation to the use of ANNs, the tuning of several hyperparameters, such as the number
of epochs, learning rate, number of hidden layers, and number of nodes per hidden layer,
presents challenges in the process of fine-tuning and renders them more vulnerable to
overfitting. In this study, the primary focus will not be on ANNs. Instead, attention will be
directed on comparatively simpler yet still-efficient ML models.

The research objectives have been divided into two distinct components. The initial
step involves assessing the feasibility of deploying an ML model for the accurate prediction
of β and H′ parameters. The primary objective can be categorized into two distinct methods:
the instance-based approach and the time-series approach. In the instance-based approach,
a specific set of features, such as X-ray irradiance, SF class, amplitude changes (∆A), and
phase shifts (∆P), are utilized to effectively provide input to a ML regression model to
determine the peak SF effect on waveguide parameters. On the other hand, the time-series
approach involves training the model using a limited number of days’ worth of X-ray
irradiance and statistical data derived from X-ray irradiance. Afterwards, the model is
tested on subsequent days to forecast waveguide parameters, i.e., to continuously determine
waveguide parameters as a time-series. The secondary aim of this study is to determine the
need for utilizing oversampling techniques with a post hoc analysis of oversampling. The
advantages of employing an ML technique for the estimation of ionospheric parameters are
evident in the (computationally) time consuming process involved in the LWPC modeling
of those parameters. Four frequently employed ML algorithms are employed, namely,
Random Forest (RF), Decision Tree (DT), K-nearest neighbors (KNN), and XGBoost (XGB).
The datasets used in this study, along with certain components of the workflow, are
available for access on GitHub (see Supplementary Material).

As ionospheric research focuses on radio signal propagation and influences on the
great diversity of space-borne and ground-based technological systems [24–27], the overall
aim of this study is to provide an alternative approach allowing the wider scientific commu-
nity to obtain crucial ionospheric parameters being affected by SFs, promptly and efficiently.
As existing and standard methods to determine ionospheric parameters are based on a
trial-and-error process, e.g., the method presented in [17], there is a need to develop other
methods to determine the β and H′ like easyFit [19] and FlareED [20]. Our aim is to develop
a user-friendly method that can be refined with new data, other pre-processing techniques,
and algorithms, etc. In future research, if the ML method provides satisfactory accuracy
and stability, we can compare the ML method with the aforementioned methods (e.g.,
under different SF classes, etc.).

2. Materials and Methods

The research methodology was divided into two parts. The first part involved an
instance-based approach, where instances of SF peaks and their associated features (such
as ∆P, ∆A, X-ray irradiance, etc.) were provided. Based on these features, waveguide pa-
rameters were to be determined using ML techniques. The second methodology employed
in this study involved the utilization of a time-series approach. Specifically, a time-series
dataset of X-ray irradiance was provided, and various statistical features were computed
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based on the X-ray irradiance values. The determination of waveguide parameters was
conducted using an ML model, based on the aforementioned features.

2.1. Instance-Based Approach

The data analysis initiated with the utilization of the original dataset, which contained
212 unique observations conducted throughout the course of various SF’s. The initial
dataset was utilized to generate synthetic data points in subsequent stages of the workflow.
However, the validation data, consisting of an extra 45 data points, was excluded from the
original dataset prior to the pre-processing phase (Figure 3). The initial dataset included
observations pertaining to the X-ray irradiance, the difference between the amplitude and
phase of the VLF signal, and the ionospheric parameters namely. The initial data cleaning
process involved randomizing the data to obtain a representative sample and transforming
the X-ray irradiance to assure accurate Kernel Density Estimation (KDE) without any errors,
and subsequent de-transformation was performed before the ML modeling.

 

β Δ Δ

Figure 3. Data preparation, synthetic data preparation, and machine learning modeling workflow.

The KDE serves as the initial stage in the synthetic data preparation procedure, aiming
to generate a more extensive collection of samples (in this case, 5000) to facilitate the training
of the ML model. The KDE method is utilized to estimate the underlying distribution
of the original data. Subsequently, multiple samples are generated from this estimated
distribution, therefore producing an increased number of samples. In order to verify the
accuracy of the KDE’s estimation and sampling from the original data distribution, it
is necessary to incorporate two more stages. This involves employing the Kolmogorov–
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Smirnov test (KST), a non-parametric statistical test used to assess whether two datasets
follow the same distributions [28]. The interpretation of the findings of the KST involves
the evaluation of the p-value. If the p-value exceeds the predetermined significance level
of 0.05, it is not possible to reject the null hypothesis, i.e., the two datasets originate from
the same distribution, and vice versa [29]. The second stage validating the KDE involves
doing a visual and statistical examination. This entails visualizing the distributions of both
the original and synthetic data for all features and target variables, as well as calculating
and comparing various statistical metrics such as the mean, median, mode, skewness, and
kurtosis, etc.

If the results of the preceding statistical analysis are deemed to be valid, then the
initial stage in data preparation for ML involves feature extraction. Feature extraction,
also known as feature discovery, is a procedure in ML that involves adding to a dataset
additional feature(s). This is performed with the objective of increasing the number of
features available, hence potentially enhancing the performance of the ML model. In this
particular instance, the sole addition made was the inclusion of the SF class, wherein solely
the alphabetical component of the SF class (B, C, M, or X) was retained and afterwards
converted into a numerical representation (e.g., 1, 2, 3, or 4).

The synthetic data for training and the original data for testing were used as inputs to
the ML modeling process. Four distinct algorithms were employed in this study, namely,
Random Forest (RF) [30], Decision Tree (DT) [31], K-nearest neighbors (KNN) [32,33], and
XGBoost (XGB) [34]. With the exception of the DT algorithm, each of the algorithms applied
in this study required the tuning of at least one hyperparameter (RF and KNN) or two
hyperparameters (XGB). The hyperparameter that determines the performance of the RF
model is the number of trees. Additionally, the number of trees is also a hyperparameter
for the XGB algorithm. On the other hand, for the KNN algorithm, the hyperparameter
is the value of K, i.e., the number of nearest neighbors. The XGB method has an extra
hyperparameter known as the learning rate (LR). The hyperparameter values used for the
algorithms employed are presented in Figure 3.

The outputs generated by all models were employed in order to choose the most
optimal model, as determined by the mean and maximum percentage errors computed
on the testing dataset. Following the selection of the optimal model based on the in-
distribution training and testing, model validation was performed using the validation
data, and, subsequently, an error analysis was carried out.

One noteworthy aspect of this study is the inclusion of an extra target variable. Un-
like conventional regression or classification models that include n features and a single
target variable, this research incorporates two output variables, namely, ionospheric pa-
rameters (β and H′), as seen in Figure 4. The utilized methods incorporate SF class, ∆P,
∆A, and X-ray irradiance as their respective features, whereas the output parameters are
waveguide parameters.

The evaluation metrics employed in this study to distinguish between models, specifi-
cally to determine which model performs better, are the mean absolute percentage error
(MAPE) and the maximum absolute percentage error observed over all occurrences of the
testing or validation datasets. Furthermore, the model’s outputs may be further analyzed by
displaying absolute errors, visual representations of predicted and true observations, etc.

2.2. Time-Series Approach

The time-series based approach necessitated minimal data pre-processing, specifically
in terms of data cleaning and feature extraction, with the utilization of statistical features.
The time-series based approach employed a methodology that closely resembled the
instance-based approach. In this approach, the modeling process utilized the best model
and (hyper)parameters determined from the instance-based approach. The dissemination
of results exhibited similarities to the instance-based approach.
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Figure 4. Diagram of features and targets for multi-output machine learning modeling.

3. Results and Discussion

3.1. Instance-Based Approach

3.1.1. Data Pre-Processing

The original dataset comprises 212 data points representing SF events from 2008 to
2017. Each data point includes the recorded time of measurement, transmitter information,
X-ray irradiance, ∆A and ∆P, ionospheric parameters, and the corresponding computed
electron density. The validation dataset, initially removed from the original dataset and
subsequently excluded from any subsequent analysis, was exclusively employed for model
validation. It comprises 45 data points collected between 2004 and 2017, with a notable
concentration of data points occurring during the periods of 2004–2006 and 2014–2017.

The comparison of SF intensities between the initial dataset used for ML model testing
and the validation dataset reveals the distribution of each class of SF as a percentage. In
the initial dataset, a small proportion of SFs belong to the X-class, specifically accounting
for 1.89% (four occurrences). Conversely, in the validation dataset, this number signif-
icantly increases to 20% (nine instances). Similar observations can be made about the
M-class SFs in the datasets. Approximately 18% (38 occurrences) of the original dataset
consist of M-class SFs, but the validation dataset exhibits an almost doubled percentage
of 35.56% (16 instances). The proportion of C-class SFs is larger in the original dataset
(79%, 169 instances) compared to the validation dataset (42%, 19 instances). Ultimately,
the B-class SFs in both datasets exhibit a similar level of outcomes, with a prevalence of
0.47% in the original dataset and 2.22% in the validation dataset. It is worth noting that
both datasets contain only a single occurrence of B-class SFs.

The allocation of classes within the original dataset, specifically the testing and valida-
tion subsets, was conducted in a deliberate manner to ensure that the model undergoes
initial testing with a distribution that is known and expected to yield higher performance.
This approach allows for the selection of the most optimal model based on the original test-
ing dataset. The aforementioned best model will then undergo further testing, using an un-
familiar distribution, i.e., the validation dataset. As a result, the evaluation metrics obtained
from the validation dataset will accurately reflect the model’s predictive performance.

The output of the KDE is a synthetic dataset that is drawn from the identical distribu-
tion as the original dataset, however, with an increased number of data points, namely, 5000
in this instance. The verification of the KDE was conducted using the KST. The results of the
KST test demonstrated that the original dataset and the synthetic dataset exhibited similar
distributions for all five parameters, namely, X-ray irradiance, ∆A, ∆P, β, and H′. Further
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examination was conducted by visually inspecting and comparing the two distributions
(Figure 5).

 

Figure 5. Comparison of original and synthetic data distributions for all features and targets for
machine learning modeling.



Universe 2023, 9, 474 8 of 19

Based on the analysis of Figure 5, it is apparent that all synthetic distributions exhibit a
high degree of resemblance to the original distributions. The X-ray irradiance distribution
in the original dataset had a pronounced skewness, with a tail extending towards positive
values. As a result, the synthetic data also display a similar characteristic, with a severely
skewed distribution towards positive values. This can also be expressed by using the
skewness and kurtosis parameters. In the case of the original data, these parameters assume
values of 6.178 and 42.932, respectively. Conversely, for the synthetic data distribution,
the corresponding values are 6.22 and 42.622. These values, along with the KST, the
visualization of the distribution, further confirm the efficacy of the KDE and the validity of
the generated samples. A parallel analysis may be conducted on the target variables, such
as the β parameter. In the original distribution, the mean value is 0.401, which is consistent
with the value seen in the synthetic distribution. The median values for the original and
synthetic distributions exhibit a little disparity, namely, 0.383 and 0.386, respectively. The H′

parameter exhibits comparable mean and median values between the original and synthetic
distributions, which highlights that the synthetic data have been generated correctly.

Following the successful application of data oversampling techniques, the training
dataset, i.e., the oversampled dataset, was prepared. Additionally, the testing dataset, which
consists of the original, non-oversampled, measured data, and the validation dataset, com-
prising out-of-sample, measured data that was not utilized in the data pre-processing phase,
were also finalized. These datasets were then employed for the purpose of ML modeling.

3.1.2. Initial Phase of Machine Learning Modeling

The first iteration of ML modeling involved the utilization of four distinct algorithms
(RF, DT, KNN, and XGB). In all, a set of 16 models were created and evaluated. The
evaluation metrics (MAPE) for both target variables is presented in Figure 6, with the upper
panel representing the β parameter, and the lower panel representing the H′ parameter.
Based on Figure 6, it is apparent that the algorithms DT and KNN, throughout all iterations,
may be disregarded since they exhibit greater MAPE values compared to RF and XGB.
On the other hand, both RF models and XGB models exhibit relatively comparable MAPE
values. The RF models have constant MAPE values for both target variables. Consequently,
additional analysis may be conducted to identify the most optimal RF model for exclusion.
The model with 250 trees was selected as the optimal RF model across all iterations, based
on the maximal percentage error observed for both target variables (11.5% for β and 1.1%
for H′). In the initial round of modeling, the XGB model with 150 trees was identified as
the most optimal choice. This particular model exhibited MAPE values of about 0.8 and
0.029% for the respective target variables. It is important to emphasize that the MAPE
values should be interpreted cautiously due to the fact that the model was evaluated using
the original dataset (in-sample model evaluation). When applying the model to new data
(out-of-sample validation data), it is likely that the MAPE values will be higher. However,
the purpose of this modeling is to identify the best overall model.

The XGB method was employed for the second stage of modeling because of the
inclusion of an extra hyperparameter, specifically the LR. The XGB additional modeling
was conducted using a predetermined number of trees (150) and a varying LR value ranging
from 0.1 to 0.5, with increments of 0.1. A comparison was conducted between the optimal
XGB model obtained in the initial phase of modeling, characterized by a learning rate of 0.3,
and the model derived from the additional phase of XGB modeling, featuring a learning
rate of 0.2. The MAPE values indicate that both models exhibit comparable error rates.
Specifically, the LR = 0.3 model has MAPE values of 0.8 and 0.029 for β and H′, whereas the
LR = 0.2 model shows MAPE values of 0.71 and 0.033 for β and H′, respectively. In contrast,
there is a disparity in the maximal percentage error values between the LR = 0.3 model,
which exhibits a maximal percentage value of 4.6% for the β parameter, and the LR = 0.2
model, which demonstrates a maximal percentage value of 3.29% for the same parameter.
The XGB model with 150 trees and a LR value of 0.2 was selected as the optimal model,
both within the XGB models and in comparison to the other models. A comparison was
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conducted between the optimal XGB model and the optimal RF model, revealing disparities
in both the MAPE and the maximal percentage error. Specifically, the RF model exhibited
maximal percentage errors of 11% for the β value, whereas the XGB model demonstrated
values of 3%. This distinction was crucial in finding the most optimal model overall.

β
β

β

β

Figure 6. Mean absolute percentage errors for sharpness (upper panel) and reflection height (lower

panel) for the initial phase of modeling; MAPE—Mean absolute percentage error; RF—Random
Forest; DT—Decision tree; KNN—K-nearest neighbors; XGB—XGBoost; Adjacent number to model
names (50–450 or 1–5) is the hyperparameter for the given model.

3.1.3. Model Validation

The process of model validation involved the utilization of an out-of-sample dataset
that was initially omitted from the original dataset at the beginning of the analysis. MAPE
values for both β and H′ exhibit greater values compared to the training dataset, as antici-
pated, with values of 9.1% and 2.45%, respectively. The maximum percentage error values
for both parameters are around 38.8% and 12.2%, respectively. Figure 7 presents the error
distribution for the parameters, denoted as Figure 7a,b, as well as the error distribution for
the averaged error (Figure 7c), which is calculated as the average of both percentage errors.
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Figure 7. Model validation mean absolute percentage error distributions. (a) Sharpness; (b) Re-
flection height; (c) Averaged mean absolute percentage error for sharpness and reflection height;
PE—Percentage error.

It is worth mentioning that the distributions for β and H′ exhibit a pronounced skew
towards higher values, indicating that a majority of the values correspond to lower error
rates. Approximately 66% of the data points pertaining to the β parameter exhibit a
percentage error below 10%, whereas approximately 55% of the data points exhibit a
percentage error below 5%. In contrast, it can be observed that around 97% of the data
points exhibit an error rate of less than 10% for the H′ parameter, whereas 82% of the data
points have error rates below 5%. This suggests that the MAPE is significantly impacted
by a small number of high percentage errors. This observation is supported by the fact
that there are nine occurrences where the percentage error values for β exceed 20%, and
three cases where they exceed 30%. In contrast, the H′ parameter exhibits a single outlier,
namely, the outlier characterized by a percentage inaccuracy of over 12%. This indicates
that the model can produce relatively satisfactory β and H′ values, with the exception of a
few significantly exaggerated errors, especially in the β parameter case. It is important to
acknowledge the absolute range of errors generated by this method (MAE). The MAE for
the β value is around 0.039 km−1, whereas, for the H′ value, the MAE is around 1.64 km.

Further model validation may be conducted by visually analyzing the predicted and
real data for both parameters, as seen in Figure 8. Linear fit line was used to construct a line
of best fit across the predicted and observed data. The coefficient of determination (CD) for
the β parameter was about 0.67, whereas, for the H′ parameter, the fit was greater at 0.8. The
CD had values that were reasonably satisfactory. Significant outlier data points are evident
in both cases. For instance, a notable outlier for the β parameter is observed (upper panel
on Figure 8, green rectangle), where the predicted value was about 0.38 km−1, whereas
the real value was approximately 0.53 km−1, resulting in an error rate of almost 28%. The
observed data point can be associated with a C4.8 SF event, characterized by a very modest
∆A of around 0.06 dB, whereas the ∆P measured around 26 degrees. In the given case, the
H′ parameter exhibited a minimal percentage error of 0.82%, with a true value of 70 km and
a predicted value of 70.6 km. Another noteworthy example is observed in the lower section
of Figure 8 (green rectangle), where a C9.6 SF yielded a ∆A measurement of 5.13 dB and a
∆P measurement of 50.04 degrees. The predicted value was 61.4 km, whereas the actual
value was 70 km. In a prior case, there was an incorrect prediction of the β parameter,
but the H′ parameter was predicted with a significantly low error rate. In the current
circumstance, we observe a similar scenario where the β parameter was predicted with a
minimal error rate of 1.2% (0.57 km−1 reality against 0.563 km−1 predicted).
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Figure 8. Predicted and observed value for sharpness (upper panel) and reflection height (lower

panel) for the instance-based approach.

The inclusion of a residuals plot in conjunction with the predicted β and H′ values
provide valuable insights into the predictive performance of the model (Figure 9). Specifi-
cally, the upper panel of Figure 9 which represents the residuals plot of the β parameter,
does not exhibit any noticeable pattern, as well as the residual distribution is a normal
distribution. Most of the residuals are concentrated within the range of −0.05 to 0.05 km−1,
with the largest outlier being the previously mentioned discrepancy of 0.14 km−1, which
is associated with a C4.8 SF. In contrast, the residuals plot for the H′ parameter exhibits a
discernible pattern that aligns with a decrease in residuals as the predicted H′ parameter
increases. The lower panel of Figure 9 reveals that the predicted value of 62 km and beyond
exhibit residuals within the range of −2 to 2 km. However, before these values, the residuals
are greater, ranging from −4 to 6 km. This suggests that the model’s predictions of the H′

parameter over 62 km (with the exception of two cases) are associated with reduced error
rates compared to its predictions of H′ values below 62 km. This observation is further
substantiated by examining the average percentage error rates for predictions made below
62 km and those made beyond 62 km. The MAPE for predictions above 62 km is around
1.23%, but predictions below 62 km exhibit a greater MAPE value at 5.15%.

The XGB model exhibited a minor bias in its predictions of H′ parameters above
a certain threshold value of 62 km. It is important to acknowledge, for future studies
employing a similar methodology, that there exists a possible association between the
SF class and the predicted H′ parameter. Specifically, among all the predictions in the
validation dataset that are below 62 km, 8 out of 9 X-class solar flares are shown to have
predictive values of H′ below 62 km. The observation can be understood as the model
exhibiting elevated error rates when predicting ionospheric parameters on X-class SFs. This
observation is supported by the fact that the validation dataset contains a significantly
higher proportion of X-class SFs (20%) compared to the testing dataset (1.89%). The primary
objective of the validation dataset was to serve as an out-of-sample test for the model, in
which the original distribution of the SF classes is not present. In this regard, the validation
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dataset proved to be effective in achieving its intended purpose. The possible bias shown
in this research might be mitigated by increasing the number of original samples and
refraining from employing an oversampling approach.

ff

Figure 9. Residual and predicted plot for sharpness (upper panel) and reflection height (lower panel)
for the instance-based approach.

A potential alternative approach, while hardly employed, is the balanced distribution
of SF class features, ensuring an equal representation of X-, M-, and C-class SFs. The
utilization of class balancing approaches in ML regression is not commonly employed, as
these techniques are often utilized in ML classification tasks and are applied to the target
variable. However, it may be worthwhile to investigate this approach further in future
research, as the outcomes have the potential to alleviate potential model bias.

3.1.4. Post Hoc Analysis of the Sample Size

In ML tasks, the determination of the optimal number of samples is a challenging
problem that often requires the researcher to engage in iterative experimentation. When
granted permission, the collection of additional samples becomes advantageous until a
specific threshold is reached, beyond which enlarging the sample size does not result in
a reduction in the associated model error rate. In this study, we choose to augment the
original dataset by oversampling through the utilization of KDE. This approach allows
us to preserve the original data distribution while simultaneously expanding the sample
size. The efficacy of the KDE approach was confirmed, and the oversampling technique
yielded positive results. However, it would be advantageous for future research to conduct
a concise assessment of the necessity for oversampling.

The test was conducted using both the original dataset and a synthetic dataset that
shared the same distribution as the original. The datasets located between the original
dataset and the synthetic dataset were acquired using the Random Undersampling (RUS)
technique [35]. Afterwards, the KST was conducted to assess if these datasets exhibited
the same distribution as the original dataset. The intermediate datasets were generated



Universe 2023, 9, 474 13 of 19

to represent various proportions of the synthetic dataset (e.g., 10%, 20%, etc.). The XGB
method was employed for the modeling process, employing 150 trees and a LR value of 0.2.
This LR value and the number of trees was previously established to be the optimal choice
for the modeling process. The findings of the post hoc examination of the sample size are
presented in Table 1.

Table 1. Post hoc analysis results for the sample size; MAPE—Mean absolute percentage error;
PE—Percentage error; KST—Kolmogorov–Smirnov test; RUS—Random undersampling; T—True
(passed the KST); NA—Not applicable.

Percentage of
Synthetic Data

β (km−1) H
′ (km)

Note KST
MAPE (%) Max PE (%) MAPE (%) Max PE (%)

4.24 8.46 39.58 2.28 9.70 Original dataset NA
10 9.24 36.45 2.36 11.38 RUS T
20 9.61 38.57 2.45 11.52 RUS T
30 9.94 46.13 2.52 12.17 RUS T
40 10.39 49.20 2.44 12.31 RUS T
50 9.13 35.78 2.48 11.91 RUS T
60 10.07 49.05 2.54 12.01 RUS T
70 9.28 40.48 2.31 11.82 RUS T
80 9.04 47.01 2.64 12.61 RUS T
90 9.47 43.95 2.35 11.08 RUS T
100 9.08 38.83 2.46 12.25 Full synthetic data T

Minimum 8.46 35.78 2.28 9.70
Maximum 10.39 49.20 2.64 12.61

Range 1.94 13.42 0.36 2.91

The post hoc examination of the sample size reveals that all intermediate samples,
which constitute a portion of the synthetic sample, successfully passed the KST, thus they
maintained the same distribution as the original and synthetic datasets. Both the β and
H′ exhibit a MAPE range that is less than 2%, namely, 1.94% for β and 0.36% for H′. This
suggests that expanding the sample size with the KDE did not result in any improvements
for the model in terms of reducing the error rate. However, it is important to note that the
highest percentage error for the β parameter does not exhibit the same trend, as it spans a
range of 13.42%. Furthermore, the correlation analysis revealed that there was no significant
association seen between the rise in the dataset and the decrease in the evaluation metric
for both parameters. The observed maximum correlation coefficient was 0.49, indicating
the relationship between the percentage of synthetic data and the maximal percentage error
of the H′ parameter. However, this correlation coefficient does not reach a significant level,
i.e., suggesting a lack of strong correlation intensity. Therefore, it may be inferred that the
augmentation of the sample size, while preserving the initial distribution, did not confer
any notable benefits for the ML model.

The examination of sample size in a post hoc analysis is a crucial aspect for future
research, particularly when considering the utilization of oversampling techniques on
smaller datasets, such as this one. This specific example demonstrates that even with a
sample size of 212 data points from the original dataset, it is possible to attain error rates
comparable to those observed with synthetic, oversampled data.

3.2. Time-Series Approach

3.2.1. Data Pre-Processing

The training data consisted of observations from 6 September 2017 to 9 September
2017, whereas the model testing was conducted using data from 10 September measured
on a 1 min interval. The utilization of statistical attributes as features for modeling time-
series ionospheric VLF data have been demonstrated in the study conducted by Arnaut
et al. [36]. Similar statistical features were developed for the present research. Specifically,
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the characteristics encompassed rolling mean, median, and standard deviation statistics for
different window sizes (5, 20, and 60 min). Additionally, it includes the first and second
differential of the data and the percentage change between adjacent data points as well as
lagged values in 1–5 min intervals. The identical model, specifically XGBoost with 150 trees
and a LR of 0.2, was employed in a manner consistent with the instance-based approach.

3.2.2. Machine Learning Modeling for the Time-Series Approach

Figure 10 illustrates the training and testing datasets. Specifically, the training dataset
showcases a prominent SF of X9.4 class that transpired on 6 September 2017. The training
dataset contains a variety of smaller SF, which contributes to its suitability for training the
model. In contrast, the testing dataset also exhibits a prominent SF of X8.2 class, which
transpired on 10 September 2017. The objective of time-series-based modeling for β and H′

can be described as the determination of waveguide parameters during an extreme SF event,
given the availability of a training dataset containing waveguide parameters for training
the model. Further support for the utilization of such modeling can be derived from the
observed correlation between X-ray irradiance data and both β and H′. Specifically, by
employing the Spearman correlation coefficient, the correlations between X-ray irradiance
and both β and H′ are found to be 0.804 and −0.876, respectively. The observed values
of the correlation coefficient indicate a significant association between the waveguide
parameters and X-ray irradiance, thereby suggesting their appropriateness for utilization
in ML modeling.

 

β

tt
β

−

Figure 10. The training and testing dataset utilized for ML modeling of β and H′.

The outcomes of the modeling demonstrated significantly better results compared to
those achieved through the instance-based approach. The MAPE value for the β parameter
was 0.1%. Additionally, the maximum percentage error observed was 2.1%, corresponding
to a maximum absolute error of 0.01 km−1. In contrast, the findings pertaining to the
H′ parameter reveal a MAPE of 0.04% and a maximum percentage error of 1.2%. The
aforementioned values exhibit a correlation with MAE values of 0.02 km and 0.74 km,
respectively. Additional analysis was conducted in the time-series based approach, similar
to the instance-based approach, to validate the predicted values against the actual values
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(Figure 11). The evaluation metrics were validated by comparing the predicted and actual
values, with both variables yielding an R2 score close to 1 (i.e., 100%), which signified a
highly accurate regression model. In a similar vein, the linear regression analysis conducted
on the data substantiated the alignment with the 45-degree line, thereby providing addi-
tional evidence of a highly accurate correspondence between the predicted and observed
waveguide parameters.

tt
β

β
−

− −

−

Figure 11. Predicted and observed value for sharpness (upper panel) and reflection height (lower

panel) for the time-series approach.

Akin to the previous example involving the instance-based approach, an analysis of
residuals was conducted for the time-series approach, as depicted in Figure 12. In contrast
to the previous instance of residual analysis, the residuals observed in the time-series
approach exhibited pronounced patterns. Specifically, in the upper panel of Figure 12, it is
evident that the residuals increases as the predicted β also increase. Additionally, there is a
negative relationship between the predicted H′ and the corresponding residuals, indicating
that as the predicted H′ increases, the residuals decrease. The β predictions at a rate of
0.45 km−1 exhibit a notable increase in residual values compared to the previous range of
+0.005 to −0.005 km−1. Similarly, for H′ values exceeding the predicted threshold of 66 km,
the residuals fall within the range of +0.25 to −0.25 km.

The analysis of feature importance involved the ranking of features based on their
informedness. Consistent with expectations, the X-ray irradiance feature exhibited the
highest importance, accounting for approximately 89% of the overall feature importance.
Following this, the rolling median statistic with a 5 min window demonstrated a signifi-
cance of 8.38%. The collective contribution of additional features amounts to approximately
2.76% of the informedness for the model, suggesting that these features can be readily
modified or eliminated to align with the researcher’s requirements. One potential challenge
faced by researchers is the exclusion of the initial 60 data points from the analysis due to
the implementation of a rolling window statistic with a duration of 60 min. However, it
is worth noting that from the information given by the feature importance analysis, these
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features can be disregarded without compromising the model’s effectiveness, thus enabling
the development of an equally proficient model.

ff

ffi

Figure 12. Residual and predicted plot for sharpness (upper panel) and reflection height (lower

panel) for the time-series approach.

4. Conclusions

The employment of ML regression techniques on the provided SF data yielded signifi-
cant insights into the feasibility of modeling ionospheric parameters without relying on the
complicated and difficult to use software, e.g., LWPC software. One possible advantage of
this approach, provided that the models are optimized, and the error rates are minimized,
is the possibility of automatically determining ionospheric parameters in real-time or, at
the very least, near-real time. Also, another potential benefit of such a model is the determi-
nation of the ED from the ionospheric parameters. The primary findings of this research
can be summarized as:

• The utilization of synthetic data estimated using the KDE technique yielded datasets
that were deemed adequate for ML modeling, as they closely adhered to the distribu-
tion of the original dataset. Further investigation is required to validate the outcomes
of this study. Subsequent research should involve a more extensive dataset and, if
feasible, refrain from relying on synthetic data, instead opting for a greater number
of original samples. In relation to the present study, the utilization of synthetic data
proved to be adequate, as the primary aim of this research was to determine the
feasibility of employing ML regression techniques for the estimation of ionospheric
parameters.

• The RF and XGB algorithms demonstrated adequate performance; however, the KNN
and DT algorithms exhibited greater error rates compared to the aforementioned
techniques. Subsequent investigations ought to integrate and prioritize the utilization
of ANNs due to their benefits; however, they do necessitate careful hyperparameter
tuning in order not overfit the model. Regarding XGB, it is worth noting that it pos-
sesses an additional hyperparameter compared to RF. This additional hyperparameter
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allows for finer adjustments to the model, perhaps leading to improved predictions.
Nevertheless, both RF and XGB are highly recommended as primary methodologies
for investigating concepts that have not been completely explored.

• The residual analysis conducted in this study revealed that the final model had a
possible minor bias towards predicting H′ values greater than 62 km, with a reduced
error rate compared to predictions below 62 km.

• The results obtained from the time-series based approach exhibited a higher level
of favorability compared to the instance-based approach, as indicated by the lower
error rates. The model exhibited a potential bias in both the β and H′ parameters.
Specifically, the β parameter demonstrated an increasing error rate as the predicted
value increased, whereas the H′ parameter showed a decreasing error rate as the
predicted value increased. Future research should consider placing more emphasis
on a time-series based approach. This approach has shown the ability to efficiently
present precise values of waveguide parameters over an extended period of time.
Additionally, it has been observed that the features of this approach can be customized
to meet the specific requirements of the researcher. Notably, it has been found that
only two features contribute significantly to the informativeness of the model.

• Standard methods for determining ionospheric parameters are tedious and time-
consuming, necessitating the development of other methods for determining such
parameters. As to our knowledge, the literature and freely available methods for
providing ionospheric parameters utilizing ML are not widely realized. Future com-
parison of the displayed ML method can be performed with methods such as easyFit
and FlareED, where all the techniques can be tested and mutually compared under
different SF classes and ionospheric perturbations.

The primary objective of this study is to employ an alternative approach for estimating
low ionospheric parameters under the influence of SF events that enable easy modeling
of this medium. An advantage of this method is the potential ability to streamline the
process and obtain results in real-time or near-real time, as well as the potential to obtain
parameters for the calculation of ED. However, further investigation is required to refine
the methodology, investigate alternative algorithms, and explore additional pre-processing
techniques. The wider statistical determination of the capabilities of the model for all SF
classes can be enabled with additional data. As expected, the majority of the data fell within
the C or M class, and future research is needed with more B- (barely detectable except in
conditions of solar minimum) and X-class SFs. The research demonstrates the promise
of the approach; nonetheless, additional comprehensive research is required to ensure its
readiness for production.
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Multivariate clas si fi ca tion and re gres sion anal y sis of mul ti ple me te o ro log i cal vari ables and in -
door ra don ac tiv ity con cen tra tion in Ground Level Lab o ra tory in the In sti tute of Phys ics Bel -
grade, was per formed and dis cussed. Me te o ro log i cal vari ables used in this anal y sis were from
ra don ac tive de vice, nearby me te o ro log i cal sta tion and fi nally from Global Data As sim i la tion
Sys tem. Sin gle variate anal y sis has iden ti fied vari ables with great est value of Pearson's cor re -
la tion co ef fi cient with ra don ac tiv ity con cen tra tion and also, vari ables with great est sep a ra -
tion of events with in creased ra don ac tiv ity con cen tra tion of over 200 Bqm–3 and of events
with ra don level be low this value. This ini tial anal y sis is show ing the ex pected be hav ior of ra -
don con cen tra tion with me te o ro log i cal vari ables, with em pha sis on data pe ri ods with or
with out air con di tion ing and with em pha sis on in door wa ter va por pres sure, which was, in
our pre vi ous re search, iden ti fied as im por tant vari able in anal y sis of ra don vari abil ity. This
sin gle variate anal y sis, in clud ing all data, proved that Global Data As sim i la tion Sys tem data
could be used as a good enough ap prox i mate re place ment for me te o ro log i cal data from
nearby me te o ro log i cal sta tion for multivariate anal y sis. Vari able im por tance of Boosted De ci -
sion Trees with Gra di ent boost ing multivariate anal y sis method are shown for all three pe ri -
ods and most im por tant vari ables were dis cussed. Multivariate re gres sion anal y sis gave good
re sults, and can be use ful to better tune the multivariate anal y sis meth ods.

Key words: con tin u ous ra don mon i tor ing, multivariate anal y sis, Global Data As sim i la tion Sys tem,
me te o ro log i cal sta tion

IN TRO DUC TION

Pri mar ily, ra don prob lem pres ents a health haz -
ard [1]. The re search of the dy nam ics of ra don in var i -
ous en vi ron ments, liv ing or work ing places, is of great
im por tance in terms of pro tec tion against ion iz ing ra -
di a tion and in de sign ing of mea sures for its re duc tion.
In the Low-Back ground Lab o ra tory for Nu clear Phys -
ics ex ten sive re search on var i ous ra don fields has been
done in the past, es pe cially ra don mon i tor ing in the
spe cial de signed low-back ground un der ground and
ground level lab o ra tory, with the aim of in ves ti gat ing
the rare nu clear pro cesses [2]. Be sides ra don mon i tor -
ing in the lab o ra tory, we work on sev eral re search top -
ics re gard ing ra don: us ing multivariate clas si fi ca tion
and re gres sion meth ods, as de vel oped for data anal y sis 

in high-en ergy phys ics [3], to study con nec tion of cli -
mate vari ables and vari a tions of ra don con cen tra tions,
mod el ling of the in door ra don be hav iour and na tional
in door ra don map ping [4], tak ing in ter est in sim i lar in -
door ra don map ping anal y sis in Montenegro [5], or by
re search of ra don vari abil ity in a sin gle dwell ing [6],
us ing ad vanced anal y sis tools, or per form ing con tin u -
ous mea sure ments in multi-store build ing [7] or lab o -
ra tory space [8]. In door ra don vari abil ity de pends on
many vari ables. Soil con tent, and build ing char ac ter is -
tics are very im por tant. In case of re search ing of in -
door ra don vari abil ity, me te o ro log i cal ef fects be come
the most im por tant ones. With re cent ex pe ri ences with
low er ing the lim its of in door ra don level, both in
dwell ings and work ing places, and the de mand for de -
crease of pub lic ra don ex po sure, the need for more de -
tailed knowl edge on ra don vari abil ity is in creas ing.
Be sides a pos si bil ity for im prove ment of mit i ga tion
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tech niques, we could look into cre at ing on line warn -
ing pages, like we al ready have, for ex am ple, for UV
ra di a tion. These on line warn ing pages, with in for ma -
tion on ra don con cen tra tion vari a tions, could be in ter -
est ing to peo ple liv ing in dwell ings or work ing spaces
with pre vi ously known ra don prob lem, or dwell ings
with ra don ac tiv ity con cen tra tion close to 200 Bqm–3

limit. These on line warn ings, could in di cate a call for
some tem po rary mea sures like start ing of in creased
ven ti la tion or re duc ing ex po sure. Lo cal ra don warn ing 
pages could be based on lo cal me te o ro log i cal sta tion,
but for larger re gions, me te o ro log i cal mod eled data
like Global Data As sim i la tion Sys tem (GDAS) could
be used. In this pa per we were look ing into the pos si -
bil ity of us ing GDAS data in pre dic tion of in door ra -
don vari abil ity, by jointly look ing into GDAS and
nearby me te o ro log i cal sta tion, and com pare the re -
sults.

DATA PREP A RA TION AND SE LEC TION

The ra don con tin u ous mon i tor ing in ground
level lab o ra tory was per formed with ac tive de vice
RadonEye Plus2 with time sam pling of one hour. The
de vice re corded vari ables: Rn-ac tiv ity, in door tem per -
a ture and in door hu mid ity. The ra don the mea sure -
ment was done from No vem ber 2020 to No vem ber
2022. Af ter look ing into in door tem per a ture data, we
de cided to do three anal y sis, one with us ing all the data 
sam ples (whole pe riod of mea sure ment's), sec ond us -
ing only data when air con di tion ing (AC) was op er at -
ing, and third sam ple used for anal y sis was for pe ri ods
when air con di tion ing was OFF (noAC).

Me te o ro log i cal sta tion lo cated in In sti tute of
Phys ics Bel grade yard, and main tained by En vi ron -
men tal Phys ics Lab o ra tory [8], has be ing re cord ing
vari ables at 5 min ute in ter val, and hourly val ues are
used for this anal y sis. Vari ables are named by add ing
pre fix out side; out side-cloudbase, out side-dew point,
out side-hu mid ity, out side-temp, out side-pres sure and
out side-rain.

The US Na tional Cen ters for En vi ron men tal Pre -
dic tion (NCEP) runs a se ries of com puter anal y ses and
fore casts op er a tion ally. One of the op er a tional sys tems is
the GDAS. At Na tional Oce anic and At mo spheric Ad -
min is tra tion's (NOAA) Air Re sources Lab o ra tory
(ARL), NCEP model out put is used for air qual ity trans -
port and dis per sion mod el ing. The ARL ar chives GDAS
out put which con tains ba sic fields, such as the tem per a -
ture, pres sure and hu mid ity. Those GDAS data are very
in ter est ing since they are widely used by weather fore -
cast groups world wide, and our idea is that if we could
use this freely ac cessed and fre quently up dated da ta base,
we could im prove fore cast ing of some kind of rel a tive
in door ra don con cen tra tions, and in di cate by re sult of au -
to matic on line MVA re gres sion anal y sis when to ex pect
in creased in door ra don con cen tra tions based on me te o -

ro log i cal vari ables. Be cause MVA meth ods are rather
ro bust, and we wanted to see which, if any of GDAS
vari ables are suited for our pur pose, we in cluded most of
vari ables in our anal y sis. The GDAS1 data is avail able
for in te ger val ues of lat i tude and lon gi tude, so, for all
vari ables', each data point was firstly 2-D lin early in ter -
po lated us ing vari ables' val ues on four in te ger lat i tudes
and lon gi tudes, sur round ing lat i tude and lon gi tude of our 
lab o ra tory. The GDAS1 data is avail able for ev ery three
hours, so lin ear in ter po la tion of each vari able's data point
was made in or der that we can use hourly data. The
GDAS1 vari ables used in our anal y sis can be iden ti fied
as ones with pre fix GDAS1; GDAS1-CAPE (con vec tive 
avail able po ten tial en ergy), GDAS1-CINH (con vec tive
in hi bi tion), GDAS1-CPP6 (ac cu mu lated con vec tive
pre cip i ta tion), GDAS1-CRAI (cat e gor i cal rain),
GDAS1-DSWF (down ward short wave ra di a tion flux),
GDAS1-HCLD (high cloud cover), GDAS1-LCLD
(low cloud cover), GDAS1-LHTF (la tent heat net flux at
sur face), GDAS1-LIB4 (best 4-layer lifted in dex),
GDAS1-LISD (stan dard lifted in dex), GDAS1-MCLD
(mid dle cloud cover), GDAS1-PBLH (plan e tary bound -
ary layer height), GDAS1-PRSS (pres sure at sur face),
GDAS1-RH2M (rel a tive hu mid ity at 2m AGL),
GDAS1-SHGT (geopotential height), GDAS1-SHTF
(sen si ble heat net flux at sur face), GDAS1-SOLM (vol u -
met ric soil mois ture con tent), GDAS1-T02M (tem per a -
ture at 2m AGL), GDAS1-TCLD (to tal cloud cover),
GDAS1-TMPS (tem per a ture at sur face), GDAS1-TPP6
(ac cu mu lated pre cip i ta tion), GDAS1-mofi-e (mo men -
tum flux in ten sity), GDAS1-mofd-e (mo men tum flux di -
rec tion). In this anal y sis us ing GDAS data, we also could
in di cate if vari ables mea sured by lo cal me te o ro log i cal
sta tion do not dif fer too much from GDAS mod eled and
in ter po lated ones, that GDAS vari ables could be used in
this kind of MVA anal y sis.

We in cluded pre vi ously found in ter est ing vari -
able in ra don re search [6] and that is wa ter va por pres -
sure in out door and in door air, as well as the dif fer ence
of the two. In or der to cal cu late the wa ter va por pres -
sure in air, we need to cal cu late the value of the sat u ra -
tion wa ter va por pres sure
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In ad di tion, the slope of the re la tion ship be tween 
the sat u ra tion wa ter va por pres sure (es [kPa]) and the
air tem per a ture T [°C], is given in [9, 10], so in clud ing
the slope, we get new for mula for the sat u ra tion wa ter
va por pres sure
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and since the for mula used to cal cu late the rel a tive hu -
mid ity is
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we get the for mula to cal cu late the va por pres sure in air
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Us ing this for mula, we cal cu late four vari ables: in -
door-va por-press (va por pres sure from in door-tem per a -
ture and in door-hu mid ity data), out side-va por-press (va -
por pres sure from out door out side-hu mid ity, out side-
temp data), diff-va por-press (va por pres sure dif fer ence
of out door and in door) and gdas1-va por-press (va por
pres sure from GDAS1-T02M, GDAS1-RH2M data).
On the bot tom of fig. 1 the va por pres sure dif fer ence is
shown, and it can be clearly seen that if the outer va por
pres sure is much higher than the in door va por pres sure,
the in door ra don ac tiv ity is lower fig. 1(a).

Out of two years of data tak ing, af ter merg ing all
the data to gether to form a sin gle hourly event with all
the vari ables mea sured at that time, the num ber of use -
ful hourly events was 12654. Ta ble 1 shows the num -

ber of hourly events used for each of the three pe ri ods
of anal y sis, which were split, firstly into sig nal and
back ground events, where sig nal events are those for
which Rn ac tiv ity is more than 200 Bqm–3, and back -
ground is less than that value, and then each set was
split once more, into train ing and test ing sam ple to be
used in MVA anal y sis. Ta ble 1 also shows the num ber
of events used, and split, in pe ri ods with air con di tion
op er a tion on (AC), line pat tern area on fig. 2(a), and
air con di tion ing off (noAC) gray on fig. 2(a).

Be fore per form ing the multivariate (MVA) anal y sis,
we have looked into sin gle vari able anal y sis, and the best
way to see if vari ables could be use ful for anal y sis is if they
have, firstly, the great est cor re la tion with ra don ac tiv ity
(con cen tra tion), and, sec ondly, which vari able pro files for
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Fig ure 1. The Rn ac tiv ity in door (a)
and va por pres sure dif fer ence of out -
door and in door (b). Note that with
much greater out door wa ter va por
pres sure than in door, co mes in flux of
ra don-free wa ter va por, and that re -
sults in sig nif i cant de crease of in door
Rn ac tiv ity

Fig ure 2. In door tem per a ture (a) and
out door tem per a ture (b)
is shown. In door tem per a ture which
was used for anal y sis when air con di -
tion ing (AC) was on, is in di cated in
two line pat tern ar eas, while gray
shaded in ter val in di cates pe riod
when air con di tion ing was off (noAC)

Ta ble 1. Sum mary ta ble of num ber of hourly events used
for spe cific part of anal y sis

noAC AC All pe riod
Sig nal train ing 1343 912 3428
Sig nal test ing 1343 912 3428

Sig nal train ing and test ing 2686 1824 6856
Back ground train ing 942 1531 2899
Back ground test ing 942 1531 2899

Back ground train ing and
test ing 1884 3062 5798



high Rn ac tiv ity (sig nal) and low (back ground) data sam -
ples, have small est over lap, mean ing that they have great est
sep a ra tion of high and low Rn ac tiv ity sam ples. So, firstly,
we are look ing into modulus of Pearson's cor re la tion co ef fi -
cients for each of the vari ables used in this anal y sis with ra -
don ac tiv ity, fig. 3. Since the great est vari a tion of ra don ac -
tiv ity should give the best in sight into cor re la tion with
vari ables, we are firstly look ing into data with air con di tion
off (noAC). To the vari ables with great est modulus of
Pearson's cor re la tion co ef fi cients with Rn ac tiv ity (noAC)
are tem per a ture vari ables from all three sources of data
GDAS, radonometar and me te o ro log i cal sta tion
(GDAS1-T02M, in door-tem per a ture, out side-tem per a ture, 
GDAS1-TMPS), than hu mid ity (in door-hu mid ity, out -
side-hu mid ity), out side-cloudbase, fol lowed with GDAS
vari ables: GDAS1-LHTF (la tent heat net flux on sur face)
and GDAS1-DSWF (down ward short wave ra di a tion flux) 
and  GDAS1-RH2M (rel a tive hu mid ity at height of 2 m),
fol lowed by in door-va por-pres sure.  When air con di tion ing

is turned on, there is a change in cor re la tion, where tem per a -
ture vari ables cor re la tions are de creas ing, and there is an
in crease in cor re la tion of hu mid ity vari ables like in door-hu -
mid ity and in door-va por-pres sure. We ob serve this change
since tem per a ture is now hold ing at ap prox i mately the same 
level by air con di tion ing, and any vari a tion of ra don ac tiv ity
we see does not come from ap prox i mately con stant tem per -
a ture. We no ticed the sim i lar ity in modulus of Pearson's
cor re la tion co ef fi cients of out side-T02M and out side-tem -
per a ture with Rn ac tiv ity of 55.4 %  and  51.2  %,  re spec -
tively, for noAC data, and 15.3 % and 14.6 %, re spec tively,
for AC data. Also, out side-hu mid ity and gdas1-RH2M
with 44.4 % and 41.9 %, re spec tively, for noAC and 22.7 %
and 19.6 % for AC data. When look ing into pres sure data,
out side-pres sure and GDAS1-PRSS have modulus of
Pearson's cor re la tion co ef fi cients of 22.4 % and 20.8 %, re -
spec tively, for noAC data and 9.6 % and 9.0 % for AC data.

When look ing into sep a ra tion of vari ables for
sig nal and back ground sam ples, fig. 4 shows se lected
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Fig ure 3. The modulus of
Pearson's cor re la tion co ef fi cients of 
ra don ac tiv ity with each of
vari ables used in the anal y sis
is shown. Note the de creas ing
of cor re la tion with tem per a ture
vari ables, and in creas ing with
hu mid ity vari ables, when air
con di tion ing (AC) was turned on

Fig ure 4. For some vari ables there is a sig nif i cant sep a ra tion of dis tri bu tions of vari ables' val ues for events with low
and events with high ra don ac tiv ity. Vari ables shown are: tem per a ture at height of 2 m above the ground
(GDAS1-TO2M), out side rel a tive air hu mid ity, mea sure of low est vis i ble part of the cloud (cloudbase), la tent heat net flux
at the sur face (LHTF), stan dard lifted in dex (LISD) and the dif fer ence of wa ter va por pres sure from in door and out door



vari ables, where sep a ra tion can be seen with na ked
eye, and also, sep a ra tions of high and low Rn ac tiv ity
for dif fer ent vari ables can be roughly com pared. But,
we want to have more pre cise in sight into sep a ra tion,
and for all three sam ples AC, noAC and sam ples of
whole mea sure ment pe riod. This is shown in fig. 5
where we can see that for noAC, tem per a ture vari ables 
have most sig nif i cant sep a ra tion val ues, as was the
case with modulus of Pearson's cor re la tion co ef fi -
cients with Rn ac tiv ity on fig. 3. With air con di tion ing
turned on, the vari ables of hu mid ity and va por pres -
sure gain in sep a ra tion value, while in door tem per a -
ture is de creas ing its sep a ra tion value. No tice that the
change is not so pro nounced as was the case with cor -
re la tion vari ables. Again, we no ticed the sim i lar ity
sep a ra tion val ues of out side-T02M and out side-tem -
per a ture 29.1 % and 24.1 %, re spec tively, for noAC
data, and 26.0 % and 20.8 %, re spec tively, for AC data. 
Also,  out side-hu mid ity  and GDAS1-RH2M with
19.8 % and 19.5 %, re spec tively, for noAC and 8.8 %
and 9.6 % for AC data.  When look ing into pres sure
data, out side-pres sure and GDAS1-PRSS have sep a -
ra tion val ues of 12.7 % and 9.7 %, re spec tively, for
noAC data and 5.5 % and 4.6 % for AC data.

MULTIVARIATE
CLASSIFICATION ANALYSIS

Toolkit for multivariate anal y sis (TMVA) [11]
im ple mented in ROOT [12] frame work for data anal y -
sis, has many of multivariate meth ods and tools im ple -
mented, which are fre quently used for data anal y sis, as 
in High en ergy phys ics, also by data sci en tists in gen -
eral. We will not get into de tails of wide spread of
multivariate meth ods avail able, which can be found in

TMVA man ual [11]. The us age of those multivariate
meth ods in TMVA is rather stan dard ized. What is ad -
van ta geous in us ing TMVA is that we could com pare
many of multivariate meth ods us ing the same train ing
and test ing sam ple. Also, the TMVA was used in many
anal y ses, and is con stantly un der de vel op ment, with
many new meth ods im ple mented. The TMVA of fers
com par i son of meth ods de vel oped for other frame -
works, like meth ods de vel oped in pro gram ming
langnages Py thon, or R, or mod ern meth ods like Deep
and Convolutional Neu ral Net works, which is best to
be run in multi-thread mode or on CPU or on GPU
(graph i cal cards).

In MVA anal y sis, the data sam ple con sists of
events. Event is com posed of data mea sured/re corded
at the same time for each in put vari able. We can run
MVA as Clas si fi ca tion, Clas si fi ca tion with cat e gory,
and Re gres sion. The MVA Clas si fi ca tion is done when 
sam ple is di vided into two sam ples (classes); sig nal
and back ground. The MVA meth ods are trained to
make the same clas si fi ca tion us ing events they have
not seen be fore, and their per for mance in clas si fi ca -
tion is mea sured. Sec ond MVA anal y sis is done as re -
gres sion anal y sis. It is sim i lar to clas si fi ca tion, in the
sense that the num ber of classes into which ini tial sam -
ple is di vided is much big ger, and the value of clas si -
fier is not only 1 (sig nal) and 0 (back ground) but has
much more val ues in be tween. Clas si fi ca tion with cat -
e gory was not used, as the max i mum per for mance of
Clas si fi ca tion is ob tained when no other cat e gor i cal
val ues be sides 1 (sig nal) and 0 (back ground) are used.
Fu ture per for mance tests could in clude cat e go ries
like; very high, high, me dium, low and very low ra don
con cen tra tions.

When a sam ple is pre pared, MVA clas si fi ca tion
needs some time to com plete the train ing pro cess for
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Fig ure 5. Sep a ra tion of events with low and high Rn ac tiv ity by each vari able



each of MVA meth ods se lected for com par i son. Be -
sides train ing, the sam ple of same num ber of events is
used for eval u a tion, or test ing, where MVA method is
tested on sam ples not seen be fore (not used for train -
ing). The per for mance of some MVA method is ex -
pressed only us ing test ing/eval u a tion sam ple.

The fig. 6 shows the re sponse of best per form ing
MVA meth ods, in anal y sis of noAC data, to events
with low and high Rn ac tiv ity, or sig nal and back -
ground. We can see, in fig. 7, that by look ing into Re -
ceiver Op er at ing Char ac ter is tic (ROC) curve com par -
i son of all se lected multivariate meth ods, that sev eral
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Fig ure 6. Re sponse of MVA meth ods to events with low and high Rn ac tiv ity

Fig ure 7. The ROC curve for MVA meth ods for the time in ter val where air con di tion ing was off (noAC)



meth ods have very good per for mances and also, very
close per for mances. It is very good to have sev eral
meth od olog i cally very dif fer ent multivariate meth ods
per form ing in sim i lar way, since this gives us con fi -
dence that clas si fi ca tion is ap pli ca ble. To il lus trate this 
point, we can say that, very gen er ally speak ing, ANN
are based on con vo lu tion of se lected func tion to the re -
sult ing multivariate func tional de pend ence, while
Boosted De ci sion Trees are based on mul ti di men -
sional space (cube) cuts, for ap prox i ma tion of
multivariate func tional de pend ence, and it is very
good that both have very good per for mances in MVA
clas si fi ca tion.

The com par i son of ROC curve integrals for best
per form ing meth ods, for MVA clas si fi ca tion anal y sis
for all three in ter vals; noAC, AC and all-pe riod anal y sis 
is shown at fig. 8. For five best per form ing meth ods,
DNN-CPU (Deep Neu ral Net work), MLPBNN
(Multi-Layer Perceptron Bayesian reg u la tor Neu ral
Net work), BDTG (Boosted De ci sion Trees with Gra di -
ent boost ing), BDT (Boosted De ci sion Trees), and MLP 
(Multi-Layer Perceptron – an ANN), re sults are very
sim i lar, and also for all the three in ter vals, which is very
im por tant in sense that while vari ables' cor re la tion with
Rn ac tiv ity vary greatly, this is eas ily over come in MVA
meth ods, add ing very im por tant prop erty of ro bust ness
in vari able se lec tion. We should note that all the men -
tioned meth ods are ANN or DBT based multivariate
meth ods.

The re sult ing trained multivariate meth ods are
now ready to be in cluded into some web ap pli ca tions, or
used in vari ables' anal y sis. In web ap pli ca tions, Ra don
alarm could be con structed, when based on in put vari -
ables, there is a great prob a bil ity of in creased in door ra -
don ac tiv ity. For ex am ple, some places where it is known
from pre vi ous mea sure ments, like from par tic i pa tion in
large in door ra don sur vey, that dwell ing or work ing
space has a prob lem with in creased in door ra don con cen -
tra tion, some mea sures like in creased ven ti la tion or lon -
ger brakes from work, could be made. In vari ables' anal y -
sis, the sim pli fi ca tion of MVA ap prox i ma tion of

un der ly ing multivariable func tion de pend ence could be
made, not only with clas si fi ca tion, but more ef fec tively
with re gres sion meth ods.

 The MVA meth ods which are trained and tested
us ing full set of vari ables and all avail able data are
ready to be used in some ap pli ca tion. But, we can con -
tinue our work and try to mod ify some thing in our anal -
y sis chain to see if we can get better per for mance or
method which uses lower num ber of in put vari ables,
with out big loss in per for mance. We can make dif fer ent
se lec tion of train ing data sets, like trun ca tion of out lier
data, we can change the num ber of in put vari ables, or
change pa ram e ters spe cific for each MVA method. For
this pur pose, it could be very use ful to look into vari able 
im por tance for spe cific MVA method, for ex am ple for
BDTG in fig. 9, in or der to look into the in flu ence of
vari ables on MVA de ci sion. To show why this is use ful
we pay at ten tion on Pearson's cor re la tion co ef fi cients of 
in put vari ables and ra don con cen tra tions and no tice that 
there could be sev eral vari ables with high cor re la tion
co ef fi cient with ra don con cen tra tion, but highly
inter-cor re lated with each other, which re sults in no
gain in MVA method per for mance if we add sev eral
vari ables which are inter-cor re lated. So, we can ex clude 
vari ables if their ex clu sion does not lower the MVA
method per for mance. We choose to look into im por -
tance of vari ables on BDTG clas si fi ca tion, for all time
in ter vals. Again, we start with noAC in ter vals, where
in door ra don ac tiv ity was high est, and in door tem per a -
ture was not reg u lated. We start with two GDAS vari -
ables, GDAS1-SHTF (sen si ble heat net flux at sur face)
and GDAS1-SOLM (vol u met ric soil mois ture con tent), 
fol lowed by in door-hu mid ity and diff-va por-pres sure,
and GDAS1-T02M at po si tion 6, with some other vari -
ables sim i larly im por tant as gdas mo men tum flux di rec -
tion and gdas cloud cover  vari ables.

When com par ing data from me te o ro log i cal sta -
tion and gdas data, we can not com pare them in, for ex -
am ple, multivariate im por tance, since if one vari able
is cho sen to be used in MVA train ing, sim i lar vari able
in, for ex am ple Pearson's cor re la tion co ef fi cients or
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Fig ure 8. Value of the ROC in te gral
for MVA meth ods for the se lected
time in ter vals, AC and noAC, and for 
whole time in ter val



sep a ra tion of vari able for in creased and for low Rn ac -
tiv ity value, do not have power to make dis crim i na -
tion. Com par i son can only be used when each vari able
is ob served sep a rately in a sin gle vari able anal y sis.
Also, sim i lar sit u a tion can hap pen with prep a ra tion of
vari ables, where re sult ing vari ables are, de-cor re lated, 
and first vari able is sig nif i cant for fur ther anal y sis but
other, very sim i lar vari able be fore de-cor re la tion, re -
mains with neg li gi ble sig nif i cance for fur ther
analysis.

THE MVA RE GRES SION

Re gres sion anal y sis of ten fails if there is not a
strong de pend ence of tar get vari able, in our case Rn ac -
tiv ity, on in put vari ables. Rea son ing is the fol low ing:
Clas si fi ca tion anal y sis has only two out puts, ei ther it is
sig nal (1) or back ground (0), but in case of re gres sion,

there are many more val ues be tween 0 and 1, and much
more de pend ence, or events is needed to get pos i tive re -
sults here. We ran MVA re gres sion for three time in ter -
vals, noAC, AC and all-pe riod. The BDTG and
DNN-CPU show good pre dic tion re sults af ter MVA re -
gres sion train ing pro ce dure, as a re sult of RMS of de vi -
a tions of true and eval u ated value of Rn ac tiv ity are sat -
is fy ingly small, as is shown in fig. 10. The fig. 11 shows
this in more de tail for BDTG in noAC re gres sion anal y -
sis, where the dis tri bu tion of de vi a tions is shown for
each event in the test ing sam ple.

CON CLU SIONS

Sin gle variate anal y sis of cor re la tions of each of
me te o ro log i cal vari able with in door ra don ac tiv ity and
Multivariate clas si fi ca tion and re gres sion anal y sis of all 
me te o ro log i cal vari ables and ra don ac tiv ity was per -
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Fig ure 10.  The RMS of de vi a tions of 
re gres sions from true value for se lected time
in ter vals, AC and noAC, and for the whole
time in ter val, for sev eral MVA re gres sion
meth ods

Fig ure 9. Vari able im por tance for MVA method BDTG for time in ter vals, AC and noAC, and for the whole time in ter val



formed and dis cussed. Me te o ro log i cal vari ables used in 
this anal y sis were from radonometar de vice, then from
a nearby me te o ro log i cal sta tion and fi nally from GDAS 
data. Sin gle variate anal y sis has iden ti fied vari ables
with great est value of modulus of Pearson's cor re la tion
co ef fi cient with Rn ac tiv ity, and also vari ables with
great est sep a ra tion of events with in creased Rn ac tiv ity
of over 200 Bqm–3 and of events with Rn ac tiv ity be low
this value. This ini tial anal y sis and look ing into vari -
ables were show ing the ex pected be hav ior of Rn con -
cen tra tion with me te o ro log i cal vari ables, with em pha -
sis on data pe ri ods with or with out air con di tion ing, and
also with em pha sis on pre vi ously found vari able of in -
door wa ter va por pres sure. This sin gle variate anal y sis
and ob serv ing all the data proved also use ful for con clu -
sion that GDAS data could be used as a good enough
ap prox i mate re place ment for me te o ro log i cal data from
the nearby me te o ro log i cal sta tion for MVA anal y sis. 
The MVA clas si fi ca tion anal y sis found sev eral very
well per form ing MVA meth ods which can be used in
web ap pli ca tion or for fur ther de tailed anal y sis of spe -
cific in put vari ables. Vari able im por tance of BDTG
MVA method was shown for all three pe ri ods, and most
im por tant vari ables were dis cussed. Fi nally, MVA re -
gres sion anal y sis gave also good re sults, and more qual -
ity mea sure ments in this rarely ac cessed ground level
lab o ra tory would be use ful to better tune the MVA
meth ods, and do more de tailed anal y sis.
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MULTIVARIJANTNA  ANALIZA  DVOGODI[WEG  KONTINUALNOG
MONITORINGA  RADONA  U  NADZEMNOJ  LABORATORIJI  U

INSTITUTU  ZA FIZIKU  U  BEOGRADU

Prikazana je multivarijantna klasifikaciona i regresiona analiza odnosa meteo-
rolo{kih varijabli i koncentracije radona u zatvorenoj i retko pristupa~noj prizemnoj
laboratoriji Instituta za fiziku Beograd. Podatke o meteorolo{kim varijablama i kon-
centraciji radona, kori{}ene u ovoj analizi, dobijamo iz aktivnog ure|aja za kratkoro~na merewa
koncentracije radona u zatvorenom prostoru, obli`we meteorolo{ke stanice i iz podataka
Globalnog sistema asimilacije podataka. Jedno-varijantnom analizom identifikovane su
varijable sa najve}om vredno{}u mod ula Pirsonovog koeficijenta korelacije sa koncentracijom
radona, kao i varijable sa najve}om mo}i razdvajawa doga|aja sa pove}anom koncentracijom radona
vi{e od (200 ) i doga|aja sa ni`om koncentracijom od ove vrednosti. Ova po~etna analiza i
sagledavawe varijabli pokazuju o~ekivanu vezu koncentracije radona i meteorolo{kih varijabli,
sa naglaskom na analizu podataka iz razli~itih vremenskih intervala, kada je u laboratoriji
radila i kada nije radila klimatizacija, kao i sa naglaskom na varijablu razlika unutra{weg i
spoqweg pritiska vodene pare. Ova jedno-variantna analiza dovodi do zakqu~ka da se podaci 
Globalnog sistema asimilacije podataka mogu koristiti kao dovoqno dobra pribli`na zamena za
meteorolo{ke podatke iz obli`we meteorolo{ke stanice za multivarijantnu analizu.
Multivarijantnom klasifikacionom analizom prona|eno je nekoliko veoma dobrih multi-
varijantnih metoda koje se mogu koristiti u nekoj veb aplikaciji ili za daqu detaqnu analizu
specifi~nih ulaznih varijabli. Prikazana je va`nost varijabli za multivarijantni metod stabla
odlu~ivawa za sva tri perioda merewa, a razmatrane su i najva`nije varijable. Kona~no,
multivarijantna regresiona analiza je tako|e dala dobre rezultate, {to mo`e da bude korisno pri
optimizaciji  klasifikacionih multivarijantnih metoda.

Kqu~ne re~i: kontinuirani ra don mon i tor ing, multivarijantna analiza, Globalni sistem
......................... asimilacije podataka, meteorolo{ka stanica
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A B S T R A C T

Measurements of atmospheric parameters were carried out during the partial solar eclipse (51% coverage of solar

disc) observed in Belgrade on 20 March 2015. The measured parameters included height of the planetary

boundary layer (PBL), meteorological parameters, solar radiation, surface ozone and air ions, as well as Very Low

Frequency (VLF, 3–30 kHz) and Low Frequency (LF, 30–300 kHz) signals to detect low-ionospheric plasma

perturbations. The observed decrease of global solar and UV-B radiation was 48%, similar to the solar disc

coverage. Meteorological parameters showed similar behavior at two measurement sites, with different elevations

and different measurement heights. Air temperature change due to solar eclipse was more pronounced at the

lower measurement height, showing a decrease of 2.6 �C, with 15-min time delay relative to the eclipse

maximum. However, at the other site temperature did not decrease; its morning increase ceased with the start of

the eclipse, and continued after the eclipse maximum. Relative humidity at both sites remained almost constant

until the eclipse maximum and then decreased as the temperature increased. The wind speed decreased and

reached minimum 35 min after the last contact. The eclipse-induced decrease of PBL height was about 200 m,

with minimum reached 20 min after the eclipse maximum. Although dependent on UV radiation, surface ozone

concentration did not show the expected decrease, possibly due to less significant influence of photochemical

reactions at the measurement site and decline of PBL height. Air-ion concentration decreased during the solar

eclipse, with minimum almost coinciding with the eclipse maximum. Additionally, the referential Line-of-Sight

(LOS) radio link was set in the area of Belgrade, using the carrier frequency of 3 GHz. Perturbation of the

receiving signal level (RSL) was observed on March 20, probably induced by the solar eclipse. Eclipse-related

perturbations in ionospheric D-region were detected based on the VLF/LF signal variations, as a consequence

of Lyα radiation decrease.

1. Introduction

Abrupt change in the incoming solar radiation flux during solar

eclipse induces disturbances in different atmospheric layers (Ger-

asopoulos et al., 2008; Aplin et al., 2016). These disturbances are not

necessarily similar to those during sunset/sunrise, because of different

time scales and initial conditions. They depend on a number of factors,

including the percentage of sun obscuration, latitude, season, time of the

day, synoptic conditions, terrain complexity and surface properties. Since

solar energy impacts the atmosphere primarily by convection of heat

from the ground, lower atmospheric layers are more influenced by

changes in solar radiation. The layer of the atmosphere in direct inter-

action with the surface, thus directly influenced by the Earth's surface

forcing, is called the planetary boundary layer (PBL). Since surface is also

a source of humidity and pollutants, turbulence within the PBL is

responsible for mixing and dispersion of pollutants, while air pollution

concentrations in the PBL are generally higher than those in the free

troposphere (Stull, 1988).

A number of studies have focused on the effect of solar eclipse on

various atmospheric properties, mainly in PBL. Changes in meteorolog-

ical parameters near the ground level were most extensively investigated,

for several eclipse events (Anderson, 1999; Ahrens et al., 2001; Kolar�z
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et al., 2005; Founda et al., 2007; Nymphas et al., 2009). The studies re-

ported decrease in temperature and wind speed, changes in wind direc-

tion and increase in relative humidity, as a result of solar eclipse. The

magnitude of these changes varied in different studies. Decrease in height

of the PBL during solar eclipse was also observed (Kolev et al., 2005;

Amiridis et al., 2007). The PBL quickly responds to surface forcing and its

height can range from as low as a few hundred meters to a few kilome-

ters. Diurnal cycle of the PBL height starts with the sunrise by heating of

the surface and development of a convective boundary layer (CBL),

reaching a steady state in the afternoon. The CBL remains as a residual

layer until the development of a newmixing layer on the following day. A

region of statically stable layer – the entrainment zone forms at the top of

the PBL. It closely follows the PBL development, being shallow in the

morning and thickening during the day due to intense turbulence and

vigorous convection (Stull, 1988). During a solar eclipse, the change in

the incoming radiation is more abrupt and affects the evolution of the

PBL (Amiridis et al., 2007; Kolev et al., 2005), thus providing opportunity

for investigating mechanisms involved in PBL evolution.

Some studies investigated eclipse-related changes in ozone concen-

tration (Zerefos et al., 2001; Kolev et al., 2005; Zanis et al., 2001, 2007),

due to its strong dependence upon the magnitude of UV flux (Bian et al.,

2007). Tropospheric ozone (O3)is the result of chemical reactions, mostly

between nitrogen oxides (NOx), carbon monoxide (CO) and volatile

organic compounds (VOCs), helped with UV radiation via process of

photo-dissociation of O3. Surface ozone concentrations were reported in

literature to decrease during solar eclipse, with exception of unpolluted

sites (Zanis et al., 2001, 2007).

Reported observations suggest increase in air ion (Kolar�z et al.,

2005; Aplin and Harrison, 2003 and references therein) and air radon

concentrations (Gaso et al., 1994 and references therein) during solar

eclipse, mainly attributed to PBL height decrease. Air ions are natural

constituents of the atmosphere produced mostly by cosmic rays (20% of

overall ionization) and natural radioactivity from soil (gamma decay of
40K)and the air (222Rn). The first two ionization sources mentioned

above are nearly constant in time, and consequently changes of air ion

generation areprimarily related to changes in Rn concentration. The

background concentration of cluster air ions in lower troposphere vary

from a few hundred to a few thousand ions cm�1, with an average

near-ground ionization rate of 10 ion pairs cm�3s�1. Air ions are

neutralized mostly by ion-to-ion recombination and ion-aerosol attach-

ment (Dolezalek, 1974). Their concentration changes diurnally: during

the night, when the boundary layer conditions are stable concentrations

are high, with maximum at dawn. During the day, with the develop-

ment of convective boundary layer, air ion concentration decreases with

minimum in the afternoon (Blaauboer and Smetsers, 1996). Radon and

aerosol-carried Rn progenies are powerful air ionizers (energy of α

particle decay is more than 5 MeV, while average ionization energy of

air is 34 eV/ion pair) and thus the main source of cluster air ion pair

production in the troposphere. Radon exhalation from the ground is

determined by concentration of uranium, diffusion coefficients and

porosity of soil layers on the way to surface (Ishimori et al., 2013).

Average Rn concentration over the continents is 10 Bq m�3

(UNSCEAR, 1993).

The solar eclipse also influences ionosphere. In the upper part of this

area variations in plasma frequencies are detected (Verhulst et al., 2016).

Also, there are detected plasma variations in the lower ionosphere (see

e.g. Guha et al., 2010; Maurya et al., 2014). One of the ways to register

the variations of solar radiation impact within upper atmosphere is based

on technology of radio waves which are reflected in ionosphere during

propagation between emitters and receivers. Namely, the signal reflec-

tion height in the ionosphere and, consequently, parameters describing

signal characteristics (propagation geometry, altitude distributions of

refractive index and attenuation) depend on local plasma properties

(primarily on electron density) (Baj�ceti�c et al., 2015). Electron density

declines during solar eclipse, similarly to sunset, resulting in increase of

the reflection height of radio signals reflected on relevant atmospheric

layer (Guha et al., 2010), as well as the occurrence of hydrodynamic

waves (Nina and �Cade�z, 2013; Maurya et al., 2014). Because of that, the

registered wave variations reflect the non-stationary physical and

chemical conditions in the medium, along the considered wave trajec-

tories, in real time. In addition to plasma parameters related to low

ionosphere, several parameters describing signal propagation, like dis-

tance between transmitter and receiver, influence temporal changes in

recorded signal characteristics. Because of that, the electron density

decrease (or increase) can result in either increase and decrease of

recorded amplitude (Grubor et al., 2008). Thus, only variation from the

expected values is important for detection of influences of an event on

low ionosphere.

The aim of this paper is to study atmospheric disturbances detected in

Belgrade, induced by partial solar eclipse (51% coverage of solar disc) on

March 20, 2015. Focusing on troposphere (mainly PBL) and ionosphere

(D-region). For that purpose, four experimental setups were used to

collect data, including lidar (Light Detection and Ranging) for measure-

ment of PBL height and heights of elevated layers, AWESOME (Atmo-

spheric Weather Electromagnetic System for Observation Modelling and

Education) VLF/LF receiver (Cohen et al., 2010) and instruments for

measurements solar radiation, meteorological parameters, concentra-

tions of ozone, air ions and radon, and propagation of radio signals in

troposphere.

The paper is organized as follows. In Section 2 we describe mea-

surements and methods used in the study, and give overview of back-

ground conditions. The results are described in Section 3, and a

conclusion of this study is given in Section 4.

2. Measurements and methods

2.1. UVradiation, ozone and air-ion measurements

UV-B erythemal radiation was measured using 501 biometer made

by Solar light company, USA. Instrument was set on the roof of the

Institute of Physics Belgrade (IPB), so that no obstacles entered the field

of view. During the eclipse, data acquisition was set to 10 min. Global

Sun radiation was measured by Republic Hydro-meteorological Service

in Belgrade using Kipp&Zonen CMP6 pyranometer (http://www.

kippzonen.com/Product/12/CMP6-Pyranometer), with 1-min data

acquisition. Surface ozone measurements were conducted using Aer-

oqual monitor, series 500 (http://aeroqual.com/product/series-500-

portable-air-pollution-monitor), made in New Zealand. The instrument

was placed near UV 501 biometer and acquisition was set to 6 min. Air

ions, temperature, pressure and relative humidity were measured using

a Cylindrical Detector and Ion Spectrometer CDIS (Kolar�z et al., 2011),

made at IPB. The CDIS was placed 1 m above grassy surface (where the

soil allows the radon exhalation), at IPB (44.86� N, 20.39� E, 89 m

a.s.l.). Only positive air ion concentrations were measured since they

have lower mobility than negative ions and consequently lower

ion-to-aerosol attachment coefficient. Thus, they are less sensitive to air

pollution and provide better picture of atmosphere processes. Radon

was measured using continual radon measuring instrument RAD7,

Durridge company, USA. Quality of continual Rn measurements is

related to level of radon concentration and measuring period, i.e.

counting events. The instrument was placed next to CDIS at the

same level.

2.2. Measurements of meteorological parameters

The meteorological measurements were obtained at two semi-urban

sites in Belgrade. One measurement site was located at IPB. At the site,

temperature, relative humidity and atmospheric pressure at altitude 1 m

above ground were measured. The meteorological measurements were

also available from an automatic weather station collocated with a

SYNOP station at Ko�sutnjak, Belgrade (WMO no. 13275, 203 m a.s.l.),

about 10 km away from the IPB site.
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2.3. Detection of PBL height

A variety of methods can be used to quantify the PBL height,

depending on available measurements (Emeis et al., 2008). Differences

between PBL and free troposphere can be observed using vertical profiles

of thermodynamic quantities and wind from radiosounding measure-

ments. Lidar observations, using atmospheric aerosol as a tracer, can be

used to determine heights of both PBL and elevated aerosol layers if

present in the atmosphere.

In this study radiosounding and lidar measurements were used to

determine PBL height. While radiosoudings are regularly available at

00UTC and 12UTC at theWMO station, providing meteorological data on

mandatory and significant pressure levels, the advantage of lidar mea-

surements is that they can be performed continuously with high vertical

andtemporal resolutions. Data derived from lidarmeasurements can be

used for detection and characterization of aerosols and PBL evolution,

and allow for the detection of abrupt and smaller scale changes in the

layer structure.

The lidar system at IPB, is a bi-axial system with combined elastic

and Raman detection designed to perform continuous measurements

of suspended aerosol particles in the PBL and the lower free -

troposphere. It is based on the third harmonic frequency of a compact,

pulsed Nd:YAG laser, emitting pulses of 65 mJ output energy

at 355 nm with a 20 Hz repetition rate. The optical receiver is a

Cassegrain reflecting telescope with a primary mirror of 250 mm

diameter and a focal length of 1,250 mm. Photomultiplier

tubes are used to detect elastic backscatter lidar signal at 355 nm and

Raman signal at 387 nm. The detectors are operated both in the analog

and photon-counting mode and the spatial raw resolution of the

detected signals is 7.5 m. Averaging time of the lidar profiles during

the March 2015 solar eclipse case was 1 min corresponding to 1,200

laser shots.

Lidar measurements can be used to estimate PBL height using

different approaches (Sicard et al., 2006; Baars et al., 2008). In this

study, the gradient method was used to determine the position of the

strongest gradient of the aerosol vertical distribution, associated with

the PBL height (Flamant et al., 1997). The height of a strong negative

peak which can be identified as the absolute minimum of the range

corrected signal's (RCS) derivative, determines the PBL top height. A

strong negative gradient in lidar RCS is a result of decrease in aerosol

backscatter due to decrease in aerosol concentration and humidity

(Matthias et al., 2004). Our estimate of PBL height is based on lidar

measurements at 355 nm. However, when available, measurements at

larger wavelengths (i.e. 532 nm and 1,064 nm) are more appropriate

for analysis of PBL height due to smaller relative contribution of mo-

lecular backscatter compared to 355 nm. Other local minima in the

signal derivative, with absolute values above a specified threshold and

with transition intervals including a minimum of five points, are asso-

ciated with elevated aerosol layer top heights in the free troposphere

(Flamant et al., 1997).

The Richardson number is used for PBL height estimation from

radiosounding measurements. Radiosoundings are performed two

times each day, at 00 and 12 UTC, at a weather station (Belgrade

Ko�sutnjak, WMO number 13275), 10 km away from the lidar mea-

surement site at 203 m altitude. The Richardson number is defined as

(Stull, 1988):

Rib ¼
g½z� z0�½θðzÞ � θðz0Þ�

θðzÞ
�

uðzÞ2 þ vðzÞ2
� (1)

where g is acceleration due to gravity, z0 is the altitude of the weather

station, θ(z) is the potential temperature and u(z) and v(z) are zonal and

meridional components of the wind. The layers in which Rib is above a

critical value of 0.21 (Vogelezang and Holtslag, 1996; Menut et al., 1999)

are considered to be above the PBL.

Since the data are available at discrete heights, at standard and

significant pressure levels, the bulk Richardson number is used (Stull,

1988). Successful estimation of the PBL height from radiosounding

measurements from stations in the WMO network, has been previously

reported (Jeri�cevi�c and Grisogono, 2006; Amiridis et al., 2007). Average

uncertainty of the PBL height was estimated for March for a 10-year

period from 2006 to 2015, from radiosounding profiles retrieved at 12

UTC. Typical resolutions varied from 100 m to 1,000 m, and the uncer-

tainty of PBL height H was estimatedusing the following formula:

H ¼ Hestimated±
Δz

2
(2)

where Δz is the measurement resolution (Jeri�cevi�c and Grisogono,

2006). It was calculated to be 180 m corresponding to the average ver-

tical resolution of 350 m. On the eclipse day, the resolution and the

uncertainty were estimated to be 150 m and 80 m, respectively.

2.4. Terrestrial line-of-sight radio communication measurement setup

The referential Line-of-Sight (LOS) radio link was set in the area of

Belgrade, using the carrier frequency of 3 GHz, with the purpose of

investigating solar eclipse contribution to receiving signal level (RSL)

instability.

The transmitter was emitting non-modulated carrier, having the radio

frequency (RF) output power level of 0 dBm. LOS link was established at

the distance of 70 m. The signal was transmitted using the signal

generator with the frequency stability of TCXO � ±0.5 ppm and signal

level stability � ±0.7 dB which was housed at constant temperature.

Antenna emitted horizontally polarized electromagnetic (EM) wave. The

receiving system (Rx) was formed with Tektronix SA2600 spectrum

analyser that was programmed to perform 1 kHzwidth spectral recording

into 500 points. In this way, the generated signal spectrum at the

receiving side could be reconstructed with an accuracy of 2 Hz, which

made it possible to monitor temporal changes in the level of the received

signal peak.

The measuring samples of the received signal level were recorded

every 45 s equidistantly during continuous operation of the LOS link. On

20 March 2015, we made 480 recordings through 6 h, includingthe solar

eclipse period.

2.5. Ionospheric observations

Global experimental setup for the low ionospheric observation is

based on continuously emitting and receiving the VLF/LF signals by

numerous worldwide-distributed VLF/LF transmitters and receivers,

respectively. In this study, we based our analysis on D-region moni-

toring using the 37.5 kHz LF signal emitted by the NRK transmitter

located in Grindavik (Iceland) and received at IPB by the AWE-

SOMEVLF/LF receiver. This transmitter was chosen because the path

of this signal passes through an area that was affected by a

total eclipse.

2.6. Background conditions

The eclipse on March 20, 2015 started at 8:40 UTC, ended at 10:58

UTC, reaching maximum coverage of 51% at 9:48 UTC. In the days prior

to the eclipse, the synoptic conditions were influenced by a cyclone

moving to the east, over Balkans, followed by an increase in geo-

potential. Wind field was characterized by northwesterly flow shifting

to northerly. On the day of the eclipse surface conditions were influ-

enced by weak-gradient anticyclonic field. On the previous day, over-

cast skies with light rain in the evening were reported. From the

morning of the March 20 and during the day, the sky was clear. The

calm meteorological conditions provided good opportunity to observe

possible eclipse-related changes in meteorological parameters

near surface.
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3. Results

3.1. Global and UV radiation

Primary effect of solar eclipse is reduction of solar radiation reaching

the surface. In Fig. 1 diurnal variation of global sun radiation and UV-B

erythemalradiation are shown for the day of the solar eclipse, and for

three clear days after the eclipse. Solar eclipse on March 20 occurred

during morning increase of both global and UV-B radiation due to sun

elevation. Their attenuation was 48%, slightly smaller than the obscu-

ration of the solar disc (51%). This difference could be due to diffuse

solar irradianceknowing that UV-B radiation is the shortest wavelength

reaching the surface and thus most prone to scattering. While the direct

solar irradiance is reduced proportionally to the obscuration of solar disc

during the eclipse, the diffuse irradiance is less affected due to contri-

bution of multiple scattering from less shadowed part of the sky (Zerefos

et al., 2001). They reported that the difference in reduction of diffuse and

direct irradiance was more pronounced at shorter wavelengths.

3.2. Meteorological parameters

Meteorological measurements were analyzed to investigate the

response of the air temperature, relative humidity and pressure at near-

surface level to the eclipse. As mentioned in the previous section, the

meteorological measurements were conducted at two locations: at IPB

lidar measurement site and at Ko�sutnjakstation, about10 km away.

Diurnal cycle of the temperature was interrupted by the eclipse at both

measurement sites (Fig. 2). Change in temperature increase rate was

observed at both sites, with similar delay after the first contact. Higher

temperatures were measured, and temperature decrease was more pro-

nounced at IPB station, probably due to lower altitude and as a result of

lower measurement height above ground. At this station, the tempera-

ture decreased during the eclipse, by 2.6 �C, at the rate of 0.043 �Cmin�1,

reaching minimum about 15 min after the maximum of the eclipse. At

Ko�sutnjakstation the temperature was almost constant after the first

contact until the maximum of the eclipse, with an increase rate of

0.003 �wCmin�1. After the eclipse maximum, it started increasing with

increased downward radiation, at a higher rate of0.03 �C/min.To further

investigate the effect of the eclipse on temperature, measurements

available from Ko�sutnjakstation on days following the eclipse were used.

The rate of temperature change during the eclipse was compared to the

rates recorded during the same period of day on three cloud-free days

after the eclipse – March 21, 23 and 24. Increasing trend of maximum

daily temperature was measured in this period. On the eclipse day, the

increase rate from the first contact to the eclipse maximum

(0.003 �Cmin�1)was very low in comparison to the rates of 0.016 �C

min�1, 0.025 �Cmin�1 and 0.032 �Cmin�1 for the same period on March

21, 23 and 24, respectively. After the eclipse maximum until the end of

the eclipse, temperature increase rate of 0.025 �Cmin�1was comparable

to the corresponding rates on the three following days. Total increase in

temperature during the eclipse was 2.0 �C, while the corresponding

measured increase on March 21, 23 and 24, was 2.3 �C, 3.3 �C and 4.0 �C,

respectively.

Relative humidity showed decreasing trend, typical for the beginning

of the day and morning increase of temperature. During the eclipse,

humidity was almost constant until the maximal obscuration of solar

disc, and then it decreased by 10% at both locations (IPB and Ko�sutnjak),

in consistence with temperature increase. Until the maximal obscuara-

tion, at IPB, the temperature was decreasing while the relative humidity

was almost constant. It remains unclear whether its behaviour is an effect

of eclipse.

The wind speed measured at the Ko�sutnjak station followed atypical

diurnal cycle, until the maximum of the eclipse, when both wind speed

and gustiness dropped, and started increasing after the event (Fig. 3).

Wind speed decreased from a maximum of 2.7 ms-1 to about 1.1 ms¡1at

the end of the eclipse. The absolute minimum of wind speed and gusts

was reached about 35 min after the last contact. Wind direction changed

from northerly to northeasterly for the duration of the eclipse.

Pressure drop during the eclipse at Ko�sutnjak station was 0.9 hPa (not

shown here), which is most probably the consequence of the temperature
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drop (Fig. 2). The pressure minimum was reached about 30 min after the

eclipse maximum. Additional data, from radiosounding, provided infor-

mation on vertical profiles of meteorological variables 1 h after the event.

Up to the top of the PBL, the northerly wind speeds were relatively low,

from 2 to 3.5 ms-1. Air in the PBL was not very humid, with relative

humidity of 35–60%.

These observed changes are generally in agreement with those re-

ported in previous studies, related to eclipse events with larger obscu-

ration of solar disc. The exception is relative humidity, which was almost

constant until the eclipse maximum in this work, while it was reported to

increase in previous studies. Anderson (1999) compiled data on

near-surface temperature during selected total eclipse events, given in

literature. These data showed temperature decrease of 2.0–3.6 �C, with

minimal value coinciding with mid-eclipse (in one case), or reached with

the time lag of 7–17 min. Foundaet al. (2007) presented observations at

several sites in Greece, with different degrees of sun obscuration

(74–100%) during solar eclipse in March 2007. Their results showed that

temperature (measured at altitudes varying from 1.5 m to 17 m at

different sites) decreased by 1.6–2.7 �C (3.9 �C at a site affected by low

clouds), reaching minimal value 12–14 min after the mid-eclipse.

Following the temperature response, the relative humidity was re-

ported to increase by about 20% (Founda et al., 2007; Kolev et al., 2005).

A decline in wind speed, after mid-eclipse, as a result of cooling the

boundary layer and reduction of turbulent transport (Girard-Ardhuin

et al., 2003) was also reported in literature (Anderson, 1999; Founda

et al., 2007).

3.3. PBL evolution assessment from meteorological and lidar

measurements

The presence of the residual layer, evolution of the PBL and aerosol

layers in the free troposphere during the solar eclipse were observed

using lidar measurements in Belgrade. For that purpose, the vertical

profiles of the range-corrected analog signal at 355 nm, obtained from

10:15 UTC until 15:25 UTC with temporal resolution of 1 min, were

analyzed, using the gradient method. The time series of range corrected

signal (RCS) vertical profiles, along with heights of PBL and elevated

aerosol layers are presented in Fig. 4.

The eclipse occurred before local noon, during the development of the

mixing layer. In the morning, with surface heating, PBL started

increasing from 600 m height to about 800 m above ground during the

time period of about 2 h until the start of the eclipse at 8:40 UTC. The

increase of the PBL height before the eclipse was steady and gradual.

During this period, a layer was identified at height of about 1 km. This

layer can be identified as the residual layer. With the beginning of the

eclipse, the amount of solar radiation reaching the surface started

decreasing (Fig. 1). This affected the change in surface temperature

(Fig. 2), and therefore convective motion, with the effects diminishing

with height. The PBL height decreased by about 200 m during the solar

eclipse, reachingminimum 20min after the maximum of the eclipse. This

decrease in PBL height is similar to those reported in previous research

(Amiridis et al., 2007; Kolev et al., 2005), for solar eclipse with larger

solar disc obscuration. With passing of the eclipse, the PBL started

gaining height until reaching the height of about 1700 m around 13 UTC.

Stronger variations of PBL height observed after the eclipse can be

attributed to stronger convective motions. In first minutes after the

eclipse, shallow cumulus clouds formed with their base at the top of the

PBL. A peak in PBL height, coinciding with peaks in temperature and

wind speed measurements was observed during the later phase of the

event. Depth of the entrainment zone followed the development of the

PBL. It showed gradual increase before the eclipse, from low values of

about 30 m, to variations in height of several tens of meters after the

eclipse as a result of strong convective motions.

The PBL height value calculated as an hourly average around 12 UTC

(soon after the end of the eclipse), was 1 500 ± 100 m, in agreement with

the one estimated from radiosounding:1 600 ± 80 m.Small differences of

results obtained from radiosounding and lidar measurements can be due

to local effects at two measurement sites and differences in the methods

used. The gradient method uses gradient in lidar RCS due to decrease in

aerosol backscatter while the bulk Richardson number approach relies on

thermodynamic properties. Different surface properties and elevations of

measurement sites influence the heat and momentum fluxes contributing

to the PBL development. Lidar is operated on a fixed location during the

whole measurement period, providing information on vertical column of

air directly above the instrument. Radiosounding profiles are affected by

the horizontal drift of the instrument caused by wind and depend on

whether the ascent is made in a thermal or between thermals (Stull,

1988). To further estimate impact of eclipse on PBL height we compared

these values with the PBL heights calculated for March for a 10-year

period from 2006 to 2015 from the radiosounding profiles taken at 12

UTC (excluding the profile on the day of the eclipse). The values esti-

mated both from lidar (around 12 UTC) and radiosounding measure-

ments made on the day of the eclipse fall within the inter-quartile range

of the values for the 10-year reference period (Fig. 4).

The lidar measurements during solar eclipse also showed presence of

aerosol layers in free troposphere, at altitudes up to 4 km.

3.4. Ozone and air-ion concentrations

Surface ozone measurements showed no significant decrease, as

opposed to most other measured parameters, possibly indicating less

significant influence of photochemical reactions at the IPB semi-urban

measurement site (see Fig. 5). While a decrease of surface ozone con-

centration during solar eclipse is expected, this effect could be missing in

less polluted areas, or it could be masked by air transport or decline of

PBL height (Zanis et al., 2001, 2007). For an urban station in Thessalo-

niki, Zanis et al. (2001) reported that surface ozone concentration

decreased by 10–15 ppbv during the solar eclipse in August 1999

(maximum sun obscuration 90%), with a half-hour delay in starting time

of the decrease after the first contact. However, they did not observe any

effect on surface ozone in an elevated rural station at Hohenpeissenberg

(99.4% sun coverage). Measurements during the solar eclipse in March

2006, conducted in Greece, showed decrease of 5–10 ppb surface ozone

in an urban site in Thessaloniki (about 70% sun obscuration), while no

effect was observed in relatively unpolluted sites in Finokalia and Kas-

telorizo, with 82% and 86% solar obscuration, respectively (Zanis et al.,

2007). In our study, the measurements were taken at semi-urban site,

during solar eclipse event with 51% sun obscuration. It is also note-

worthy that measurements conducted for few other days, after the solar

eclipse, in the present study showed high time lag of ozone concentration

peaks compared to UV radiation peak. This was also reported in Tie et al.

(2007) and Bian et al. (2007).
Fig. 2. Temperature and relative humidity. Vertical lines indicate beginning, maximum

and end of the eclipse.
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Radon concentrations measured during the eclipse (not shown here)

were in the range between 0 and 15 Bq m�3 which is typical background

for this part of the day. As shown in Fig. 6, air ion concentration

decreased during the course of the day. The decrease was more intensive

during the eclipse. After the eclipse, air ion concentration returned to its

usual diurnal path to afternoon minimum. This could be explained by

decrease of diffusion processes that are responsible for radon exhalation

from the soil, as a result of cease of heating the surface during the eclipse.

Differences were noted in air ion change during the eclipse in 1999

(97.7% sun obscuration), described in Kolar�z et al. (2005) and that

described in this study (51% sun obscuration).

3.5. Line-of-Sight radio communication receiving signal change

The observed RSL change during the time of solar eclipse was

compared with the RSL change in few following days. The usual change

of RSL in morning hours presented in Baj�ceti�c et al. (2013) was

confirmed during regular days, while, the pattern of signal level variation

was quite different during the solar eclipse (Fig. 7, left panel).

Additionally, the observed meteorological variables were used to

calculate the value of the air refractivity parameter (R) using (3), with the

aim of the correlation between variation of that parameter and micro-

wave RSL change (Fig. 7, right panel).

R ¼ 77; 6
P

T
þ 3; 73⋅10

5
Pvp

T2
: (3)

R is the value which describes the overall influence of the tropo-

spheric medium on the radio wave propagation and depends on relative

air pressure P, absolute temperature T and partially on water vapour

pressure Pvp (Debye, 1957; Falodun and Ajewole, 2006).

Fig. 3. Wind speed, gusts and direction. Vertical lines indicate beginning, maximum and end of the eclipse.

Fig. 4. Temporal evolution of PBL (blue line) and elevated aerosol layers (red dots). Colormaps represent the lidar RCS at 355 nm on March 20, 2015. White vertical lines indicate

beginning, maximum and end of the eclipse. Box plot shows the median, first and third quartiles and 5th and 95th percentiles of PBL heights in March for period 2006–2015. (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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We normalized the measured values Rxi (i ¼ 1,…, 480) of the air

refractivity parameterto its mean value during the related day (Rx), using

Eq.2measured values Rxi of the air refractivity parameter, in order to

emphasize the level of variation.

RSL ¼ 100⋅

Rxi � Rx
�

�Rx

�

�

: (4)

Following the presented data in Fig. 8, it can be seen that there was

meaningful correlation between RSL and R during the days after the solar

eclipse, while their values change fairly independently on the day of the

solar eclipse.

Analysing data presented in Fig. 8, it can be seen that before the

period of solar eclipse, the disturbance manifested through the unusual R

constant value until 08:40 is well correlated with the constant value of

RSL. At the moment of solar eclipse maximum, the considerable R

disturbance can be noticed, while this phenomenon does not reflect to

the RSL. From 10:00, until the end of the solar eclipse, value of R varied

within expected usual values, however RSL changed unusually.

This unusual RSL variation was possibly triggered by the solar eclipse

event. In ordinary periods of measurements, the relative air pressure,

absolute temperature and partially the pressure of the water vapour

directly influence the permittivity of the air, causing the refraction of the

electromagnetic wave, so the effects are noticeable as the RSL variation.

However, during a solar eclipse event, it is not possible to consequently

relate RSL and R. Considering the absolute amplitude variation of RSL,

which was in the domain of 2,5 dB for the presented time periods, the

sudden not so intense air permittivity perturbation within the area where

LOS link was established did not have direct influence on the radio

propagation at 3 GHz frequency. While RSLwas evidently slightly per-

turbedduring solar eclipse, there is not clear evidence that this pertur-

bation is related to solar eclipse. The observed phenomena are not well

presented in the literature for this particular scenario, and will be a

subject of future analyses.

3.6. Effects on the ionosphere and LF radio signal propagation

The ionospheric perturbations were detected as variations of recor-

ded NRK signal from Iceland. Generally, the temporal evolution of

recorded signal can be used for detection of low ionospheric plasma

perturbations; these changes in medium through which signal propagates

affect wave reflection height, and consequently, propagation geometry

and attenuation, resulting in variations of recorded signal characteristics.

The shapes of the temporal change depend on numerous parameters.

Namely, in addition to periodic and sudden variations in the ionospheric

plasma conditions, characteristics of signals like mutual locations of

transmitter and receiver, power of transmitted signal, and geographical

area through which the signal propagates, affect the recorded signal

properties. For these reasons the dependencies between the ionospheric

changes of electron density induced by radiation increase and VLF/LF

signal amplitude are not monotonous, e.g. growth in the electron density

does not necessarily cause amplification of recorded signal amplitudes

(for detailed explanation see Nina et al., 2017). Thus, for detection of

some sudden perturbationit is sufficient toobservechanges in temporal

Fig. 5. Ozone and UV-B erythemal radiation during partial solar eclipse. Dotted vertical

lines indicate beginning, maximum and end of the eclipse.

Fig. 6. Air ion concentration, temperature and relative humidity during partial solar eclipse. Dotted vertical lines indicate beginning, maximum and end of the eclipse.
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evolution of signal characteristics.

Fig. 9 shows temporal variationsof amplitudedifference fromits initial

considered values, recorded by the AWESOME system at the Belgrade

station on March 20, 2015 when solar eclipse occurred, and three days

after that. The additional days are shown to visualize amplitude variation

in solar eclipse period with respect to its shapes in other relevant periods

without influence of the eclipse. The reason for choosing these particular

days was relatively quiet conditions without significant traveling

ionospheric disturbance resulting from atmospheric lightnings, and solar

flares among other events. While amplitude variations are pronounced

during the solar eclipse, they are practically within noise domains on

the other three days. In the first period, a decrease in amplitude was

observed, with the minimum occurring before the eclipse maximum.

Further, the amplitude increased, exceeded the amplitude values

during the first contact and reached the larger value approximately

coincidentlywith the eclipsemaximum time (indicated by a vertical line).

Finally, it returned to the expected values, which are around initial values

(this can be concluded from the three referent signals).

As explained in Section 1, electron density variation is most important

for changes of plasma parameters which influence signal propagation. Its

time variations depend on different electron gain and loss processes. The

constituents of the low ionosphere can be ionized by γ, X and a part of UV

photons. The most important solar influences on the ionization processes

in the D-region in absence of large radiation increase, primarily as

consequence of solar X-flares (Nina et al., 2012a,b) is coming from the

solar Lyα line (121.6 nm) radiation (Swamy, 1991) whose presence is

periodically intensified during the day. Bearing in mind that satellites did

not register significant increase of intensity of X radiation, we can

conclude that the signal variations are a consequence of Lyα radiation

decrease. http://en.wikipedia.org/wiki/Solar_eclipse.

4. Conclusions

Changes in atmospheric properties were observed during a partial

solar eclipse (51%) onMarch 20, 2015 in Belgrade. For that purpose, four

experimental setups were used to collect data, including lidar to derive

PBL height and heights of elevated layers, AWESOME VLF/LF receiver

(Cohen et al., 2010) and instruments for measurements of solar radiation,

meteorological parameters, concentrations of ozone, air ions and radon

and propagation of radio signals in troposphere. Although the solar

eclipse was only partial, its influence on atmospheric properties in

troposphere and ionosphere was noticeable. The detected changes in

atmospheric parameters were generally similar, but weaker in intensity,

to those reported in literature for solar eclipse events with larger

obscuration of solar disc.

In troposphere, the influence of the eclipse was observed in meteo-

rological surface parameters, and it was evident up to the top of the PBL.

Eclipse-induced decrease in PBL height was 200 m, comparable to that

reported in literature, with minimal value occurring 20 min after the

eclipse maximum. The PBL height determined from 12 UTC radio-

sounding measurements (soon after the eclipse), showed that it was

within the usual values for this location at that time of year. The mete-

orological parameters showed similar behavior at two measurement sites

Ko�sutnjak and IPB, respectively. The temperature change was more

pronounced and abrupt at the –IPB station, probably due to lower mea-

surement height, where it decreased by 2.6 �C, reaching minimum

15 min after the eclipse maximum. This temperature change is similar to

those reported in literature for solar eclipse with larger obscuration of

solar disc. At the Ko�sutnjakstation the temperature was almost constant,

until the eclipse maximum. Relative humidity was almost constant at

both sites from the first contact until the eclipse maximum, as opposed to

the increase reported in literature. The diurnal cycle then continued, with

the increase in temperature and decrease in relative humidity at both

sites. The 10-m wind speed and gusts decreased, reaching a minimum

about 30 min after the eclipse. The wind direction changed from north-

erly to northeasterly for the duration of the event. Decrease of PBL height

and the entrainment zone thickness were also observed during the

eclipse, as a result of diminished surface heating. Ozone concentrations

showed no decrease, as opposed to most results reported in literature,

except for those reported for rural measurement sites. The possible rea-

sons are less significant influence of photochemical reactions, decrease in

PBL height or advection by changing wind during the event. Measured

Fig. 7. Receiving signal level (RSL) and refractivity (R) variation. Shaded domains represent the time period when eclipse occurred.

Fig. 8. RSL and R variation during solar eclipse. Shaded domains represent the time

period when eclipse occurred.
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radon concentrations were typically low for this time of the day, while

the air ion concentration sharply decreased.

The referential Line-of-Sight (LOS) radio link was set in the area of

Belgrade, in order to investigate influence of the event on RSL instability.

During the solar eclipse, an unusual pattern of the signal level variation

was observed and different relationship between the RSL and the air

refractivity parameter (R). Further analysis is needed to clearly relate the

perturbation with solar eclipse which affected the atmospheric variables

and therefore R.

Impact of the solar eclipse on the ionosphere was registered through

changes of characteristics of radio waves which are reflected in iono-

sphere. The amplitude variations, were pronounced during the solar

eclipse, and were at the expected values on the days after the event. Since

satellite measurements did not show significant increase of intensity of X

radiation, it was concluded that the signal variations are consequence of

Lyα radiation decrease.
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Abstract. Solar flares, which are powerful explosions on the Sun’s surface, are
well recognized driving forces that have a significant impact on the near-Earth
environment, causing extra ionization within the sunlit Earth’s atmospheric
layers. Based on how they affect the lower ionosphere and its electron density
profile, X-ray solar flares can be categorized. In order to forecast the effects
of potential solar occurrences during the waning phase of Solar Cycle 25, this
study focuses on the disturbances caused by X-ray solar flares. In this pa-
per we examined Solar Cycle progression i.e. solar activity of highest intensity
(strongest 50 solar flares) during the ascending phase of Solar Cycle 25 by
conducting numerical ionospheric modeling based on the Geostationary Oper-
ational Environmental Satellite (GOES) database on solar X-ray radiation.

Key words: Space weather – Solar activity – Solar X-ray flares – radio signal
perturbations – GOES – data – modeling – electron density

1. Introduction

Strong explosions of electromagnetic radiation that come from the Sun’s surface
are known as solar flares (SFs) (Bothmer et al., 2007; Kahler, 1982; Tandberg-
Hanssen & Emslie, 2009; Davidson, 2020; Riley & Love, 2017). The SF classifi-
cations range from A to X-class (see e.g. Grubor et al., 2008; Hayes et al., 2021,
and references therein). Strong flares have the ability to impair communication
and navigation systems and can cause disturbances in the ionosphere, affecting
terrestrial communication. SFs emit powerful X-ray and ultraviolet radiation
that can ionize the upper atmosphere, resulting in extra free electrons (Kho-
dairy et al., 2020; Le et al., 2013; Šulić et al., 2016; Curto, 2020; Barta et al.,
2022). These unbound electrons can affect radio wave propagation by changing
the ionosphere’s refractive characteristics (Thomson & Clilverd, 2000; Šulić &
Srećković, 2014; Kolarski & Grubor, 2014; Srećković, 2023). The density of the
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ionosphere briefly increases, affecting radio signals going through it (McRae &
Thomson, 2004; Kelly, 2009; Nina et al., 2019; Srećković et al., 2024, 2017).

To forecast the impacts of potential solar occurrences during the declining
phase of Solar Cycle 25, this study focuses on the disruptions induced by X-ray
solar flares. In this paper, we investigated Solar Cycle progression, i.e. solar ac-
tivity of highest intensity (strongest 50 solar flares) during the ascending phase
of Solar Cycle 25 using numerical ionospheric modeling and the Geostation-
ary Operational Environmental Satellite (GOES) (Aschwanden, 1994; Woods
et al., 2024) database on solar X-ray radiation (https://data.ngdc.noaa.gov/
platforms/solar-space-observing-satellites/goes).

Figure 1. The graph shows the number of C, M and X-class solar flares that were

produced during Solar Cycle 25 during the accessing phase, presented by year.

This study’s findings may help to improve forecasting models (Gorney, 1990;
Lean, 2010; Georgieva & Shiokawa, 2018; Bilitza et al., 2012, 2022), allowing for
greater prediction and preparedness for ionospheric disruptions produced by
high class SFs. The study of high-class SFs during Solar Cycle 25 and their
impact on the ionosphere emphasizes the importance of ongoing research and
monitoring of such occurrences to improve our understanding of space weather
phenomena and protect technological infrastructure from potential disruptions.

https://data.ngdc.noaa.gov/platforms/solar-space-observing-satellites/goes
https://data.ngdc.noaa.gov/platforms/solar-space-observing-satellites/goes
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The paper is organized as follows. This Section describes the current state
and an introduction to the research problem. Section 2 provides results and
analysis concerning the strongest solar flares of Solar Cycle 25 and their subiono-
spheric impact, whereas Section Sec. 3 presents the conclusions and future per-
spectives of research.

2. Results and discussion

In this paper focus is on the further use of numerical method, so called easyFit
that were developed by Srećković et al. (2021a,b) on the cases of high intensity
SFs i.e. the strongest ones. We note that initially easyFit methods were devel-
oped for SF events of mid to high intensity (upper C-, M- and lower X-class
SFs, see e.g. papers Srećković et al. (2021b); Kolarski et al. (2022)).

Datasets from this paper provide an overview of the results obtained by
applying the numerical methods easyFit to the examples chosen for investiga-
tion, namely the top 50 SF of Solar Cycle 25 from X1.2 to X9. Solar X-ray
flux was obtained from the Geostationary Operational Environmental Satellite
(GOES) archive database (https://data.ngdc.noaa.gov/platforms/solar-
space-observing-satellites/goes).

Figure 1 shows the number of C, M and X-class solar flares that were pro-
duced during the ascending branch of Solar Cycle 25 presented by year from
2020 to the end of 2024. We observe that, beginning in 2020 and reaching their
peak at the end of 2024, the frequency of solar flares is clearly rising. It can be
noted that on Jul 3, 2021 X1.59 - class flare occurred as the first X-class flare
of Solar Cycle 25 and the first X-class solar flare since September 10, 2017.

Figure 2 upper panel shows sunspot number that were produced during the
accessing phase of Solar Cycle 25 presented by year. We note that the number
of sunspots is visibly increasing starting from 2020 and reaches its current max-
imum at the end of 2024. From the listed cases, differences in X-ray flux are
associated with solar activity. Lower panel of Figure 2 shows the 50 strongest
solar flares of Solar Cycle 25 (black circles) and corresponding reference height
ionospheric D-region electron density (red circles). The left axis of the lower
panel of Figure 2 shows the soft X-ray flux, while the right axis shows the
perturbed values of the ower ionospheric electron density due to solar flares.
The electron density is obtained by the easyFit method that was developed by
Srećković et al. (2021a,b). One can observe a correlative behavior of increasing
solar activity with increasing electron density.

Examining Solar Cycle progression we note that ionospheric disturbances
and its parameters are correlated with solar activity during the ascending phase
of Solar Cycle 25. These results will allow us to predict and model the ionosphere
and its parameters during the waning phase of the Solar Cycle 25.

https://data.ngdc.noaa.gov/platforms/solar-space-observing-satellites/goes
https://data.ngdc.noaa.gov/platforms/solar-space-observing-satellites/goes


The strongest solar flares of Solar Cycle 25 91

Figure 2. Upper panel: The graph shows sunspot number that were produced during

Solar Cycle 25 by year; lower panel: The graph shows the 50 strongest solar flares of

Solar Cycle 25 (black circles) and corresponding reference height ionospheric electron

density (red circles).

3. Summary and future development

Solar flares, which are powerful explosions on the Sun’s surface, are well rec-
ognized driving forces that have a significant impact on the near-Earth envi-
ronment, causing extra ionization within the sunlit Earth’s atmospheric layers.
In order to forecast the effects of potential solar occurrences during the whole
Solar Cycle 25, this study focuses on the disturbances caused by X-ray solar
flares from 2020 to the end of 2024.

In this contribution, we investigated Solar Cycle progression, i.e. solar ac-
tivity of highest intensity (strongest 50 solar flares) during the ascending phase
of Solar Cycle 25, using numerical ionospheric modeling and the Geostationary
Operational Environmental Satellite (GOES) database on solar X-ray radiation.
Numerical method easyFit were applied to research impact of SFs of highest in-
tensity ranging from X1 to X9 during 2020-2024 i.e. the ascending phase of Solar
Cycle 25, with the aim to obtain parameters of perturbed lower ionosphere.
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The results of this work could aid in the development of forecasting models,
enabling better anticipation and readiness for ionospheric disturbances brought
on by high-class SFs (see e.g. Gopalswamy, 2022). In order to better understand
space weather events and safeguard technological infrastructure from potential
disruptions, it is crucial to conduct continuous research and monitoring of high-
class SFs during Solar Cycle 25 and their effects on the ionosphere.
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Belgrade through funds from the Ministry of Science, Technological Development and
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Abstract. Using the lidar (Light Detection And Ranging) technique atmo-
spheric probing and observations of atmospheric aerosol optical properties
may be conducted remotely with high spatial and temporal resolution. As
an EARLINET (the European Aerosol Research LIdar Network) joining lidar
station, Belgrade Raman lidar system has provided aerosol profiling data for
potential atmospheric and climatological studies as well as assessment of plane-
tary boundary layer evolution and conducting dedicated measurements during
airborne hazard. A comprehensive quality-assurance program and self-testing
check-up tools have been developed to examine the performance and tempo-
ral stability of a lidar system. The capabilities of the Belgrade Raman lidar
system, as well as its experimental characterization related to zero bin assess-
ment, analog to photon-counting signal delay, Rayleigh-fit and telecover tests
to evaluate system accuracy, are presented in this study.

Key words: Remote sensing – Atmosphere – Optical properties – Data –
Quality assurance

1. Introduction

For more accurate weather predictions and a better understanding of climate
change and solar influence, it is essential to quantify the impact that clouds
and atmospheric aerosols play in the Earth’s radiation budget (Stocker et al.,
2013; Boucher et al., 2013). Depending on aerosol composition and size distribu-
tion the amount of scattered and absorbed radiation (both incoming solar and
outgoing terrestrial) can differ significantly. Aerosol radiative forcing has been
identified as one of the biggest climate change unknowns due to its short lifes-
pan and high spatial and temporal variability (Stocker et al., 2013). To quantify
the influence of aerosols on the climate system using an integrated approach of
ground-level and airborne in-situ measurements, ground-based remote sensing,
and space-based observations combined with numerical modeling are required.

https://orcid.org/0000-0002-7785-4456
https://orcid.org/0000-0003-2933-9801
https://orcid.org/0000-0001-5759-6333
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Change in the incoming solar radiation flux induces disturbances in different at-
mospheric layers (Aplin & Harrison, 2003; Maurya et al., 2014). Several studies
have investigated the effect of solar eclipse on various atmospheric properties
(Ilić et al., 2018; Kolarž et al., 2005; Nymphas et al., 2009). Atmospheric lidar
(Light Detection And Ranging) can be used to determine heights of planetary
boundary layer (PBL) using aerosols as tracers, providing opportunity to inves-
tigate PBL evolution-based processes. Decrease in height and evolution change
of PBL during a solar eclipse have been observed (Ilić et al., 2018; Amiridis
et al., 2007; Kolev et al., 2005).

Lidar, an active remote sensing technique, has proved itself to be the op-
timal tool for profiling height-resolved atmospheric aerosol optical parameters.
Various aerosol lidar techniques have been developed during the last several
decades operating at one or multiple wavelengths. The lidar principle is based
on laser emission of short-duration light pulses into the receiver field of view.
The intensity of the light backscattered by atmospheric molecules and particles
is measured versus time (through the telescope receiver, collimating optics, a
bandpass filter for daylight suppression) by an appropriate detector. The signal
profile is recorded by an analog-to-digital converter or by a photon-counting de-
vice and accumulated for a selected integration period spanning time intervals
from seconds to minutes. In order to establish a comprehensive and quantita-
tive statistical data base of the horizontal and vertical distribution of aerosols
on the continental scale the lidar network called EARLINET (the European
Aerosol Research LIdar Network) was founded in 2000 (Pappalardo et al., 2014).
The development of the quality assurance strategy (Freudenthaler et al., 2018),
the optimization of instruments and data processing (Wandinger et al., 2016),
and the dissemination of data have contributed to significant improvement of
the network towards a more sustainable observing system. With the addition
of new stations EARLINET has significantly enhanced its observation capac-
ity during the past few years. Additionally, the Single Calculus Chain (SCC)
was developed eliminating inconsistencies in the optical products retrieval pro-
cesses and in the signal error calculation, automating the data evaluation, and
enabling near real time (NRT) data processing (D’Amico et al., 2015, 2016;
Papagiannopoulos et al., 2020; Mattis et al., 2016). Such network development
allowed its contribution to calibration and validation of optical products re-
trieval from satellite missions (Abril-Gago et al., 2022).

In this study the capabilities of the EARLINET joining Belgrade Raman
lidar system combined with its experimental characterization using self-testing
check-up tools developed across the network to evaluate system accuracy are pre-
sented. Aerosol optical properties retrieved from such lidar measurements can
be used to evaluate aerosol satellite measurements, e.g., Earth Clouds, Aerosols
and Radiation Explorer (EARTHCARE) mission (Illingworth et al., 2015), and
to improve aerosol representation in climate models.



Data quality assurance for atmospheric probing and modeling 165

Figure 1. Zero bin assessment for elastic 355 nm (above) and Raman 387 nm (be-

low) channels. Different color lines represent successive average signals from diffuse

reflections of twenty laser shots.

2. Methodology

Raman lidar system at the Institute of Physics Belgrade (IPB), Serbia (44.860
N, 20.390 E) is bi-axial lidar system (telescope-laser axes distance is 200 mm)
with combined elastic and Raman detection designed to perform continuous
measurements of aerosols in the lower free troposphere (Ilić et al., 2018). Trans-
mitter unit is based on the third harmonic frequency of a water cooled, pulsed
Nd:YAG laser, emitting pulses of 65 mJ output energy at 355 nm with a 20 Hz
repetition rate. In order to improve the maximum range and the precision of the
system the beam expander is used to reduce the laser beam divergence (0.33
mrad) expanding the beam’s diameter by 3 times. The optical receiving unit
consists of two sub-units, a receiving telescope and wavelength separation unit.
The optical receiver is a Cassegrain reflecting telescope with a primary mirror of
250 mm diameter and a focal length of 1250 mm. Photomultiplier tubes Hama-
matsu R9880U-110 (PMT) are used to detect elastic backscatter lidar signal at
355 nm and Raman signal at 387 nm (Nitrogen vibrational scattering).
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Figure 2. Analysis of the relative delay between zero-bin-corrected analog RCS and

the PC RCS for 355 nm (left column) and 387 nm (right column) channels. Mea-

surements of 30 1-minute profiles with 1200 shots each were used. A linear regression

between AN and PC data was performed in the gluing region. Correlation coefficient as

a function of relative delay between analog and photon counting signals (above). Cor-

relation coefficient as a function of relative delay between analog and photon counting

mean signals (center). Fit between the PC RCS and AN RCS channels (below).
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Figure 3. Relative deviations of signals collected in the four telescope sectors com-

pared to the mean analog (above) and photon counting 355 nm signal (below), nor-

malized in the 1500-2500 m range.

Interference filters with 0.96 nm and 0.45 nm FWHM before each PM tube
are used to reduce the background noise. The detectors are operated both in
the analog and photon-counting mode and the spatial raw resolution of the
detected signals is 7.5 m. Averaging time of the lidar profiles is of the order of 1
min corresponding to 1200 laser shots. The Licel transient recorder is comprised
of a fast transient digitizer with on board signal averaging, a discriminator for
single photon detection and a multichannel scaler combined with preamplifiers
for both systems. For analog detection, the signal is amplified according to the
input range selected and digitized by a 12-Bit-20 MHz A/D converter. At the
same time the signal part in the high frequency domain is amplified and a 250
MHz fast discriminator detects single photon events above the selected threshold
voltage.
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Figure 4. Relative deviations of signals collected in the four telescope sectors com-

pared to the mean analog (above) and photon counting (below) 387 nm signal, nor-

malized in the 1500-2500 m range.

In order to monitor and improve the quality of the lidar systems and their
optical products, the quality assurance methods for both hardware and retrieval
algorithms (Freudenthaler et al., 2018; D’Amico et al., 2015, 2016) have been
established through the lidar network. System alignment is one of the funda-
mental setup tests because the partial overlap between the laser beam and the
receiver field of view has a substantial impact on lidar measurements of par-
ticle optical characteristics (Freudenthaler et al., 2018). The fact that the ray
bundles from various telescopic aperture regions go through the optical setup
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in various ways and with various incidence angles on the optical components
can be used to assess the lidar system alignment i.e., full overlap between laser
beam and telescope field of view. It is necessary to do a series of measurements
using a telescope that is only partially covered so that each measurement ac-
tually represents the collection of backscattered light by a specific sector of the
telescope in order to evaluate the alignment. Following the procedure described
in Freudenthaler et al. (2018), a version of so-called telecover test using the
set up of the telescope with four sectors was conducted in this study. For the
fine alignment of the system in the far field, the range-corrected lidar signal is
compared to the attenuated Rayleigh backscatter coefficient at a range interval
which is considered aerosol free. To determine the lidar signal distortions due to
the electronic noise the so-called dark measurement was performed. Dark signal
was measured with fully covered telescope so that no light from the atmosphere
and laser backscattered pulses could be detected. The lidar signals were prepro-
cessed taking into the account 3 min dark signal (for both analog and photon
counting channels) corresponding to 3600 laser shots. Such temporal averaged
dark measurement with sufficient signal-to-noise ratio was subtracted from the
lidar signals to improve the accuracy. In addition, experimental verification of
the zero range of the signal detection was conducted (Barbosa et al., 2014).

3. Results and Discussion

3.1. Zero bin test

A trigger-delay between the actual laser pulse emission and the backscatter
signal recording’s presumed zero range (zero bin) can introduce notable inac-
curacies in the near range signal. Particularly, the inversion of Raman signals
can be significantly distorted since the signal slope in the near range varies
considerably when the zero bin for range correction is changed (Freudenthaler
et al., 2018). The signal peaks obtained from light reflected from a diffuse scat-
tering target placed right above the emission part of the lidar system in order
to block the laser path are presented in Figure 1. In order to prevent signal
saturation the telescope was covered so that only a portion of the diffused light
can enter the telescope. The first bin of the signal peak is the assessed zero bin.
Since the analog to photon counting (AN-PC) signal delay might be different
among LICEL transient recorder modules, the AN-PC delay should be further
calculated for each module separately. In this paper the cross-correlation of the
two range corrected signals was used to calculate the analog-pc delay (Barbosa
et al., 2014). Analysis of the relative delay between zero-bin-corrected analog
RCS and the PC RCS signals is presented in Figure 2 with the same system
alignment as in Figure 3. For measurement of this delay, 30 profiles of 1200 shots
each were used. A linear regression between AN and PC data was performed as
a function of time delay from -10 to 10 bins. A distinct peak at -2 relative delay
bins is clearly exhibited for elastic channel (with respect to zero-bin-corrected
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AN signal). The main peaks for relative delay in the case of Raman channel are
distributed between two range-bins, but the best assessment for relative delay
corresponds also to -2 bins.

3.2. Telecover test

To check the laser-telescope alignment the telecover test using quarters of the
telescope was used. This quadrant test used four sectors named North (N)-
oriented from the telescope optical axis towards the laser optical axis, East
(E), West (W) and South (S). The North2 (N2) signals were acquired using
the same telecover sector as the N signals, but at the end of the measurement
time sequence, thus deviations in the N and N2 signals reveal the effect of
the changing environment during the measurements. Figure 3 and Figure 4
show relative deviations of signals collected with quadrant telescope sectors
under stable atmospheric conditions on April 27, 2020 for both 355 nm and 387
nm channels, respectively. Signals obtained with a partly covered telescope are
examined in terms of each sector deviation relative to the average of all signals
in order to verify lidar response in the near field. The threshold for the accepted
relative deviation of each sector signal is adopted to be 0.05. From the obtained
results it can be seen that the Raman lidar response in the near field is below
threshold and well alligned starting from 300 m. Although the telecover test is
useful for the assessment of the far range response of the lidar system usually
the additional test called Rayleigh fit should be applied.

3.3. Rayleigh fit test

To test the lidar alignment in the far range the Rayleigh fit procedure was used.
For that purpose, the fitting of normalized lidar signal to the calculated attenu-
ated Rayleigh backscatter coefficient (βattn

m ) in a range where we assume clean
conditions (aerosol-free atmosphere) was performed. In Figure 5 and Figure 6
Rayleigh fit and corresponding relative deviations from the calculated Rayleigh
signal for the elastic 355 nm and Raman 387 nm channels are presented. The
30 min measurements were performed during the night on the same day and
with the lidar setup as presented in Figure 3. Molecular signals were calculated
from the obtained Global Data Assimilation System (GDAS) profiles for the
same day at 23UT following Bucholtz (1995)(Bucholtz, 1995). From Figure 5
it can be seen that the lidar system is well aligned up to the 14 km for elastic
channel with the relative error less than 1% of the attenuated Rayleigh backscat-
ter signal while Raman channel signal to noise ratio is acceptable up to the 8
km. Once the system is properly aligned it can be used for systematic aerosol
measurements.
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Figure 5. Photon counting 355 nm lidar signal (red) averaged over 30 minutes and

calculated Rayleigh signal (black) from local radiosonde data of the same night, both

normalised between 5 and 10 km range (above). Relative deviation from the calculated

Rayleigh signal (below).
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Figure 6. Photon counting 387 nm lidar signal (red) averaged over 30 minutes and

calculated Rayleigh signal (black) from local radiosonde data of the same night, both

normalised between 5 and 10 km range (above). Relative deviation from the calculated

Rayleigh signal (below).

4. Summary

Lidar systems are optimal tools for providing range-resolved aerosol optical pa-
rameters and information on the atmospheric structure not only for climatolog-
ical purposes but also in emergency situations when near real time delivery of
the data and fast data processing is required. Although several lidar instrument
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intercomparison campaigns have been conducted within the network, it is not
possible to evaluate all systems in their specific setup due to the constant techno-
logical development and subsequently systems upgrade together with improving
measurements experiences. To overcome limited capacity for providing direct in-
tercomparisons a complementary quality-assurance procedures and tools have
been developed for regular internal system check-ups across the lidar network.
In this paper the capabilities of the Belgrade Raman lidar system is assessed
and characterization related to zero bin assessment, analog to photon-counting
signal delay, Rayleigh-fit and telecover tests to evaluate system accuracy, are
presented. Under described system setup the full overlap of the telescope field
of view and laser beam is measured and the system alignment is assessed in the
near field starting from 300 m. In the far range the Rayleigh fit procedure for
elastic 355 nm channel exhibited good signal to noise ratio and alignment up
to 14 km, but Raman channel at 387 nm demonstrated significant signal noise
above 8 km. In addition, the cross correlation of the two range corrected analog
and photon count signals was used to assess the analog-pc delay characteristic
for each transient record module.

As a unique system in the region capable to perform remote monitoring of
atmospheric aerosols it is expected to perform systematic measurements on a
regular schedule in the near future and contribute to the collection of aerosol
vertical distribution database in Europe. Lidar measurements of aerosol opti-
cal properties can be used for model evaluation (Meier et al., 2012; Binietoglou
et al., 2015). Furthermore, the assimilation of lidar observations of aerosol ver-
tical distribution (Cheng et al., 2019) can improve model estimation of aerosol
impact on climate. In addition, changes in atmospheric properties caused by spe-
cific events, like solar eclipse-induced planetary boundary layer height changes
or airborne particles transport can be observed. Having in mind geographical
distribution of currently active lidar stations in Europe, Belgrade Raman lidar
station can provide valuable data for intercomparison and validation of optical
products for future satellite missions, but automatization of the measurement
process and the upgrade to the multiwavelength lidar system are essential to
develop in the future.
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Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080
Belgrade, Serbia (E-mail: aleksandra.kolarski@ipb.ac.rs)

Received: July 20, 2022; Accepted: October 2, 2022

Abstract. Solar activity during solar minimum between 23rd and 24th solar
cycle was inspected, based on solar X-ray radiation listings from Geostationary
Operational Environmental Satellite (GOES) database. Periods of quiet solar
conditions with low background X radiation are particularly favourable for
analysis and exploration of low intensity solar flare events and their effects on
lower ionosphere. Low intensity solar flare events were monitored and examined
through Very Low Frequency (VLF) radio signals (3-30 kHz), recorded by
the use of Absolute Phase and Amplitude Logger system (AbsPAL) operating
at the Institute of Physics Belgrade, Serbia. For the purposes of numerical
modeling of low ionospheric response to low class solar flare events, the Long
Wave Propagation Capability (LWPC) software, based on Wait’s theory, was
applied. Main results are presented in this paper.

Key words: Solar activity – Solar X-ray flares – radio signal perturbations

1. Introduction

During quiet solar conditions, ionization i.e. production of electron content
within lower ionospheric D-region, within altitude range 50-90 km, is in gen-
eral related to photoionization processes caused by UV Lyman-α spectral line
121.6 nm, EUV spectral lines ranging from 102.7 nm to 118.8 nm and galactic
cosmic rays. One of frequent extraterrestrial causing agents, that become major
source of electron density perturbations within D-region, are X-ray solar flare
events (0.1-0.8 nm) (Whitten & Poppoff, 1965; Wang et al., 2020; Hayes et al.,
2021). Due to additional ionization, electron density height profile of the lower
ionosphere changes (Mitra, 1974). Such perturbations affect propagation of Very
Low Frequency (VLF) radio signals within Earth-ionosphere waveguide, caus-
ing deviations from their regular propagation patterns stable at unperturbed
solar conditions (Thomson, 1993; McRae & Thomson, 2000). Since electron
production rate coefficients can be considered directly proportional to intensity
of incident X-radiation (Ratcliffe et al., 1972), perturbations of VLF radio sig-
nals induced by solar flares can be used as diagnostic tool for exploration of
lower ionospheric electron content behavior during such events (see Barta et al.,
2022, and references therein).
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Utilization of VLF radio signals, as the remotesensing technique for explo-
ration of the lower ionosphere (Thomson et al., 2011; McRae & Thomson, 2000;
McRae & Thomson, 2004; Thomson et al., 2005), is widely adopted and exten-
sively used by many research groups over several decades, e.g. (Silber & Price,
2017) and references therein. Response of the lower ionosphere to analyzed so-
lar flare events, numerically was modeled by the use of Long Wave Propagation
Capability (LWPC) (Ferguson, 1998) software relying on application of Wait’s
theory (Wait & Spies, 1964).

Effects of low intensity solar flare events of C and B classes, during 23/24
solar minimum, between descending branch of 23rd and ascending branch of
24th solar cycle, were inspected by monitoring recordings of VLF radio signals
recorded in Belgrade (44.85 N, 20.38 W) Serbia, within time period from 2008
to 2010. Data related to solar X-rays is obtained from Geostationary Oper-
ational Environmental Satellite (GOES) archive database (https://satdat.
ngdc.noaa.gov/sem/goes/data/avg/).

2. Observations

Periods of quiet solar activity, like during solar minimums, are of great interest
for studying quiet ionospheric conditions and accompanying quiet i.e. unper-
turbed states within Earth-ionosphere waveguide related to VLF radio signals’
transmission. In addition, since solar background X radiation during such peri-
ods is of small amount, low class solar flare events, like those of lower C class
and moderate B class, when occur, are easily noticeable and recognizable, clearly
distinguishing themselves from surrounding sections of unperturbed VLF radio
signals. This gives a unique opportunity to examine characteristics of low class
solar flare events, which are otherwise masked by high solar background X radi-
ation during periods of usual more intense solar activity. An example of active
Sun during solar maximum in April 2014 and quiet Sun during solar minimum
in December 2019 are given in Figure 1, left and right, respectively. In 23/24
solar minimum, during 2008 there were 8 C class and 1 M class solar flare events
reported, with X-ray background flux up to A8.1, while during 2009 there were
28 C class solar flare events reported, with X-ray background flux up to B1.4
(Figure 2).

VLF radio signal recordings obtained from the Absolute Phase and Ampli-
tude Logger receiving station (AbsPAL), located and operating at the Institute
of Physics in Belgrade, Serbia, was used as instrumental setup. Within inspected
time period from 2008 to 2010, several VLF radio signals were simultaneously
recorded by AbsPAL station in Belgrade. Geographical position and transmit-
ter’s characteristics of VLF radio signals propagating towards Belgrade are given
in Table 1.

https://satdat.ngdc.noaa.gov/sem/goes/data/avg/
https://satdat.ngdc.noaa.gov/sem/goes/data/avg/
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Figure 1. Active Sun during solar max. in April 2014 (left) and quiet Sun during

solar min. in December 2019 (right) (taken from https://www.nasa.gov/).

Figure 2. Solar flare events reported in period 2008-2010.

3. Results and discussion

Inspection of low intensity solar flare events of C and B class, on recorded VLF
radio signals, was done according to provided solar X radiation listings from
GOES database. During inspected period 2008-2010, low class solar flare events
exhibited expected behavior, with amplitude perturbations of absolute amount
in general of several tenth parts of dB up to few dB and with phase delay
perturbations of absolute amount of few degrees to up to 16o. Some typical

https://www.nasa.gov/
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Table 1. VLF radio signals registered in Belgrade during 23/24 solar cycle minimum.

VLF Transmitter Broadcast GCP*
signal Power Distance
(kHz) (kW) (km)

GQD/22.1 Skelton, UK (54.72N; 2.88W) 500 1982
NAA/24.0 Maine, USA (44.63N; 67.28W) 1000 6547
NWC/19.8 H. E. Holt, Australia (27.2S; 114.98E) 1000 11975
DHO/23.4 Rhauderfehn, Germany (53.08N; 7.62E) 800 1301
ICV/20.27 Isola di Tavolara, Italy (NATO) (40.92N; 9.73E) 20 970
HWU/18.3 Rosnay, France (NATO) (46.71N; 1.24E) 400 1493

*Great Circle Path (GCP)

examples of low intensity solar flare events and accompanied VLF radio signal
perturbations registered in Belgrade are given in Figures 3-4. However, in some
cases, relatively weak solar flare events induced amplitude perturbations of as
much as 5 dB and 13o, while from relatively stronger ones, perturbations reached
as much as 5 dB and 15o (Figures 5-8). Particularly interesting case was solar
flare event of B class B8.35 which induced amplitude perturbation in NAA/24.0
kHz radio signal of 1.5 dB and phase delay perturbation of 10o (Figures 9-10,
rounded by oval and enlarged in Figures 11-12).
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Figure 3. GQD signal perturbation dur-

ing C2.8 class X-ray solar flare event.
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Figure 4. GQD signal perturbation dur-

ing C3.4 class X-ray solar flare event.

Electron density height profile within Earth’s lower ionosphere changes due
to the incident solar X-ray radiation during solar flare events, causing in gen-
eral descending and ”sharpening” of the ionospheric lower boundary. Model
of VLF radio signals propagation within Earth-ionosphere waveguide (Wait &
Spies, 1964), that describes the electron density by reflecting edge sharpness,
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Figure 5. GQD signal perturbation dur-

ing C3.7 class X-ray solar flare event.
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Figure 6. NAA signal perturbation dur-

ing C3.7 class X-ray solar flare event.
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Figure 7. GQD signal perturbation dur-

ing C6.5 class X-ray solar flare event.
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Figure 8. NAA signal perturbation dur-

ing C6.5 class X-ray solar flare event.

denoted by β (km−1) and reflecting edge height, denoted by H ′ (km), was used
for purposes of numerical simulations of VLF radio signal propagation through
Earth-ionosphere waveguide. Obtained results through simulations are in good
agreement with VLF signal amplitude and phase delay data measured in Bel-
grade. Electron density height profiles Ne(z), within altitude range 50-90 km,
were obtained through the equation (Wait & Spies, 1964):

Ne(z,H
′, β) = 1.43 · 1013e−0.15H′

e(β−0.15)(z−H′) . (1)

Numerical simulations were conducted for the entire time evolution of cho-
sen solar flare events, with parameter pairs (β/H ′) held constant along VLF
radio signal’s GCPs, depicting ”average” ionospheric conditions within waveg-
uide. VLF radio signal’s amplitude and phase delay perturbations ∆A (dB) and
∆P (o), were determined by comparing measured perturbed to the measured
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ing October 27th, 2009.
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during October 27th, 2009.
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Figure 12. NAA signal perturbation dur-

ing B8.35 class X-ray solar flare event.

unperturbed amplitude and phase delay values and are calculated as: ∆A =
Aflare - Aunpert and ∆P = Pflare - Punpert. During simulations through itera-
tive process, the goal was to achieve as close as possible to measured data, both
absolute values of simulated amplitude and phase delay and relative amount
of perturbations. Results obtained through numerical simulations are in good
agreements with measured data. Calculated electron density height profiles dur-
ing maximum of X-ray solar irradiance, in case of NAA/24.0 kHz signal trace,
are given in (Figure 13), for some chosen examples of solar flare events: a) low
intensity C class solar flare event C3.7 that occurred on December 16th, 2009,
at 13:02UT with Imax = 3.73 · 10−6 Wm−2, with measured ∆Aflare=5 dB and
∆Pflare=13o and through simulations obtained parameter pair (β/H ′) (0.43
km−1/69.7 km) with calculated electron density Ne(74 km)=1.37·109 m−3, b)
moderate intensity C class solar flare event C6.5 that occurred on December
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23rd, 2009, at 10:17UT with Imax = 6.49·10−6 Wm−2 with measured ∆Aflare=5
dB and ∆Pflare=6o and through simulations obtained parameter pair (β/H ′)
(0.43 km−1/70.1 km) with calculated electron density Ne(74 km)=1.17·109 m−3

and c) moderate intensity B class solar flare event B8.35 that occurred on Oc-
tober 27th, 2009, at 13:11UT with Imax = 8.35 · 10−7 Wm−2 with measured
∆Aflare=1.5 dB and ∆Pflare=10o and through simulations obtained parame-
ter pair (β/H ′) (0.33 km−1/72.3 km) with calculated electron density Ne(74
km)=3.79·108 m−3. Obtained electron density height profiles in flare state, with
Ne(74 km) increase of about one order of magnitude in case of C class flares,
with slight increase of about 75% in case of B class flare, are realistic and in line
with other studies (Žigman et al., 2007; Grubor et al., 2008; McRae & Thomson,
2004; Kolarski et al., 2011; Nina et al., 2011, 2012; Kolarski & Grubor, 2014;
Kolarski et al., 2022; Srećković et al., 2021a,b).

108 109 1010 1011
65

70

75

80

85

 B8.35; 27 Oct., 2009; 0.33/72.3

NAA/24.0 kHz
flare state 

z 
(k

m
)

Ne (m-3)

 C6.5;   23 Dec., 2009; 0.43/70.1
 C3.7;   16 Dec., 2009; 0.43/69.7

Figure 13. Electron density height profiles during C3.7 (dashed line), C6.5 (solid line)

and B8.35 (dotted line) class X-ray solar flare events.

It is possible to draw conclusions about the intensity of the causing X-ray
solar flare events, based upon perturbation amounts obtained from VLF radio
signal recordings, when taking into consideration single VLF radio signal trace.



112 A.Kolarski, V.A. Srećković and Z.R.Mijić

However, same solar flare event can produce perturbations different both in
pattern and in intensity, when observed on different VLF radio signal traces.
Typical examples are in general perturbations induced by solar flare events
of moderate and lower intensity classes as recorded in Belgrade during active
solar periods on NAA and GQD radio signals. In such cases, NAA signal’s both
amplitude and phase delay follow in pattern incident X-ray solar irradiance,
while in case of GQD signal, amplitude and phase delay follow incident X-ray
solar irradiance in pattern, but like mirrored images and only in some cases of
higher class solar flare events this feature is more or less mitigated (Žigman et al.,
2007; Grubor et al., 2008; Kolarski & Grubor, 2014). Aside to main factor of
solar flare intensity (Grubor et al., 2008; Kolarski & Grubor, 2014), this behavior
is also strongly under the influence of VLF GCP trace characteristics (Kolarski &
Grubor, 2015; Šulić & Srećković, 2014; Šulić et al., 2016). For example, measured
absolute perturbation as observed on GQD radio signal trace, in case of C3.7
solar flare event was ∆Aflare=1 dB and ∆Pflare=11.5o, in case of C6.5 solar
flare event was ∆Aflare=1.2 dB and ∆Pflare=15.5o and in case of B8.35 solar
flare event it was ∆Aflare=0.4 dB and ∆Pflare=3.3o.

4. Summary

Two year time period of VLF radio signal recordings from Belgrade AbsPAL
database, corresponding to 23/24 solar minimum, was examined in order of
getting better insight of effects that low intensity solar flare events of C and
B classes have on the lower ionospheric region and transmission of VLF radio
signals within Earth-ionosphere waveguide. According to GOES database, dur-
ing inspected period 2008-2010, 38 solar flare events of C and M class were
reported, with X-ray background flux in range up to A8.1 for 2008 and B1.4 for
2009. Low intensity solar flare events of C and B class were monitored on all
recorded VLF radio signals. Depending on solar flare occurrence time and VLF
radio signal’s GCP towards Belgrade receiver station, some flares were simul-
taneously observed on several VLF radio signals, however, detailed analysis in
this paper was conducted for cases of NAA/24.0 kHz and GQD/22.1 kHz signal
traces.

As expected, majority of low class solar flare events in general revealed per-
turbations of absolute amount of several tenth parts of dB up to few dB and
of few degrees to up to 16o, following the manner of incident solar X-ray flux.
However, there were also cases that fall out of the pattern, when relatively weak
solar flare events such as C3.7, produced perturbations of 5 dB and 13o, while
relatively stronger ones, such C6.5 gave perturbations of similar amount, as 5 dB
and 15o. Due to low X-ray background flux, in some cases even B class solar flare
events induced noticeable perturbations, as in case of B8.35 with perturbation
of 1.5 dB and 10o.
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Numerical simulations were conducted using LWPC software package, with
goal of achieving simulated VLF data as close as possible to measured VLF
data in Belgrade, both in case of absolute values and in case of relative amount
of perturbations. Results obtained through iterative numerical simulations are
in good agreements with real VLF data measured in Belgrade (Žigman et al.,
2007; Grubor et al., 2008; Kolarski et al., 2011; Nina et al., 2011). In case of
NAA/24.0 kHz signal, perturbations induced by low class solar flare events
produced ”sharpening” and descending of the lower ionospheric boundary, as
in cases of presented solar flare events reflection height went from unperturbed
value of 74 km to 72.3, 70.1 and 69.7 km, while become ”sharper” compared to
unperturbed value of 0.3 km−1 reaching 0.33 and 0.44 km−1. Estimated Ne(74
km) are realistic and in line with other studies (McRae & Thomson, 2004; Nina
et al., 2012; Kolarski & Grubor, 2014; Kolarski et al., 2022; Srećković et al.,
2021a,b).
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1. Introduction

Rapid development of communication technologies and constant technological im-
provements as a result of scientific discoveries require the establishment of specific databases.
The associated challenges in the management of such databases are not only related to the
size of the data but also to the rate at which they are obtained and made freely available to
the broader scientific community.

One innovative approach is to develop cooperation and effective synergies between
disciplines such as space exploration, atmospheric and Earth observations (EOs), laboratory
and field experiments, and numerical modeling, where all of these have great potential for
direct application in research on Earth and different planetary environments [1].

Modeling various atmospheres using supercomputers’ capacity and diagnosing as-
trophysical and laboratory plasma using atomic and molecular datasets rely on the de-
velopment and improvement of theoretical approaches and methods of the calculation of
different data parameters such as collisional cross-sections, rate coefficients, Stark broaden-
ing parameters (the shape of atomic spectral lines in plasma contains information on the
plasma’s parameters and can be used as a diagnostic tool), etc. (see, e.g., [2–5]). Space and
Earth’s layers are permanently exposed to influences of numerous perturbations character-
ized by time- and space-dependent intensity. The detection of astrophysical and terrestrial
events and their influences, as well as the development and application of various mod-
els, is based on observation data, where challenges related to data volume, variety, and
data flow are similar in terms of astro- and geo-observations [6,7]. Recent achievements
in remote sensing technology, including satellite observations, and the analysis of huge
amounts of data using supercomputing and machine learning techniques have significantly
supported the advancement of geophysical research, particularly climate change.

In order to address complex climate issues and corresponding impacts, multi-instrument
and multi-disciplinary expertise is required [8,9]. Furthermore, the increasing volume of
data indicates increased usage of automated instruments and retrieval algorithms. The new
knowledge and retrieval products can be readily used for model evaluation, data assimilation,
satellite validation, and studies of various processes in the atmosphere and on Earth.

This Special Issue, “2nd Edition of Data in Astrophysics & Geophysics: Research and
Applications”, as a continuation of a prior series [10], aims to encourage communication
between disciplines by identifying and grouping relevant research solutions. Its goals
are to engage a broad community of researchers to make new discoveries enabled by the
growth of data and technology and to continue interdisciplinary exchanges of ideas and
methodologies between fields. To this end, articles addressing, but not limited to, the
following topics were invited to be submitted to this Special Issue: big data in astrophysics
and geophysics, data processing, visualization and acquisition, atomic and molecular data
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in astrophysics, Earth observation data, climate data records, natural hazards and disasters,
and remote sensing.

The compilation of published datasets should be useful to both end users, for practical
applications, and researchers, for their further scientific studies.

2. Contributions to this Special Issue

This Special Issue encompasses 14 open access papers that present scientific stud-
ies covering a wide range of applications in terms of both measured and modeled data
exploitation and processing methods used.

In the paper by López-Espinoza et al. (contribution 1), daily precipitation data records
from 136 sites located within the Mexico City Metropolitan Area were systemized for the
period 1930–2015. The obtained dataset covered the rainy months for each location for at
least 20 years. Having high spatial resolution, the presented precipitation dataset could
be useful for extreme event studies, and particularly atmospheric modeling. In addition,
the development of applications for precipitation mapping and flood forecasting could be
important to contribute to obtaining data, bearing in mind the vulnerability of this region
to tropical weather events.

Besides playing an important role in many research fields, meteorological parameters
also have a significant impact on vector diseases. In the paper by Musah et al. (contribution
2), the development of an early warning detection system and prediction of increased
mosquito populations in two Brazilian cities previously exposed to the Zika virus epidemic
are discussed. The authors evaluate the accuracy of weather forecasts of temperature
and humidity from an online weather platform with respect to the actual measurements
collected from weather stations in order to test whether historical and future weather
forecasts can be used for the modeling and prediction of vector diseases.

Using any available database for further research must be handled carefully, taking
into account the quality of the data. Usually, data included in a database are categorized into
different levels, meaning that the files have to overcome basic quality controls (for example,
the presence of technical problems in the data files), advanced quality control (checking
the data from a physical point of view) or, in some cases, the climatological data obtained
from the fully quality controlled data, providing useful combined information to end
users. The importance of the quality control procedure on total precipitation measurements
for Montane Valley and Ridge Sites in southwestern Alberta, Canada, was discussed in
the paper by Bames et al. (contribution 3). The authors presented different procedures
for quality control and measurement error corrections for totalizing precipitation gauge
data. The obtained results pointed out that, after applying the QC procedure, the annual
cumulative precipitation on the ridge differed from 39% to 49%, while in the valley these
corrections were in a range from −4% to 1%.

Mitigation and adaption strategy related to climate change is one of the research fields
that requires a huge amount of EO data. Among many other disciplines, assessing the
performance of buildings under different climate scenarios and providing long-term effects
in terms of sustainable development and energy efficiency have become two of the top
priorities in recent years. In the study by Gaur et al. (contribution 4), the authors provided
the necessary climate data for building simulations in Canada. The dataset contains climate
data for the period 1991–2021, as well as for future periods corresponding to various
levels of temperature increase. Besides practitioners in Canada who can use the obtained
information for building characteristic evaluation, the results of the study will be useful for
applications relating to other regional projections.

While climate change has a significant impact across many geophysical disciplines,
agriculture is one of the most directly influenced sectors, especially in vulnerable regions
such as Africa. Adaptation and mitigation strategies in such regions have become more
challenging; thus, requirements for weather and climate data to support timely decisions
with respect to different climate scenarios are needed. In the paper by Moeletsi et al. (contri-
bution 5), a description of the weather station network in South Africa is presented together
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with relevant data retrieval and processing information, calibration, and maintenance
protocols. Such a detailed documented database should lead to more efficient utilization of
available datasets for application in this important area.

Climate change and precipitation also influence rivers’ water resources; thus, many
previous studies have used global and regional hydrological models to assess runoff
predictions for the largest basins all over the world. In the paper by Ayzel (contribution 6),
the simulated runoff for 425 river basins in Russia is presented, covering a period ranging from
1979 to 2016 and offering a prediction for the 2017–2099 period. Different climate scenarios
were used in order to assess changes in river runoff and potential floods. The results can
potentially be used for both research and mitigation strategy regarding climate change.

The mapping of terrestrial ecosystems, including vegetation index, soil typing, etc., is
of particular interest. Previous as well as currently operating Earth observation satellite
missions have provided freely available data which are useful in many applications. Each
mission focuses on a specific aspect (land monitoring, atmospheric, oceanic) of Earth
observation. By combining machine learning algorithms and high-resolution imagery from
Sentinel-1 and Sentinel-2 missions in the paper by Abera et al. (contribution 7), the authors
provided a land cover map of Taita Taveta County in southern Kenya. This specific region
is part of one of the world’s biodiversity hotspots. The obtained results can be used for the
monitoring of land cover changes and future managing.

In Lemenkova’s study (contribution 8), the processing of complex geophysical data
related to the Bolivian Andes is presented. This region is known for its complex geological
parameters, with high seismic activity and risk of earthquakes. The author demonstrated
the usage of the Generic Mapping Tools (GMTs) and Geographic Information System (GIS)
scripting tool set for complex data processing in an integrated framework. The study is
based on available data mostly derived from remote sensing open sources and script-based
techniques, providing more flexibility in data processing and analysis. The identification of
the distribution and magnitude of earthquakes in this specific region in the context of the
geologic, geophysical, and topographic situations is presented.

The ability to combine hyperspectral scans with 3D point cloud representations has
expanded the mapping of various geological objects. Rapid progress in artificial intelligence
and machine learning algorithm application in earth sciences has enabled fast and effective
characterization of geological structures in a three-dimensional environment. Based on
previously developed open-source software for processing non-nadir hyperspectral scenery
with different corrections, Lorenz et al. (contribution 9) provided a three-dimensional,
km-scale, hyperspectral dataset of a well-exposed mineral deposit—the Black Angel at
Maarmorilik, West Greenland. Extended documentation on the data processing workflow
could be useful for application in various disciplines.

Seismic monitoring data for the Italian region is provided in the paper by Megna et al.
(contribution 10). The authors presented the seismic network operating in the area of Mon-
tefeltro from 2018. The data available from this mobile network should reveal, with high
temporal resolution, regions with the seismic activities of lower-intensity, thus improving
currently operating models.

Besides earthquakes, one of the most frequently occurring natural hazards is landslides.
Improving the regional inventory of landslides has become particularly important not
only from a scientific point of view but also for different communities, ranging from
local/regional stakeholders to various industries. In the paper by Li et al. (contribution 11),
the authors presented an inventory of landslides based on multi-temporal high-resolution
remote sensing images for the area of Baoji City, Shaanxi Province, China. Datasets of
each identified landslide in shp format are provided and will be useful for the better
characterization of large-scale landslides in regions of interest.

In the paper by Papenmeier et al. (contribution 12), geomorphological data, including
maps of bathymetry, depth, and slope angle of detonation craters in the Fehmarn Belt,
Baltic Sea, were presented. Many explosives remaining in marine waters worldwide after
the world’s military conflicts have been recognized as a serious threat to marine traffic and
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ecosystems. Investigation of the impact on the environment of controlled blast-in-place is
of particular interest for future monitoring and clearance strategies.

Besides the investigation of seafloor morphological changes in coastlines, modeling
coastal change during extreme weather events has attracted increasing attention. In the
study by Mickey and Passeri (contribution 13), the authors provided a dataset of seamless
cross-shore sandy coast profiles of the U.S. Atlantic and the Gulf of Mexico based on lidar
(Light Detection And Ranging)-derived topography and available bathymetry. The database,
containing various morphological metrics, will be useful for broader geophysical studies.

Spectroscopy is widely used to study plasmas in a variety of fields, including as-
tronomy, atmospheric research, and applied physics. The availability of spectroscopic
information related to both atoms and ions is crucial for a wide range of processes, from
astrophysical- to thermal- and plasma-related practices. In the paper by Srećković et al.
(contribution 14), the spectral absorption rate coefficients and average cross-sections for
small molecular ions AlH+, HeH+, and HK+ under different conditions (temperatures
and wavelengths) have been provided using a quantum mechanical method. The ob-
tained results are useful for industry and technology application as well as for theoretical
interdisciplinary studies, including the modeling of various atmospheric processes.

To sum up the presented studies, they have all introduced a relevant observed and
modeling dataset related to astrophysics and geophysics with potential applications in
wide research areas, from climate change to astronomy.

3. Conclusions and Future Research Initiatives

This Special Issue was open to scientists with expertise coming from various research
areas and disciplines. All papers in this issue were subjected to thorough peer review and
were evaluated by at least two reviewers. Considering all of the contributions, this Special
Issue demonstrates the high benefit of using a multi-disciplinary approach to analyze
various geophysical and astrophysical phenomena. We believe that the quality of the
papers and open access dataset provided, followed by accompanied data descriptions, will
ensure the success of this Special Issue. By publishing work from a vast community of
academics, both users and contributors will benefit from new findings and this will trigger
further interdisciplinary exchanges of ideas and approaches.
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Remote Sensing of Tropospheric Aerosols: 
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Abstract. Atmospheric aerosols are considered as one of the major uncertainties in climate 
forcing and atmospheric processes due to their short lifetime and the large variability. Lidar 
(LIght Detection And Ranging), an active remote sensing technique, represents the optimal 
tool to provide range-resolved aerosol optical parameters and information on the atmospheric 
structure and its dynamics. In order to create a quantitative, comprehensive, and statistically 
significant database for the horizontal, vertical, and temporal distribution of aerosols on a 
continental scale the European Aerosol Research Lidar Network (EARLINET) has been 
established. In this study the capacity of Belgrade Raman lidar system and the activities of 
lidar station within EARLINET will be presented together with the experience from 
measurement campaigns aiming to provide near real time (NRT) data products and study the 
changes in the atmosphere during the COVID-19 lockdown period.

Keywords: atmospheric aerosol, optical properties, remote sensing, lidar, air quality

INTRODUCTION

Aerosols in the atmosphere play an important role in numerous atmospheric processes. 
Despite being a minor component of the atmosphere, they have a significant impact on the 
Earth's radiation budget, the water cycle and atmospheric chemistry, playing a crucial role 
in climate change and air quality. Due to their short lifetime and the large variability in 
space and time atmospheric aerosols are considered one of the major uncertainties in 
atmospheric processes [1]. As a result, vertically resolved studies of particle physical and 
optical parameters such as particle surface area concentration, volume and mass 
concentrations, mean particle size, and volume extinction coefficient are of particular 
interest. Long-term height-resolved measurements of atmospheric aerosol optical 
parameters can be carried out using lidar (Light Detection And Ranging), an active remote 
sensing technique. The observational lidar stations network called EARLINET (the 
European Aerosol Research Lidar Network) [2] was founded in 2000 to provide the long-
term measurement series needed to build a climatology of aerosol optical properties at the 
continental scale. The main objectives of EARLINET are the establishment of a 
comprehensive and quantitative statistical data base of the horizontal and vertical 
distribution of aerosols at the European scale using a network of advanced laser remote 
sensing stations, and the use of these data for studies related to the impact of aerosols on a 
variety of environmental problems. In this paper the characteristics of Raman lidar system 
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at the Institute of Physics Belgrade (IPB) [3], an EARLINET joining lidar station, is 
presented together with several quality tests in order to demonstrate the performance of a 
lidar system. In addition, preliminary findings and experience from a dedicated EARLINET 
measurement campaign organized in May 2020 in order to
structure during the COVID-19 lockdown period in Europe is discussed.

Methodolgy

Raman lidar

Raman lidar system at the IPB (44.860 N, 20.390 E) is bi-axial lidar system with 
combined elastic and Raman detection designed to perform continuous measurements of 
aerosols in the planetary boundary layer and the lower free troposphere (Figure 1). 
Transmitter unit is based on the third harmonic frequency of a water cooled, pulsed 
Nd:YAG laser, emitting pulses of 65 mJ output energy at 355 nm with a 20 Hz repetition 
rate. The optical receiving unit consists of two sub-units, a receiving telescope and 
wavelength 
primary mirror of 250 mm diameter and a focal length of 1250 mm. Photomultiplier tubes 
are used to detect elastic backscatter lidar signal at 355 nm and Raman signal at 387 nm
(nitrogen vibrational scattering). The detectors are operating both in the analog and photon-
counting mode and the spatial raw resolution of the detected signals is 7.5 m. Averaging 

laser shots. The 
Licel transient recorder comprises a fast transient digitizer with on board signal averaging, 
a discriminator for single photon detection and a multichannel scaler combined with 
preamplifiers for both systems. For analog detection, the signal is amplified according to 
the input range selected and digitized by a 12-Bit-20 MHz A/D converter. At the same time 
the signal part in the high frequency domain is amplified and a 250 MHz fast discriminator 
detects single photon events above the selected threshold voltage.

Figure 1. Raman lidar at IPB (left) and components of a lidar system (right)

COVID-19 Campaign

The lockdown period provided a unique opportunity to examine the effects of reduced 
anthropogenic activities on changes in the atmospheric environment. As a part of the 
ACTRIS initiative for studying the changes in the atmosphere during the COVID-19 
lockdown period in May 2020 a dedicated EARLINET measurement campaign was 
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due to decreased emissions by comparison to the aerosol climatology in Europe. During the 
campaign the near real time (NRT) operation of the EARLINET was demonstrated. The 
Belgrade lidar station participated in the campaign together with 21 EARLINET stations 
providing vertical aerosol profiles twice per day (minimum two hours measurements at 
noon, and minimum two hours after sunset). The measurements were submitted and 
processed by the Single Calculus Chain (SCC) in the near-real time. The SCC is a tool for 
the automatic analysis of aerosol lidar measurements developed within EARLINET 
network [4,5]. The main aim of SCC is to provide a data processing chain that allows all 
EARLINET stations to retrieve, in a fully automatic way, the aerosol backscatter and 
extinction profiles (measures of the aerosol load) together with other aerosol products. The
first analysis was based on the data processed by the SCC and directly published on the 
THREDDS server in NRT.

RESULTS AND DISCUSSION

A quality assurance scheme for both hardware and retrieval methods has been built 
within the lidar network. System alignment is one of the fundamental setup tests because 
the incomplete overlap between the laser beam and the receiver field of view has a 
substantial impact on lidar observations of particle optical characteristics. Thus, quality 
assurance of lidar measurements needs testing the lidar system's alignment following
Freudenthaler's procedure [6]. It consists of a series of measurements with a partly covered 
telescope (four sectors labeled N, E, W, and S), such that each measurement represents a
collection of backscattered light at a specific sector of the telescope. The variation of each 
sector signal from the average of all signals of less than 10% is required.

The Rayleigh fit method, which is based on normalizing of the lidar signal to the 
calculated Rayleigh backscatter coefficient in a range where we assume clean environment 
and where the calculated signal matches the lidar signal sufficiently well, can be used to 
ensure lidar alignment in the far range. As seen in Figure 2. IPB lidar system was accurately 
aligned up to 14 km. Once properly aligned, the device could be utilized for systematic 
aerosol measurements.

Figure 2. Deviations of signals collected with four telescope sectors compared to the mean signal 
(left) and Rayleigh fit for 355 nm elastic channel, Raman lidar at IPB, May 8th, 2020
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Figure 3.LIDAR range corrected signal (above) and dust load over South Europe estimated by the 
DREAM model (below) on 10th and 15th May, 2020

The preliminary analysis made on aerosol lidar data shows that by simply comparing 
the observed backscatter values with the climatological values from 2000-2015 was not 
sufficient to extract a clear conclusion on how much the COVID-19 lock-down has 
impacted the aerosols over Europe, but a certain effect for low troposphere was observed 
[7]. Generally, during the week of 15 21 May 2020, the aerosol backscatter coefficient 
values in both upper and lower troposphere were very close to the climatological values. 
On 15th of May, a certain tendency of higher than climatological values is observed because 
of the dust intrusion over the Southern Europe. Aerosol backscatter was significantly higher 
than in North and Central Europe, both in the low and high troposphere. Clear skies and 
high temperatures were observed in southern Europe accompanied with Saharan dust in the 
Balkans. In Figure 3 time evolution of lidar range-corrected signal at IPB, Belgrade on May 
10th and 15th is shown indicating the presence of Saharan dust in lower troposphere that was 
also confirmed by the forecast of Dust Regional Atmospheric Model (DREAM) [8].

CONCLUSION

Basic characteristics of Raman lidar system at IPB together with the results of few 
quality checks are presented showing the capacity for detection and monitoring aerosol 

The action organized by EARLINET/ACTRIS (NRT delivery 
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of the data and fast analysis of the data products) proved that aerosol lidars are useful for 
providing information not only for climatological purposes, but also in emergency 
situations. A more quantitative analysis based on re-analyzing additional data products is 
expected to be availabe soon in order to consolidate the conclusions on how much the 
COVID-19 lock-down has impacted the aerosols in the atmosphere.
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PREFACE 

The International Workshop and Conference, Particulate Matter: Research and Management – WeBIOPATR is a 
biennial event held in Serbia since 2007. The conference addresses air quality in general and particulate matter 
specifically. Atmospheric particulate matter arises both from primary emissions and from secondary formation in 
the atmosphere. It is one of the least well-understood local and regional air pollutants, has complex implications 
for climate change, and is perhaps the pollutant with the highest health relevance. It also poses many challenges to 
monitoring.  

By WeBIOPATR, we aim to link the research communities with relevance to particulate matter with the 
practitioners of air quality management on all administrative levels, in order to facilitate professional dialogue and 
uptake of newest research into practice. The workshops usually draw an audience of about 70, and attract media 
attention in Serbia. It enjoys support of the responsible authorities, Ministry of Health, Ministry of Environment, 
and the Serbian Environmental Agency whose sponsorship is indispensable and gratefully acknowledged. We 
enjoy also support of international bodies such as the WHO. 

The 1st WeBIOPATR Workshop was held in Beograd, 20.-22. May 2007, associated with a project funded by the 
Research Council of Norway. The 2nd workshop was held in Mecavnik, Serbia, 28.8.-1.9. 2009. WeBIOPATR2011 
was held in Beograd 14.-17. 11. 2011 and for the first time, included a dedicated student workshop. 
WeBIOPATR2013 was held in Beograd 2.-4. 10. 2013. It covered the traditional PM research and management 
issues, discussions on how to encourage citizens to contribute to environmental governance, and how to develop 
participatory sensing methods. WeBIOPATR2015 was held in Beograd 14.-16.10. 2015. Own sessions were 
devoted to sensor technologies for air quality monitoring, utilizing information and input from the EU FP7 funded 
project CITI-SENSE (http://co.citi-sense.eu) and the EU COST action EuNetAir (www.eunetair.it).  

We have now the pleasure to present to you the proceedings of the 6th conference held in Beograd 6.-8.9. 2017. We 
are excited to have contributions from old friends and new acquaintances, and we are especially pleased with a 
wider than before Western Balkan participation. The contributions were reviewed. The language editing was 
performed by Dr Simon Smith, PhD, to whom we would like to extend out sincere thanks. Technical manuscript 
preparation was graciously done by Dr Milos Davidovic, PhD, to whom we are very grateful. 

We are hoping that you, the reader, will extend your support to WeBIOPATR also in the future. The issues of 
atmospheric pollution, with their wide implications for climate change, human health and ecosystem services, are 
no less important today than before. Addressing them requires a strong scientific community and commitment of 
all societal actors. Your contribution will make a difference. 

Milena Jovašević-Stojanović and Alena Bartoňová 
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5.3. A STUDY OF A DUST INTRUSION EVENT OVER BELGRADE, SERBIA 

M. Kuzmanoski, L. Ilić, M. Todorović, Z. Mijić  
Institute of Physics Belgrade, University of Belgrade, Belgrade, Serbia 

maja.kuzmanoski@ipb.ac.rs 

ABSTRACT 

This paper is to present the results of aerosol measurements from a dust intrusion episode in Belgrade during the period of July 
5-7, 2014. A vertical profile of the aerosol backscattering coefficient, obtained from ground-based LIDAR measurements in 
Belgrade, showed a distinct elevated dust layer at altitudes of 2-5 km on July 5, 2014. The altitude of the layer decreased later 
in the episode, with its centre of mass decreasing from approximately 4 km to below 3 km. On the last day of the episode, an 
entrainment of the dust layer into the planetary boundary layer was observed, consistent with the observed change of PM10 
concentration at the surface level. The PM10 concentration increased by 15-17 μg m-3 at three monitoring sites in Belgrade, as 
the dust plume was settling down during the episode. The DREAM model simulations reproduced well the observed dust layer 
altitude. Dust surface concentrations from the model showed an increase of 11 μg m-3 during the episode. The difference from 
observed PM10 increase was attributed to contributions of other aerosol types to observations.   

INTRODUCTION 

Mineral dust is one of the most abundant components of the global aerosol burden (Kinne et al., 2006). Saharan 
dust originates from the world's primary dust source region, and can be transported over long distances (Prospero, 
1999; Ansmann et al., 2003). It mixes with other aerosol types along the transport path, affecting their physical, 
optical and radiative properties. Mineral dust affects the Earth's radiative budget by scattering and absorbing solar 
and terrestrial radiation (direct effect), by modifying cloud properties due to their role in cloud formation (indirect 
effect) or by changing the thermal structure of the atmosphere (semi-direct effect). However, there is significant 
uncertainty in estimating role of dust in the Earth's climate system (IPCC, 2013). Dust impacts air quality, even at 
locations distant from the source region (Prospero, 1999), and has harmful effects on human health (Giannadaki et 
al., 2014). To address these problems, it is important to improve the understanding of dust properties on temporal 
and spatial scales. This requires the synergistic use of ground-based and satellite measurements, along with a 
regional dust model, for the analysis of dust spatial and temporal variability.   

Here we present a case study of a dust intrusion episode observed in Belgrade from July 5-7, 2014. The analysis of 
the temporal variability of the dust layer was based on ground-based LIDAR measurements in Belgrade, while 
satellite measurements were used in the discussion of the spatial distribution of dust. Furthermore, the impact of 
the dust intrusion episode on PM10 concentrations in Belgrade was analysed. The measurement results were 
compared with results of Dust REgional Atmospheric Model DREAM (Ničković et al., 2001). 

METHODOLOGY   

The aerosol backscattering coefficient at 355 nm was derived from LIDAR measurements in Belgrade. A combined 
Raman elastic backscatter LIDAR has been operating at the Institute of Physics Belgrade since February 2014. It 
is based on the Nd:YAG laser operating at a fundamental wavelength of 1064 nm, and second and third harmonics 
at 532 and 355 nm. The laser pulses of 5 nm duration are transmitted at repetition rate of 20 Hz, with the output 
energies of 105, 45 and 65 mJ at these three wavelengths. The receiver is based on a 250 mm Cassegrain telescope 
in a biaxial arrangement, with adjustable field of view in the range from 0.5 to 3 mrad. Photomultiplier tubes are 
used to detect the backscatter signal in photon counting and analogue mode. The signals are detected at 355 and 
387 nm, with a vertical resolution of 7.5 m and a temporal resolution of 1 minute. In this work we analysed the 
elastic backscatter signal at 355 nm. The analysis of the LIDAR signal to obtain the aerosol backscattering 
coefficient was performed using Fernald-Klett retrieval method (Fernald, 1984; Klett, 1985), assuming a LIDAR 
ratio value of 50 sr. Due to incomplete overlap of the laser and telescope fields of view, the LIDAR signal 
registering below 500 m was not considered in the analysis.  

Daily PM10 mass concentrations at surface level, at three stations in Belgrade, were obtained from the State network 
for automatic monitoring of air quality (https://data.gov.rs/sr/datasets/kvalitet-vazdukha-u-republitsi-srbiji/). 

Dust REgional Atmospheric Model DREAM (Ničković et al., 2001) embedded into the NCEP/NMME non-
hydrostatic atmospheric model (Janjić et al., 2011) was used to provide horizontal and vertical distribution of dust 
concentration. The model domain covers Northern Africa, the Middle East and a large part of the European 
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continent, with a horizontal resolution of 1/5° (~ 30 km) and 28 vertical levels. It uses 8 particle size bins within 
the 0.1-10 μm radius range. 

Additionally, we used an aerosol optical depth (AOD) at 550 nm from combined Deep Blue and Dark Target 
algorithms and the Deep Blue Ångström exponent (AE) at 412-470 nm products from the MODIS (Moderate 
Resolution Imaging Spetroradiometer) instrument aboard the NASA Aqua satellite. We used Collection 6, Level 3 
data products. It should be noted, that the increase in AOD indicates an increase in aerosol load, while the AE 
parameter is used as a qualitative measure of particle size (the smaller AE values indicate predominantly coarse 
particles). 

CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) on board the CALIPSO satellite, was used to obtain 
vertical profiles of aerosols and clouds. It is an elastic backscatter LIDAR operating at two wavelengths: 532 nm 
and 1064 nm, with a depolarization channel at 532 nm. Here we used Level 2 Vertical Feature Mask product, which 
provides information on the aerosol types present in the detected layers (Omar et al., 2009).  

Air-mass back trajectories ending at different altitudes over the LIDAR measurement site were calculated using 
the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler and Hess, 1998; 
http://ready.arl.noaa.gov/HYSPLIT.php), with meteorological input from the Global Data Assimilation System 
(GDAS). The backtrajectories were used to provide an indication of the origin and pathways of air-masses arriving 
at altitudes of interest over Belgrade. 

RESULTS AND DISCUSSION 

We present an analysis of a dust episode that was observed over Belgrade from July 5-7, 2014. The beginning of 
the episode can be seen in MODIS data shown in Figure 1. MODIS values of AOD and AE indicate an increase of 
aerosol load and an increased contribution of coarse particles on July 5th compared to the previous day; this is 
typical for dust episodes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. MODIS aerosol data for July 4-5, 2014: (upper panels) MODIS aerosol optical depth (AOD) at 550 nm 

from combined Deep Blue and Dark Target algorithms; (lower panels) Deep Blue Angström exponent (AE) at 412-

470 nm. 

The observed AOD at 550 nm over Belgrade increased from below 0.1 on July 4th, to about 0.3 on July 5th (the 
first day of the dust episode), with a decrease in the AE value from 1.4 to 0.4. Moderate AOD values were observed 
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over Belgrade during the dust episode. MODIS data also showed that the dust event affected parts of western and 
central Europe. 

A close CALIPSO overpass over Belgrade occurred during the peak of the dust episode, on July 6th, at 
approximately 12 UTC. The CALIOP Vertical Feature Mask data, along the satellite ground track, is presented in 
Figure 2. We also showed the dust load over the area of interest and a vertical profile of the dust concentration 
along the CALIPSO ground track, resulting from DREAM model simulations. Both CALIOP data and the DREAM 
model results indicated that the dust plume extended north to Poland. The concentrations resulting from the model 
were largest around 40°N, at altitudes between 2 and 3 km, and decreased towards the north. At the part of the 
track within a 100 km distance from Belgrade, the DREAM model dust concentrations showeda maximum at a 
similar altitude range. CALIOP data suggested the presence of polluted dust (a mixture of pure dust with smoke or 
anthropogenic pollution) in this layer.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. (upper panels) Map of dust load calculated from DREAM model on July 6, 2014 at 12 UTC, with 

CALIPSO ground track and Belgrade LIDAR station marked; and the corresponding results of CALIOP aerosol 

classification. (lower panel) Dust concentration vertical profiles along the CALIPSO ground track obtained from 

DREAM model. Data between the two vertical lines corresponds to the part of the track within 100 km distance 

from Belgrade LIDAR station.  

Ground-based LIDAR measurements in Belgrade were analyzed to characterize the aerosol vertical profile during 
the dust episode. The profile of the aerosol backscattering coefficient showed a distinctly elevated aerosol layer on 
July 5th, at altitudes between approximately 2 and 5 km, with a maximum at about 4.5 km. It was identified as a 
dust layer, based on the air-mass backtrajectory was calculated to find the corresponding aerosol source region. 
Selected vertical profiles of the aerosol backscattering coefficient, and of the corresponding profiles of dust mass 
concentration obtained from DREAM model simulations, are presented in Figure 3. It should be noted that their 
comparison is only qualitative as we did not attempt to calculate the backscattering coefficient from the DREAM 
model results due to its high sensitivity to aerosol chemistry. The averaging of LIDAR signals for the analysis of 
the presented data was performed in 30minute intervals centered at the time of the model result. The dust layer 
boundaries were determined following the procedure described by Mona et al. (2006). The backscattering 
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coefficients showed that the layer descended during the course of the dust episode, and indicated an entrainment 
of dust into the PBL on July 7th. Dust mass concentrations resulting from the DREAM model showed a similar 
vertical pattern as the LIDAR measurements and a notable increase of dust concentration at altitudes below 2 km 
on July 7th.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (a, c, d) Vertical profile of aerosol backscattering coefficient from LIDAR measurements in Belgrade 

(blue line) and the corresponding profile of dust concentration from the DREAM model (red line); horizontal lines 

indicate dust layer base and top, while symbols show the positions of the dust layer’s center of mass as calculated 
from LIDAR measurements and the DREAM model (b) 72hour airmass backtrajectory arriving at a 4 km altitude 

over Belgrade on July 5, 2014, at 15 UTC (corresponding to profile (a)). 

Figure 3 also shows altitudes of the dust layer center of mass, based on LIDAR measurements and the DREAM 
model. In the case of LIDAR measurements, it was calculated as a backscattering-coefficient-weighted altitude, 
according to: 

𝑧𝑐 = ∫ 𝑧 ∙ 𝛽(𝑧)𝑑𝑧𝑧𝑡𝑧𝑏∫ 𝛽(𝑧)𝑑𝑧𝑧𝑡𝑧𝑏  

 

(a) 

 

(c) 

 

(d) 

(b) 
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where zb and zt are the altitudes of the base and the top of the dust layer and β(z) is the aerosol backscattering 
coefficient at altitude z. To minimize the effect of anthropogenic pollution, the center of mass from the LIDAR 
measurements was calculated only for the elevated layer. The dust’s centre of mass from the DREAM model was 
calculated taking into account the entire dust profile.  

Daily mass concentration of PM10 at ground level showed a similar trend at three air quality monitoring stations in 
Belgrade, with an increase during the dust episode (Figure 4). The increase started on July 6th, and the maximum 
was reached on July 7th, exceeding the 95th percentile of the summer (June, July and August) 2014 values. 
However, the daily limit value of 50 μg m-3, set by the EU Air Quality Directive 2008/50/EC, was not exceeded. 
The increase of PM10 concentration is in agreement with the results of the LIDAR measurements, and the DREAM 
model, which indicated a settling of the dust plume (as shown in Figure 3). For comparison, daily average dust 
mass concentrations at the surface, obtained from the DREAM model, are also shown in Figure 4. They showed a 
similar trend as measured PM10 concentrations, increasing by 11 μg m-3 during the dust episode, while measured 
PM10 increased by 15 to 17 μg m-3 at the three monitoring stations. Larger measured PM10 concentrations, compared 
to surface dust concentrations from the model, were attributed to sources other than mineral dust.  

Figure 4. (left panel) Daily average dust surface concentration values from the DREAM model and PM10 

concentrations from three air quality monitoring stations in Belgrade. (right panel) Boxplot of PM10 concentrations 

during summer (June, July, August) of 2014 at three monitoring stations in Belgrade; the extent of the box indicates 

the 25th and 75th percentiles, the central line represents the median value, while the whiskers indicate the 5th and 

95th percentiles; the points represent the mean values. 

CONCLUSION 

We present analysis of a dust intrusion episode that was observed over Belgrade on July 5-7, 2014. The satellite 
measurements showed that the dust plume extended to western and central Europe. A distinctly elevated dust layer, 
extending at altitudes of approximately 2-5 km, was observed on July 5th using ground-based LIDAR in Belgrade. 
The layer altitude decreased during the dust episode, with the centre of mass altitude decreasing from approximately 
4 km to below 3 km. The LIDAR measurements indicated entrainment of dust into the PBL on July 7th, the last 
day of the episode. The vertical distribution of dust and its temporal evolution over Belgrade was reproduced well 
by the DREAM model. The observed daily PM10 concentrations at three monitoring stations in Belgrade showed 
an increase of 15-17 μg m-3, while dust was settling down during the episode as indicated by LIDAR measurements. 
Dust surface concentrations obtained from the DREAM model showed the same trend as measured PM10 
concentrations, with a smaller increase (11 μg m-3), during the episode: This difference was attributed to the 
contribution of other aerosol types to the observed PM10 concentrations.   
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model and READY website (http://www.ready.noaa.gov), used in this publication. Analyses and visualizations of 
MODIS data used in this study were produced with the Giovanni online data system, developed and maintained by 
the NASA GES DISC. CALIPSO data were obtained from the NASA Langley Research Center Atmospheric 
Science Data Center. 
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ABSTRACT 

This study combines advanced statistical methods including time series decomposition, source apportionment and supervised 
learning algorithms, to identify the main sources of particulate matter (PM10) variability in an urban area within Belgrade. The 
analyses indicated that the season, (i.e., meteorological conditions) strongly influenced daily and annual PM10 variations 
particularly during the colder part of the year. A guided regularized random forest model estimated that As, Cd, BaP, CO, and 
benzene have the highest relative importance for the prediction of PM10. Polar plot source apportionment revealed common 
sources of pollution at specific directions. Specifically, emissions of PM10, CO and benzene could be attributed to heating and 
gasification processes, while processes in oil refineries and chemical industries produced PM10 and toluene. 

INTRODUCTION 

Due to adverse effects on human health and the increased risk of morbidity and mortality, particulate matter (PM) 
is one of the most studied atmospheric pollutants, and perhaps, the most pressing issue in worldwide air quality 
regulation (Fuzzi et al, 2015, Stanišić Stojić et al, 2016). Even though significant progress has been made through 
the integration of different scientific approaches, modelling of air pollution data remains a challenge due to the 
complexity and non-linear nature of atmospheric phenomena and processes (Pai et al, 2013). During the last decade, 
poor air quality in Belgrade, with many PM10 limit value exceedances (Directive 2008/50/EC), has been identified 
as an important environmental risk factor (Perišić et al, 2015, 2017). Identification of factors affecting PM10 
concentration variability could provide better insight into the aerosol spatiotemporal distribution and source 
composition, revealing their dominant sources in an urban area (Stojić et al, 2016). 

Apart from the commonly used methods for data analysis, this study adopts the advanced statistical classifier, 
guided regularized random forest (GRRF), widely applied in many fields for feature selection. Moreover, the study 
demonstrates the possibilities of source apportionment analysis, which combines correlation and regression 
statistics with the bivariate polar plot analysis, to offer considerably more insight into air pollution sources. 

METHODOLOGY 

The analysed dataset, comprised of daily PM10 and its constituent concentrations (As, Cd, Cr, Mn, Ni, Pb, BaP, Cl-

, NO3
-, NH4

+, SO4
2-, Na+, K+, Mg2+ and Ca2+), and hourly PM10 and gaseous pollutant concentrations (CO, SO2, 

NO, NO2, NOx, benzene, toluene, o- and m, p xylene) have been obtained from an Institute of Public Health regular 
monitoring station located within an urban area in Belgrade (Longitude 20.470, Latitude 44.817) from 2011 - 2016. 
The time series of PM10 concentrations was resolved into the additive components of the multi-year and seasonal 
trends, as well as the remainders using the Loess smoothing decomposition model (LSD) (Li et al, 2014). Daily, 
weekly and seasonal periodicity was analyzed by the use of Lomb-Scargle periodogram (Lomb package within the 
statistical software environment R) (Ruf, 1999; Team, 2014). Bivariate polar plot analysis was used for 
identification of the main PM10 emission sources (Carslaw and Ropkins, 2012), while the advanced bivariate polar 
plots, coupled with pair-wise statistics, were applied to distinguish specific sources and to gain information about 
pollutant relationships. The model includes a weighted Pearson correlation, linear regression slope and Gaussian 
kernel to locally weight the statistical calculations on a wind speed-direction surface together with variable-scaling 
(Grange et al, 2016). Feature selection was implemented using a GRRF ensemble learning method (Deng and 
Runger, 2013). GRRF can select compact feature subsets revealing higher order variable interactions, thus 
moderating the problem of dimensionality and avoiding the effort to analyze irrelevant or redundant features. 

RESULTS AND DISCUSSION 

Annual concentrations of PM10 and BaP exceeded prescribed limit values of 50 µg m-3 and 1 ng m-3, respectively 
(Directive 2000/69/EC, Directive 2008/50/EC) every year of the period examined. The most abundant aerosol 
constituents were Cr, Pb and Mn (Figure 1), while SO4

2- and NO3
- were the ions with the highest concentrations. 
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In an urban area, the dominance of sulfate and nitrate ions is related to fossil fuel burning and traffic exhaust 
emission of SO2 and NOx, which, in the presence of water, transform into these ions. In addition, NH4

+ and Ca2+ 
cations are usually presented as neutralizing agents for SO4

2- and NO3
- in heterogeneous atmospheric chemical 

reactions. 
 

 
Figure 1. PM10 concentration [µg m-3], its chemical constituent (ions and BaP [µg m-3], metals [ng m-3]) (left) and 

gaseous pollutant [µg m-3] (right) whisker plots 

Spectral analysis (Figure 2, left) reveals the highest normalized power values are attributed to the periods of 12 and 
24 h, 7 days, and 1 and 3 months. This implies that meteorological conditions and anthropogenic emissions are 
strongly affected by aerosol daily and seasonal variations, and weekly periodicity, respectively (Bigi, 2016). 

 

 

Figure 2. PM10 Lomb-Scargle periodogram (left) and PM10 time series decomposition [µg m-3] (right) 

Decomposed PM10 time series indicates a decreasing multi-year trend and significant impact of the seasonal 
component. Large variance of the remainder component possibly occurs as a result of short-term air pollution 
episodes (Figure 2, right). The conventional bivariate polar plot approach reveals the pronounced influence of both 
local and remote sources on PM10 variability (Figure 3).  

 

Figure 3. Bivariate polar plot of PM10 concentrations (left) and its remainder components: negative (middle) and 

positive (right) [µg m-3] 
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Bivariate polar plot analysis of the remainder component, separately applied on positive and negative values, 
confirms that the episodes of the highest variations mainly occur during the colder part of the year. Positive 
variations related to SW and negative related to NW winds with speeds greater than 6 m s-1. 

The highest Pearson’s correlation coefficients were obtained between concentrations of PM10 and its constituents 
(BaP (0.83), As (0.81), Cd (0.79) and Pb (0.66)), as well as for the gaseous pollutants: CO (0.56), benzene (0.46), 
NO (0.35), and NOx (0.35). Similarly, the GRRF estimated the highest relative importance of As, Cd, BaP, CO and 
benzene for the prediction of PM10, indicating that the environmental burden is mainly associated with fossil fuel 
combustion, particularly pronounced during the colder part of the year. An inconsistency between the correlation 
and GRRF analysis was observed for toluene. This compound had a higher importance for PM10 prediction than 
NOx, but its correlation coefficient was among the lowest (0.25). 

Figure 4. Bivariate polar source apportionment 

Even though Pearson’s coefficients did not indicate a significant correlation between PM10 and gaseous pollutants 
(r < 0.6), the bivariate polar source apportionment (Figure 4) showed that during episodes of north-westerly winds, 
concentrations of PM10 and benzene and CO were more correlated (r ≈ 0.7) probably because of several common 
sources in the vicinity of the sampling site. Source composition obtained from slope diagrams reveals a 1:0.1 and 
1:12 contribution of PM10, CO and benzene, respectively. This could be associated with various biomass 
combustion processes (traffic activities, heating plants and individual heating units) (Yokelson et al, 2007). Besides 
the vicinity of the sampling site, particulate matter and toluene shared prominent sources located in the SW, S, NE 
and SE directions (r > 0.8, wind speed > 4 m s-1). Unlike southern and western sources, characterized by PM10 to 
toluene ratio of 1:1 which could be related to mineral oil and gas refineries, the source located on the north-east is 
characterized by the ratio of 1:6 indicating influences from the chemical industry, and chemical installations for 
production, on an industrial scale, of basic organic chemicals including aromatic hydrocarbons (European 
Commission, 2006). 

CONCLUSIONS 

Due to the pronounced nonlinearity and complexity of atmospheric processes in the troposphere of an urban 
environment, the application of multivariate and nonlinear methods is required to gain reliable information for a 
better understanding of the underlying factors which determine the air pollution phenomena. Methods such as 
feature selection based on advanced supervised learning algorithms, advanced source apportionment techniques 
and time series decomposition and detailed component analysis, are capable of providing this information, 
particularly for characterization of variable pollution sources. Summarizing this study, it has been shown that 
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locally emitted and transported pollution, as well as meteorological factors, have the highest impact on urban air 
quality. 
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ABSTRACT 

In this study the multiscale multifractal method was used with aim of capturing the fractal behaviour of the particulate matter 
time series obtained from an urban area in Belgrade, Serbia, as well as investigating their persistence properties and 
heterogeneity features. As shown, the PM2.5 time series exhibited persistency, slightly affected by the concentrations occurring 
randomly only at the level of small fluctuations and small scales. Compared to PM2.5, PM10 concentrations were shown to 
display more stochastic behaviour with more frequent random fluctuations being observed at small scales. The results herein 
presented contribute to the current understanding of the structural complexity of the temporal evolution of particulate matter 
and provide a theoretical background for enhanced air pollution modelling. 

INTRODUCTION 

Comprehensive analyses, conducted over the past few years, of air pollutant emission sources, their subsequent 
distribution and relationship to mortality caused by circulatory, respiratory and malignant diseases suggest that the 
exposure to particulate matter (PM) has detrimental effects on human health in the Belgrade area (Stanišić Stojić 
et al, 2016a, 2016b). Besides the fact that PM levels in Serbia are higher than in most European cities, with a 
significant number of air quality standard exceedances, our studies have shown that suspended particles also contain 
high concentrations of carcinogenic contaminants, such as arsenic and benzo(a)pyrene (Stojić et al, 2015a, 2015b, 
2016, Perišić et al, 2015, 2017). 

Diverse methods have been implemented to provide relevant information for efficient air quality management, 
including deterministic models, statistical analysis, neural networks, fuzzy models, geographic information system, 
remote sensing and trend analysis (Yu et al, 2011). Multifractality is one of the inherent properties that can be 
recognized in physical, chemical, biological, social and other systems, that are described as very complex at 
different spatial and temporal scale levels (Glushkov et al, 2014). The atmosphere is a complex system that exhibits 
nonlinear behavior involving both deterministic and stochastic components (Lorenz and Haman, 1996). In previous 
studies, the multifractal approach has been applied to analyse average ozone concentrations (Kocak et al, 2000), 
nonlinearity in NO2 and CO time series (Kumar et al, 2008) and the daily air pollution index (Sivakumar et al, 
2007). The aim was to provide information essential to better understand the behaviour of pollution and to forecast 
the temporal evolution of the species (Dong et al, 2017). The multifractal method was used herein to reveal PM 
fluctuation properties, i.e. to investigate to what extent, and on which time scale, changes in PM2.5 and PM10 
concentration levels can be considered random or persistent. 

METHODOLOGY 

In this study, multiscale multifractal analysis (MMA) was used to investigate the presence of fractal behaviour in 
the complex time series of PM2.5 and PM10 concentrations. Data was obtained during a period of almost three years 
(2012-2014) of regular pollutant monitoring in Belgrade (suburban site Ovča, Longitude 20.528, Latitude 44.884, 
Serbia) provided by the Institute of Public Health Belgrade. MMA is a generalization of the standard multifractal 
detrended fluctuation analysis (MF-DFA), which adds the dependence on scale, providing a broader analysis of the 
fluctuation properties, as well as, more general and stable results (Gierałtowski et al, 2012). 

RESULTS AND DISCUSSION 

Measured PM concentrations are presented in Figure 1. According to the results, multiscale multifractal derived 
Hurst surfaces confirmed the non-linear behavior of PM time series (Figure 2). 
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Figure 1. Measured PM2.5 and PM10 concentrations. 

For most of the scale and multifractal parameter values, the local Hurst exponent remains in the interval between 
1 and 1.5 indicating persistency of the PM2.5 time series, while slightly affected by the concentrations occurring 
randomly. Such random concentration values occur only at the level of small fluctuations for scales below 44, 
which corresponds to a period of about 2 days. At this scale, there emerges a clear crossover resulting from the 
different correlation properties.  Given that the sampling site was not directly exposed to intense PM bursts, the 
occurrence of concentrations in narrow bands (Hurst exponent equals 2) was not recorded. The PM10 Hurst surface 
reveals similar features, except that in the area of small variance and scales below 90, its growth to a maximum of 
approximately 1.9 is steeper, almost reaching black noise area values of local Hurst exponent. Compared to PM2.5, 
the PM10 Hurst structure around its maximum corresponds to visibly more pronounced peaks in the time series 
(Figure 1). However, unlike PM2.5, the PM10 Hurst surface shows no crossover.  

 

 

Figure 2. MMA derived particulate matter Hurst surfaces. 

In addition, the generalized distance coefficient (0.069) between Hurst surfaces of PM fractions is higher than the 
threshold value (0.065) and implies that the PM2.5 and PM10 time series must be considered statistically different. 
The difference is particularly pronounced in the area of small fluctuations and medium scales (Figure 3).  

Furthermore, it is shown that the source of multifractality, examined by PM time series randomization, originates 
from both nonlinear correlations and a fat-tailed probability distribution (Figure 4). 

The findings of Lalwani (2016) and Liu et al. (2015) confirmed the existence of multifractality in the PM time 
series and found that daily pollutant concentrations exhibited high persistence in a period of approximately one 
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year. As argued, the persistence in the air pollutant concentrations over longer period of time may be governed by 
the impact of background levels, seasonal trend or intrinsic evolution of the system. 

 

Figure 3. Generalized PM10/PM2.5 Hurst surface distance. 

The difference in the behavior of the PM2.5 and PM10 time series was proven by Xue et al. (2015), who employed 
a multifractal analysis to explore temporal fluctuations and self-similarities within the PM time series and to 
understand their behaviour associated with diffusion, spreading and coagulation processes. Using the multifractal 
detrended fluctuation analysis method, the researchers registered the pronounced multifractality and long-term 
persistence of the PM2.5 time-series, whereas the PM10 time series were shown to have stochastic behaviour. 

 

 

Figure 4. MMA derived Hurst surfaces for randomized PM time series. 

CONCLUSIONS 

In this study, the multifractal approach was used to analyse the temporal dynamics of PM2.5 and PM10 
concentrations on the basis of a regular monitoring of data over a three-year period. As shown, the particulate 
matter time series possess a long-term memory of distant past events and require a large number of exponents, the 
so-called fractal dimensions, to be described. The presented analysis provides essential information for better 
understanding of the PM behaviour and the underlying factors, as well as for more accurate and reliable pollutant 
forecasting and efficient mitigation policy. 
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Abstract. The Europlanet Society, an organization which promotes the advancement of 
European planetary science and related fields, has 10 hubs. The Serbian Europlanet Group 
(SEG) is included in the Europlanet South Eastern European Hub (ESEEH) and, currently, 
has 20 active scientists. 

In this work, we present activities of SEG. Primarily, we describe two Europlanet 
workshops organized in the Petnica Science Center: "Geology and geophysics of the solar 
system bodies" and “Integrations of satellite and ground-based observations and multi-
disciplinarity in research and prediction of different types of hazards in Solar system” that 
occurred in 2018 and 2019, respectively, and the Europlanet session during XII Serbian-
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Bulgarian Astronomical Conference that occurred in Sokobanja 2020. In addition, we pre-
sent other activities that were primarily aimed at connecting SEG members coming from 
six institutions as well as the promotion of the Europlanet and ESEEH organizations. 

 
1. INTRODUCTION 

 
The Europlanet society is an organization which promotes the European 

planetary science and related fields. Its aims are to support the development of 
planetary science at a national and regional level, particularly in countries and are-
as that are currently under-represented within the community, and early career re-
searchers who establish their network within the Europlanet: the Europlanet Early 
Career (EPEC) network (https://www.europlanet-society.org/early-careers-
network/ ). 

Two Europlanet projects (the Europlanet 2020 Research Infrastructure and the 
Europlanet 2024 Research Infrastructure (RI)) are funded through the European 
Commission’s Horizon 2020 programme. The first one, lasting 4 years, ended 
2020, while the second one runs for four years from February 2020 until January 
2024. The latest is led by the University of Kent, UK, and has 53 beneficiary insti-
tutions from 21 countries in Europe and around the world, with a further 44 affili-
ated partners. It provides free access to the world’s largest collection of planetary 
simulation and analysis facilities, data services and tools, a ground-based observa-
tional network and programme of community support activities.  

   The Europlanet consists of 10 Regional Hubs: 
● Benelux 
● Central Europe: Austria, Czech Republic, Hungary, Poland, Slovenia and 

Slovakia 
● France 
● Germany 
● Ireland and UK 
● Italy 
● Northern Europe: Denmark, Estonia, Finland, Iceland, Latvia, Lithuania, 

Norway and Sweden 
● Southeast Europe: Bulgaria, Croatia, Cyprus, Greece, Romania, and Ser-

bia 
● Spain and Portugal 
● Switzerland 
As one can see, Serbia is one of, current six countries included in the South-

east European Hub that is established in 2019.  
More information about organization and activities of this society can be 

found at the website https://www.europlanet-society.org/. 
    

2. SERBIAN EUROPLANET GROUP 
 

The Serbian Europlanet Group (SEG) currently consists of 20 members from 
6 institutions. Details of members and activities of SEG can be found at 
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https://www.europlanet-society.org/europlanet-society/regional-hubs/southeast-
europe/. 

 
The main activities of Serbian scientists in the Europlanet were: 
● Organization of two Europlanet meetings and one session, 
● Establishing of SEG webpage,  
● Participations in the Europlanet science congresses and meetings, 
● Participations in the Europlanet NA1 Expert Exchange Program, and 
● Participations in the Europlanet commities. 
In this paper we describe these activities and present scientific research of 

SEG members related to the Europlanet fields. 
    

3. EUROPLANET MEETING ORGANIZATIONS 

 
Serbian scientist organized two Europlanet workshops in Petica Science Cen-

ter near Valjevo in Serbia: 
● "Geology and geophysics of the solar system bodies" (24 June– 1 July, 

2018), and 
● “Integrations of satellite and ground-based observations and multidiscipli-

narity in research and prediction of different types of hazards in the Solar 
system” (10-13 May, 2019),  

and Europlanet session during the XII Serbian-Bulgarian Astronomical 
Conference (XII SBAC) in Sokobanja, Serbia 25-29 September, 2020. 
 

3.1. Europlanet workshops 

3.1.1. Workshop in Geology and Geophysics of the Solar System 

The workshop took place in Petnica Science Center, Petnica, Serbia (23 June – 
1 July 2018) and further details can be found at http://petnica.rs/planetary2017. It 
was designed to cover a wide range of topics related to the formation, structure 
and dynamics of the Solar System and aimed to attract students and young re-
searchers of various backgrounds and of different levels of experience in the fields 
of planetary sciences and space exploration. The workshop attended 43 partici-
pants, of which 24 PhD, 13 master and 6 undergraduate students. They were from 
19 different home countries, including 15 from Eastern Europe, 3 from Russia and 
4 from Northern Afrika. Other participants came from as far as India, Australia, 
and USA. The scientific organizers of the workshop were Dr. Katarina Miljkovic 
(Curtin University, Australia), Dr. Ana Cernok (The Open University, UK) and Dr. 
Matija Cuk (SETI Institute, USA), supported by the local organizers Dusan 
Pavlovic (Petnica Science Centre, Serbia) and Andrea Rajsic, deputy (University 
of Belgrade, Serbia). In total, there were 14 lecturers (7 female and 7 male). Alt-
hough there was only one lecturer from a Serbian institution (University of Bel-
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grade), there were 5 other lecturers (including the organizers) who were originally 
from Serbia. This planetary sciences workshop was supported by the Europlanet 
2020 RI NA1 (Innovation through Science Networking) Task 5 (Coordination of 
ground-based observations) and Europlanet 2020 RI NA2 (Impact through out-
reach and engagement). 

3.1.2. Workshop in Hazards in the Solar system 
 

This workshop was focused on integrations of satellite and ground-based ob-
servations and multidisciplinarity in research and prediction of different types of 
hazards in the Solar system. The main of this meeting was connection of young 
researchers and scientists from under-represented countries, and experts in corre-
sponding scientific fields. The organizer was the Geographical Institute "Jovan 
Cvijic" of Serbian Academy of Sciences and Arts. The chairs of the Scientific 
committee were Aleksandra Nina, Milan Radovanović from Serbia and Giovanni 
Nico from Italy. In this committee participated 11 scientists from 9 countries. Ale-
ksandra Nina and Milan Radovanović were co-chairs, and Gorica Stanojević, Vla-
dimir Čadež, Dejan Doljak, Vladimir Srećković and Dragoljub Štrbac were mem-
bers of the Local Organizing Committee. The meeting attended 33 participants (of 
which 11 early career scientists) from 8 European countries: Bulgaria, Croatia, 
Greece, Hungary, Italy, Russia, Ukraine and Serbia. Their research fields relate to 
different theoretical and observation areas as well as to data sciences. In addition, 
two participants were from industry. This event was supported by the Europlanet 
2020 RI NA1 - Innovation through Science Networking, Task 2: Scientific work-
ing groups (Europlanet 2020 RI has received funding from the European Union's 
Horizon 2020 research and innovation programme under grant No. 654208) and 
the Ministry for Education, Science and Technological Development of Republic 
of Serbia. More information about this event can be found at 
http://www.gi.sanu.ac.rs/site/index.php/en/activities/conferences-organisation/998-
hazards-sos.  

3.3. Europlanet session organised by SEG 

 
Serbian scientists organized a Europlanet session during XII Serbian-

Bulgarian Astronomical Conference (SBAS 12) that was held in Sokobanja from 
25-29 of September 2020 (see Popović et al. 2020). Several lectures were held, a 
discussion, as well as the report of work of our group in the previous period was 
presented. At this Europlanet special session and during SBAC 12, possible direc-
tions for expanding cooperation were discussed with Bulgarian colleagues and 
also with colleagues from Europlanet Southeast HUB countries.  
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3.4. Participations in the Europlanet Science Congresses 

 
Serbian scientists participated at the Europlanet Science Congresses (EPSC). 

The number of participants from Serbia is increasing. 7 scientists from Serbia par-
ticipated in the EPSC-2020 and presented 3 lectures.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Participants of the workshop “Integrations of satellite and ground-based 
observations and multidisciplinarity in research and prediction of different types 

of hazards in the Solar system” held in Petnica Science Center on 10-13 May, 
2019 (photo: Veljko Vujičić). From left to right:  

Upper row: Konstantinos Kourtidis (Greece) , Pál Gábor Vizi (Hungary), Jelena 
Petrović (Serbia), Anđelka Kovačević (Serbia), Duško Borka (Serbia), Gorica 

Stanojević (Serbia), Zorica Marinković (Serbia), Bratislav Marinković (Serbia) 
and Dejan Doljak (Serbia); 

Middle row: Georgi Simeonov (Bulgaria), Inna Pulinets (Russia), Bozhidar 
Srebrov (Bulgaria), Dejan Vinković (Croatia), Yaroslav Vyklyuk (Ukraine), Pier 
Francesco Biagi (Italy), Aleksandra Kolarski (Serbia), Lelica Popović (Serbia), 

Nikola Veselinović (Serbia) and Zoran Mijić (Serbia);  
Bottom row: Predrag Jovanović (Serbia), Vesna Borka Jovanović (Serbia), Sergey 
Pulinets (Russia), Milan Radovanović (Serbia), Aleksandra Nina (Serbia), Vladi-
mir Srećković (Serbia), Giovanni Nico (Italy), Milan S. Dimitrijević (Serbia), Lu-
ka Č. Popović (Serbia), Nataša Todorović (Serbia), Slavica Malinović-Milićević 

(Serbia) and Dragoljub Štrbac (Serbia).
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3.5. Participations in the Regional Hubs Meetings 

 
On the 4th and 5th June 2019, in Hotel Gellért, Budapest the Regional Hubs 

Meeting was organized by Melinda Dósa from Wigner RCP with the presence of  
the representatives from the Europlanet Society, Benelux Hub (represented by Ann 
Carine Vandaele, vice-president of Europlanet Society), Central European Hub, 
France, Italy, Northern European Hub, Spain & Portugal and Southeast European 
Hub, in total there were 23 researchers present. After the participants introduced 
themselves, the talk by Anita Heward, communication officer, was given on the 
Role of the hubs in the Europlanet Society and building a sustainable future from 
Europlanet 2020 RI. Following discussion was about the importance of widen-
ing.in Europlanet. The focus of the meeting was on Planetary science – technology 
– industry synergy: aims and possibilities & Towards a strategy definition. As a 
result of this meeting the participation and formal enrollment in Europlanet Socie-
ty by Serbian researchers has been substantially increased. 

3.6. Participation in the Europlanet NA1 Expert Exchange Program   

Supported through the Europlanet NA1 Expert Exchange Program, Dr. Alena 
Zdravković, curator of the Mineral and Rock Collection of the Faculty of Mining 
and Geology in Belgrade, Serbia, visited The Open University in October 2017 to 
work with Dr. Ana Cernok and other experts in meteorite science. During this vis-
it, six meteorite samples from the Marquis de Mauroy collection of the Mineral 
and Rock Collection (01. Lancon, 02. Bath, 03. Powder Mill Creek, 
04.Morrisyown Hamblen, 05. Merceditas and 06. Hex River, with numbers repre-
senting a handing number at the Open University) were used for polished thin- 
and thick-section preparation at the Open University, Milton Keynes, UK. Lancon 
and Bath are fragmented chondrite meteorites, Powder Mill Creek and 
Morrisyown Hamblen are mesosiderites, and Merceditas and Hex River are iron 
meteorites. Since the meteorite samples belong to a very old collection, dating 
from 1899, due to inadequate equipment and unprecise preparation facilities in the 
laboratory of Faculty of Mining and Geology in Belgrade, those kind of samples 
were never used for utilizing cut and polishing preparations. This visit aimed at 
meteorite thin-section preparation was an important milestone for this Serbian col-
lection. It was the first such opportunity to open and present the collection to an 
international scientific community. More importantly, those are the only thin sec-
tions of meteorite samples available at Belgrade University, and will therefore 
serve as precious teaching material for students educating, as well as for initiating 
meteorite research.  
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3.7. Participations in the Europlanet committees 

As a member of the Southeastern European Hub Committee, Aleksandra Nina 
participated in two teleconferences and one meeting of the Selection committee 
for Europlanet funding. 

3.8. Other activities 
 

Lecture during XIX Serbian astronomical conference (19 SAC) held at the 
Serbian Academy of Sciences and Arts in Belgrade, from October 13 – 17, 2020 
(see Kovačević et al. 2020).  
 

4. SOME STUDIES OF SEG MEMBERS 
   

SEG members are scientists in four research fields: astronomy, geophysics,  
physics and geography. Here we present a few research that are in Europlanet are-
as. 

4.1. Astronomy 

 
4.1.1. The functional relation between mean motion resonances and 
Yarkovsky force on small eccentricities  
 

We examined asteroid's motion with orbital eccentricity in the range (0.1, 0.2) 
across the 2-body mean motion resonance (MMRs) with Jupiter due to the 
Yarkovsky effect. We calculated time delays dtr caused by the resonance on the 
mobility of an asteroid with the Yarkovsky drift speed. We derived a functional 
relation that accurately describes dependence between the average time lead/lag 
dtr, the strength of the resonance SR, and the semimajor axis drift speed da/dt with 
asteroids' orbital eccentricities in the range (0.1, 0.2). We analysed average values 
of dtr using this functional relation comparing with obtained values of dtr from 
the numerical integrations. On the basis of the obtained results and analyses, we 
conclude that our equation can be used for the 2-body MMRs with strengths in the 
range [1.3×10−8, 2.2×10−4], for Yarkovsky drift speeds in the range [2.6×10−4, 
2×10−3] au/Myr and for asteroids' orbital eccentricities in the range (0.1, 0.2) 
(Milić Žitnik 2020a). 
 
4.1.2. The specific property of motion of resonant asteroids with very slow 
Yarkovsky drift speeds  
 

We examined the specific characteristics of the motion of asteroids with very 
slow Yarkovsky drift speeds across the 2-body MMRs with Jupiter, whose 
strengths cover a wide range. It was found that the test asteroids with very small 
Yarkovsky drift speeds moved extremely rapidly across MMRs (order of magni-
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tude 10−5 au/Myr or less). This result may indicate that, below a certain boundary 
value of da/dt asteroids typically move quickly across MMRs. From the obtained 
results, it is concluded that the boundary value of the Yarkovsky drift speed is 
7×10−5 au/Myr (Milić Žitnik 2019). 
 
4.1.3. The relationship between the 'limiting' Yarkovsky drift speed and  
asteroid families' Yarkovsky V-shape  
 

We examined the relationship between asteroid families' V-shapes and the 
'limiting' diameters in the (a, 1/D) plane. Following the recently defined 'limiting' 
value of the Yarkovsky drift speed at 7×10−5 au/Myr, we decided to investigate the 
relation between the asteroid family Yarkovsky V-shape and the 'limiting' 
Yarkovsky drift speed of asteroid's semi-major axes. We have used the known 
scaling formula to calculate the Yarkovsky drift speed in order to determine the 
inner and outer 'limiting' diameters (for the inner and outer V-shape borders) from 
the 'limiting' Yarkovsky drift speed. The method was applied to 11 asteroid fami-
lies of different taxonomic classes, origin type and age, located throughout the 
Main Belt. Our main conclusion is that the 'breakpoints' in changing V-shape of 
the very old asteroid families, crossed by relatively strong MMRs on both sides 
very close to the parent body, are exactly the inverse of 'limiting' diameters in the 
a versus 1/D plane. This result uncovers a novel interesting property of asteroid 
families' Yarkovsky V-shapes (Milić Žitnik 2020b). 
 
4.1.4. Improvement of modelling of atmospheres using A&M data  
 

We continued to work on topics of modelling various atmospheres (using new 
software packages and supercomputers) and diagnostic of the astrophysical (ter-
restrial and space) and laboratory plasma using A&M datasets e.g. rate coeffi-
cients, Stark broadening parameters, line profiles (the shape of atomic spectral 
lines in plasmas contains information on the plasma parameters, and can be used 
as a diagnostic tool), etc. Results which are of interest for Europlanet community 
are presented in our recently published papers (see e.g. Ignjatović et al. 2019, 
Srećković et al. 2020, Majlinger et al. 2020, Dimitrijević et al. 2020) as well as in 
database MolD http://servo.aob.rs/mold (Marinković et al. 2019) hosted on SerVO 
at AOB. 
 
4.1.5. Correlation of solar wind parameters with cosmic rays observed with 
ground station  
 

It has been well known for more than half a century that solar activity has a 
strong influence on galactic cosmic ray (GCR) flux reaching Earth (anti-
correlation). Coronal mass ejections (CMEs) structure and shockwave can addi-
tionally modulate GCRs, which could results in a transient decrease in observed 
GCR intensity, known as Forbush decrease (FD). These FDs can be detected even 
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with ground muon detector (Savić et al. 2019). Variation of GCR can be analyzed 
correlating in situ measurement of the particles species present in solar wind with 
ground observations. Correlation between the 1-hour variations of GCR and sev-
eral different one-hour averaged particle fluxes was found during FDs and it de-
pends on energy of the particles of the solar wind as well as cut-off rigidities of 
secondary cosmic rays detectors on ground.  
 
4.1.6. Habitability of exoplanets  
 

Balbi, Hami and Kovačević (2020) present a new investigation of the habita-
bility of the Milky Way bulge, that expands previous studies on the Galactic Hab-
itable Zone. This work discusses existing knowledge on the abundance of planets 
in the bulge, metallicity and the possible frequency of rocky planets, orbital stabil-
ity and encounters, and the possibility of planets around the central supermassive 
black hole. The paper focuses the two aspects that can present substantial differ-
ences with respect to the environment in the disk: (i) the ionizing radiation envi-
ronment, due to the presence of the central black hole and to the highest rate of 
supernovae explosions and (ii) the efficiency of putative lithopanspermia mecha-
nism for the diffusion of life between stellar systems. Authors devised analytical 
models of the star density in the bulge to provide estimates of the rate of cata-
strophic events and of the diffusion timescales for life over interstellar distances. 

This article has been published as an invited contribution in the Special Issue 
"Frontiers of Astrobiology" edited by Manasvi Lingam. 

Another concern for habitability is the presence of the supermassive black 
hole in the Galactic center, but also in nearby Active galactic nuclei, that could 
have resulted in a substantial flux of ionizing radiation during its past active phase, 
causing increased planetary atmospheric erosion and potentially harmful effects to 
surface life as shown by Wisłocka, Kovačević, Balbi (2019). 

The goal of this paper is to improve our knowledge of the erosion of 
exoplanetary atmospheres through radiation from supermassive black holes 
(SMBHs) undergoing an active galactic nucleus (AGN) phase. 

Authors extended the well-known energy-limited mass-loss model to include 
the case of radiation from AGNs. In the paper was calculated the possible atmos-
pheric mass loss for 54 known exoplanets (of which 16 are hot Jupiters residing in 
the Galactic bulge and 38 are Earth-like planets, EPs) due to radiation from the 
Milky Way's (MW) central SMBH, Sagittarius A* (Sgr A*), and from a set of 107 
220 AGNs generated using the 33 350 AGNs at z < 0.5 of the Sloan Digital Sky 
Survey database. 

It was found that planets in the Galactic bulge might have lost up to several 
Earth atmospheres in mass during the AGN phase of Sgr A*, while the EPs are at 
a safe distance from Sgr A* (>7 kpc) and have not undergone any atmospheric 
erosion in their lifetimes. It was also found that the MW EPs might experience a 
mass loss up to 15 times the Mars atmosphere over a period of 50 Myr as the re-
sult of exposure to the cumulative extreme-UV flux FXUV from the AGNs up to z 
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= 0.5. This work was featured in famous Forbes Magazine in their section Innova-
tion. 
 
4.2. Geophysics 
 
4.2.1. Investigation of a possible new type of lower ionosphere precursor of 
earthquakes  
 

Analysis of the signal transmitted in Italy and received by the AbsPAL receiv-
er in Belgrade in the period around the earthquake that occurred in the vicinity of 
Kraljevo on November 3, 2010 indicated a change in the amplitude of the signal 
less than an hour before this event. Although this change has not been reported in 
the literature, an additional study of several earthquakes indicates the existence of 
this change in other cases as well. The first study of this phenomenon is presented 
in Nina et al. (2020), and a broader statistical analysis is underway. 
 
4.2.2. Modelling of solar X-ray flare influence on propagation of satellite  
signals  
 

Due to the low electron density, the unperturbed D-region has practically no 
effect on the propagation of satellite signals. Therefore, it is generally not involved 
in modeling of signal propagation path or, if it is, its influence is given by analyti-
cal expressions based on observational data from higher altitudes. In Nina et al. 
(2020b), it is shown that during intense perturbations of this ionospheric layer due 
to the influence of solar X-ray flares (they do not perturb significantly higher 
ionospheric layers except when their intensity is very strong) it is necessary to in-
clude observational data for the D-region in modeling the propagation of satellite 
signals. 
 
4.2.3. Satellite radar technique for atmospheric water vapor measurement 
and modelling effects of the ionospheric disturbances  
 

Atmospheric water vapor measurement can be carried out in many different 
ways. One of the techniques for observing and measuring atmospheric water vapor 
is through satellite radars, precisely the Synthetic Aperture Radar (SAR) used and 
carried on the platform of many active satellites. In Radović (2020) are introduced 
four of such satellites and the water vapor modelling technique called SAR Inter-
ferometry is described as well. Along with the above mentioned in Radović (2020) 
it is demonstrated how neglecting the ionospheric disturbances that can occur dur-
ing the satellite radar measurement of the water vapor can influence the modelling 
of certain parameters which are connected to the measured atmospheric water va-
por.  
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4.2.4. Remote sensing of the atmospheric aerosol   
 

Atmospheric aerosol plays one of the most important roles in climate changes 
and environmental issues through direct (scattering and absorption of solar and 
terrestrial radiation) and indirect (modification of cloud condensation nuclei 
through aerosol-cloud interaction) effects. In Mijić and Perišić (2019), study the 
relationship between satellite aerosol optical depth (AOD) measurements by Mod-
erate Resolution Imaging Spectroradiometer (MODIS) and PM (Particulate Mat-
ter) concentrations data set from the Belgrade region was investigated. The pre-
liminary results showed that AOD retrieved from a satellite sensor can be consid-
ered as a good proxy for ground observed PM mass concentrations. Within the 
EARLINET (European Aerosol Research Lidar Network) network a stand-alone 
lidar-based method (Papagiannopoulos et al. 2020) for detecting airborne hazards 
for aviation in near real time (NRT) is developed. In addition, Belgrade lidar sta-
tion has been involved in ESA ADM-Aeolus mission (the first high-spectral reso-
lution lidar in space) Cal/Val activity through validation of L2A products of aero-
sol and cloud profiles of backscatter, extinction and lidar-ratio. 
 
4.2.5. Atmospheric disturbances due to severe stormy weather over Balkan 
region 
 

Strong release of energy by atmospheric lightning discharges induced 
ionization changes along the propagation path of several Very Low Frequency 
(VLF) radio signals that had been received and recorded by Absolute Phase and 
Amplitude Logger (AbsPAL) system located in Belgrade (44.85o N, 20.38o E), at 
the Institute of Physics Belgrade, University of Belgrade, Serbia. Increased 
ionization is apparent in the perturbation of the signal amplitude and phase delay 
with respect to regular undisturbed ionospheric conditions. Integrated ground-
based observations were performed with the aim to find coincidence and possible 
relationship between phenomena of VLF signal perturbations, optically 
documented Transient Luminous Events (TLEs) and documented lightning stroke 
events, during the stormy night of 27th-28th of May, 2009. The survey enclosed 
data from three independent sources: 1) VLF signal records from Belgrade 
Institute for Physics database, 2) video records of sprite events from ITALIAN 
METEOR and TLE NETWORK (I.M.T.N.) database and 3) detected lightning 
strokes from European Cooperation for Lightning Detection (EUCLID) network 
database. In most cases, the correspondence between VLF perturbations and CG 
strokes and on the other hand, VLF perturbations and TLE events, was found. In 
some cases the correspondence between all three phenomena was found (Kolarski  
2019, 2020). 
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4.3. Physics   
 
4.3.1. V. Čelebonović has been working on the problem of impact craters on the 
surfaces of solid planetary and satellite bodies. He showed that using standard sol-
id state physics and measured properties of the craters, one can derive various pa-
rameters of the impactors. The calculations were checked on several known ex-
amples, and the agreement is reasonable. 
4.3.2. The role of electron induced dissociation in the comet’s coma and the find-
ings during Rosetta spacecraft mission have been the subject of investigation pub-
lished in Marinković et al. (2017). Data needs for modelling electron processes in 
cometary coma and their influence on the interpretation of the observed data by 
Rosetta instruments, have been discussed together with the currently available da-
ta and databases, where BEAMDB (Belgrade Electron/Atom(Molecule) DataBase 
- http://servo.aob.rs/emol) is given as an example (Marinković et al. 2019). 

4.4. Geography 

 
4.4.1. Our research was devoted to the determination of the causal relationship 
between the flow of particles that are coming from the Sun and the hurricanes Ir-
ma, Jose, and Katia. As a result of the preliminary analysis, using 12,274,264 line-
ar models by parallel calculations, six of them were chosen as best. The identified 
lags were the basis for refinement of models with the artificial neural networks. 
Multilayer perceptrons with back propagation and recurrent LSTM have been cho-
sen as commonly used artificial neural networks. Comparison of the accuracy of 
both linear and artificial neural networks results confirmed the adequacy of these 
models and made it possible to take into account the dynamics of the solar wind. 
Sensitivity analysis has shown that F10.7 has the greatest impact on the wind 
speed of the hurricanes. Despite low sensitivity of pressure to change the parame-
ters of the solar wind, their strong fluctuations can cause a sharp decrease in pres-
sure, and therefore the appearance of hurricanes (Vyklyuk, et al. 2019). 
 
4.4.2. Forest fires that occurred in Portugal on 18 June 2017 caused several tens of 
human casualties. The cause of their emergence, as well as many others that oc-
curred in Western Europe at the same time remained unknown. Taking into ac-
count consequences, including loss of human lives and endangerment of ecosys-
tem sustainability, discovering of the forest fires causes is the very significant 
question. The heliocentric hypothesis has indirectly been tested, according to 
which charged particles are a possible cause of forest fires. We must point out that 
it was not possible to verify whether in this specific case the particles by reaching 
the ground and burning the plant mass create the initial phase of the formation of 
the flame. Therefore, we have tried to determine whether during the critical peri-
od, i.e. from 15–19 June there is a certain statistical connection between certain 
parameters of the solar wind and meteorological elements. Based on the 2 hourly 
values of the charged particles flow, a correlation analysis was performed with 
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hourly values of individual meteorological elements including time lag at Monte 
Real station. The application of the Adaptive Neuro Fuzzy Inference System mod-
els has shown that there is a high degree of connection between the flow of pro-
tons and the analysed meteorological elements in Portugal. However, further veri-
fication of this hypothesis requires further laboratory testing (Radovanović et al. 
2019). 

 
5. CONCLUSION 

     
In this paper we present activities of Serbian scientists in the Europlanet. We 

describe two Europlanet workshops organized in the Petnica Science Center: "Ge-
ology and geophysics of the solar system bodies" and “Integrations of satellite and 
ground-based observations and multi-disciplinarity in research and prediction of 
different types of hazards in Solar system” that occurred in 2018 and 2019, respec-
tively, and the Europlanet session during XII Serbian-Bulgarian Astronomical 
Conference that occurred in Sokobanja 2020. In addition, we present other activi-
ties that were primarily aimed at connecting SEG members coming from six insti-
tutions as well as the promotion of the Europlanet and ESEEH organizations. Sev-
eral studies relevant for the Europlanet research fields are presented in the second 
part of this paper. 
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Abstract 
 

Last year COST celebrated 50 years of the existence and successful networking 
activities. Although it does not finance the research itself, it already has become an 
inevitable part of each European country�s community of researchers and 
innovators since it is devoted to both excellence and widening priorities of 
European Research Area. Here, we have briefly analyzed data of Serbian 
participation in COST Actions by tackling the issues of the rate and extent of 
involvement, presenting its interdisciplinary, organization of info-days and some 
success stories such as chairing the Actions. 

 
Introduction 

 
The European Cooperation in Science and Technology (COST) is the oldest 

intergovernmental funding organization in Europe created in the year 1971 with the 
aim to establish the research networks among scientists and innovators across 
Europe. Among 19 founding countries at that time there was Yugoslavia, whose 
researchers took active role in projects called Actions. In 2001, June 7th, Serbia 
(Federal Republic of Yugoslavia) rejoins COST and nowadays is one of 40 
member countries together with one cooperating country that all form COST 
Association. Average number of countries participating in one Action was between 
8 and 12 in the period of the first 20 years of COST establishment. Since then, this 
number is growing every year hitting the value of 31 and it is assumed to grow 
further in the forthcoming years (COST Brochure 2021). 

COST organization experienced several transformations during its long history. 
It was established prior the start of Framework programs (FP), the first FP covering 
three years from 1984 to 1987. European Science Foundation, ESF, was an 
implementing agency via which EU financed COST organization from 2003 
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(Milutinovi  2006). After the end of the 7th FP (2007-2013) and on the beginning 
of the Horizon 2020 (2014-2020), COST organization became COST Association, 
an entity functioning under Belgian law and directly financed by EU via Special 
Agreement. At the end of 2021 there were 289 running Actions, Serbian 
researchers participated in 93.8% (271) of them. In an Open Call for 2021 there 
were 22 638 proposers, among them 451 from Serbia, out of which 278 (61.6%) 
are female and 150 (33.3%) young researchers (COST Statistics 2021). They are 
called secondary proposers and they have a priority in the nomination for 
Management Committee (MC) of Action which has decision powers for governing 
of the COST Action in order to implement activities and manage the budget in the 
view of achieving the Action objectives. 

Main decision body of COST Association is the COST Committee of Senior 
Officials (CSO) that forms the general assembly in which every country has two 
representative members. The COST National Coordinators (CNC) are the national 
contact points and they are responsible to appoint the national MC members to 
COST Actions. The COST Scientific Committee (SC) advises the COST 
Association about the Open Call, the procedures related to the submission, 
evaluation, and selection of proposals and it conducts the monitoring and final 
assessment of COST Actions. Serbian CNCs and CSO members were Prof. Dr 
Dragan Milutinovi  (2001-2006), Prof. Dr Biljana D. Stojanovi  (2006-2014), 
Prof. Dr Goran S. or evi  (2014-2015), Dr Bratislav P. Marinkovi  (2015-2021). 
At present Serbian CNC is Dr Zoran Miji , CSO members are Dr B. P. Marinkovi  
and Ms �eljka Duki . Members of the SC are Prof. Dr Jovanka Levi  (2013-2017) 
and Prof. Dr Viktor Nedovi  (2017-present). 

 
COST info-days and COST connect events 
 

A number of info-days have been organized in Serbia, where distinguished 
guests from COST have been participating, while the attendance of Serbian 
researchers always has been above 100 participants. These info-days have been 
always organized with the support of Ministry for Education, Science and 
Technological Development. The first info-day was organized by Prof. Dr Dragan 
Milutinovi  on 13th September 2001 with more than 300 participants. Mr Gösta 
Diehl, chairman of CSO, and Mr Erwin van Rij, head of COST Secretariat at the 
Commission of EU, visited �Vin a� institute and gave a presentation to an 
assembly of interested scientists at the Faculty of Mechanical Engineering 
(Milutinovi  2006). On 14th March 2007 an info-day was organized by Prof. Dr. 
Biljana Stojanovi  (CNC and CSO member) and Ms Jasmina Milenkovi  (CSO 
member). At this occasion a high delegation from COST was present: Prof. Dr 
Francesco Fedi, COST CSO President, Dr Martin Grabert, Director of COST office 
and Mr Peippo, Head of COST Secretariat-Council of the European Union. On 
September 2nd 2009 Prof. Dr Biljana Stojanovi  organized a seccesful info-day at 
which Prof. Dr. John G. Bartzis, Vice-President of CSO gave a lecture entitled 
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�COST: Past, Present and Future�. On 25th March 2015, an info-day was organized 
with guests from COST, Dr. Ángeles Rodriguez-Peña, COST President and Ms 
Katalin Alföldi, Policy officer for excellence and inclusiveness of COST 
programme. The Serbian representation in 245 COST Actions within 9 Domains 
was summarized by Prof. Dr. Goran or evi , while the participant�s experience 
was shared by Dr. Bratislav Marinkovi . During the info-day on 23rd March 2018 
Acad. Sierd Cloetingh, COST President, Prof. Eva Kondorosi, Vice President of 
ERC and Chair of the Working Group on Widening European Participation, Mr 
Bart Veys, Policy officer and Mr Christer Halen, Policy administrator gave talks on 
COST, while Dr. Bratislav Marinkovi , Prof. Dr. Zorica Srdjevi  and Prof. Dr. 
Slobodan Cveji  presented Serbian experience in COST (https://mpn.gov.rs/vesti/u-
rektoratu-univerziteta-u-beogradu-odrzan-cost-info-dan/ ). 

On 10th October 2018 �COST Connect event� on Sustainable Energy in the 
Danube Region was held in Belgrade, organized by COST members Dr Ronald de 
Bruin, COST Director, Mr Bart Veys, Policy officer and Dr Elwin Reimink, Data 
and impact analysis officer, while the Serbian delegation was led by Prof. Dr 
Viktor Nedovi , State secretary, Ms �eljka Duki , CSO member and Dr Bratislav 
Marinkovi , CNC and CSO member (https://mpn.gov.rs/vesti/u-beogradu-odrzana-
konferencija-cost-connect/ ). COST Connect is a thematic event that brings COST 
Actions, policymakers and stakeholders together to exchange their ideas. 

The info-day held on 29th March 2019 brought COST delegation (Dr Ronald de 
Bruin, Dr Elwin Reimink and Mr Christer Halen) in Belgrade. This info-day was 
combined with the presentations of Marie Sk odowska-Curie Actions, EURAXESS 
Serbia and EIT-Climate-KIC, European Institute of Innovation & Technology, 
while Serbian experience in COST was shared by Prof. Dr Bojan Blagojevi  from 
Faculty of Agriculture and Chair of COST Action CA18105 and by Dr Tijana 
Lainovi  from Medical Faculty, School of Dentistry, University of Novi Sad, MC 
member of COST Action CA16124. There was a large interest for this info-day at 
which 146 researchers participated. 

 
Chairing COST Actions 
 

The very first Chair of one COST Action was Prof. Dr Biljana Stojanovi  from 
the Institute for Multidisciplinary Research, University of Belgrade. She proposed 
the consorcium and chaired the Action 539 - Electroceramics from Nanopowders 
Produced by Innovative Methods (ELENA) which main objective was to improve 
the physical and electronic properties of advanced electroceramics and thick films 
produced by chemical, physical and mechanical synthesis techniques focusing on 
the polymeric precursors, sol-gel, spray pyrolysis, microemulsion, ultrasonic and 
freezedrying methods (Stojanovi  2009). The Action started in 2005 and ended in 
2009 with total number of 22 member and 6 non-COST countries involved. During 
the life of the Action there were organized 7 MC meetings, 11 working group 
(WG) meetings, 35 Short-term scientific missions (STMS), 7 Workshops and 2 
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Training Schools. More than 300 publications were published, while at the 
conferences more than 150 contributions were presented (Stojanovi  2009). 

During the first open call in 2018 the proposal by Prof. Dr Bojan Blagojevi  
was successful and COST Action CA18105 - Risk-based meat inspection and 
integrated meat safety assurance (RIBMINS) was approved. The Action started in 
2019 with the main aim to combine and strengthen European-wide research efforts 
on modern meat safety control systems. It will last till 2023, it is organized in 5 
WG with researchers from 35 countries. This was the first time when Serbian 
institution holds a position of a Grant Holder. 

The open call in 2019 was very productive, 3 of 45 Actions were approved in 
which the main proposer was from Serbia. Those Actions are: CA19110 - Plasma 
applications for smart and sustainable agriculture (PlAgri) with Dr Nevena Pua  
from the Institute of Physics Belgrade as a Chair; CA19128 Pan-European 
Network for Climate Adaptive Forest Restoration and Reforestation (PEN-
CAFoRR) chaired by Prof Vladan Iveti , Faculty of Forestry, University of 
Belgrade; CA19135 Connecting Education and Research Communities for an 
Innovative Resource Aware Society (CERCIRAS) chaired by Dr Gordana Raki , 
Faculty of Sciences, University of Novi Sad. These Actions started in 2020 and 
will last 4 years. 

The open call in 2020 brought one chairing position for Serbian scientist. It is 
the Action CA20108 FAIR NEtwork of micrometeorological measurements 
(FAIRNESS) proposed by Dr Branislava Lali  from Faculty of Agriculture, 
University of Novi Sad. The action intends to improve standardization and 
integration between databases/sets of micrometeorological measurements that are 
part of research projects or local/regional observational networks established for 
special purposes (agrometeorology, urban microclimate monitoring). 

 
Success stories highlighted in the booklet on COST 50 years 
 

One of the COST success stories is the Action TD1308 - Origins and evolution 
of life on Earth and in the Universe (ORIGINS). Prof. Didier Queloz, a member of 
this Action received Nobel prize in Physics in 2019 for discovery of �an exoplanet 
orbiting a solar-type star�. Serbian representatives in this Action that lasted from 
May 2014 till May 2018 were Prof. Dr Zorica Svir ev from University of Novi 
Sad, Faculty of Sciences and Dr Branislav Vukoti  from Astronomical Observatory 
Belgrade. 

In the special edition of COST booklet �50 years of research networks� (COST 
Brochure 2021) an article named �Doors Opening Across Europe Thanks to Tree 
Talk� highlights the research of Prof. Dr Sa�a Orlovi , at the Faculty of Agriculture 
and Head of the Institute of Lowland Forestry and Environment at the University 
of Novi Sad and Dr Dejan Stojanovi , also at the Institute of Lowland Forestry and 
Environment. In the article it has been pointed out how cross border collaboration 
is helping scientists in Serbia to open the doors of cooperation with their colleagues 
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around Europe. Prof. Dr Sa�a Orlovi  is a very active participant in COST Actions, 
being either MC member or MC substitue in nine past Actions (E42, E47, E52, 
FP0903, FP1106, FP1201, FP1204, ES1308, FP1403) and two running Actions 
(CA18134 and CA18201). 

A testimony by Goran Tmu�i , PhD student and research assistant at the Faculty 
of Sciences of the University of Novi Sad has been recorded by mentioning his 
experience as a participant of the COST Action CA16219 - Harmonization of UAS 
techniques for agricultural and natural ecosystems monitoring 
(https://50years.cost.eu/stories/goran-tmusic/ ). Member of MC of the Action 
CA16219 are Prof. Dr. Jasna Plav�i  from the Faculty of Civil Engineering, 
University of Belgrade and Dr. Jugoslav Jokovi  from the Faculty of Electronic 
Engineering, University of Ni�. 

The statement of Dr Ana Milojevi  from the Faculty of Political Sciences, 
University of Belgrade was posted at the COST website on the occasion of 50 
years celebration: �All COST Actions are about getting people together. I 
collaborated with many excellent scholars, which I believe is one of the strongest 
points of COST�. Dr Ana Milojevi  is MC member of CA17132 and MC substitute 
of IS1308 Action. 

 
Analysis of Serbian participation in COST Actions 
 

Involvement of Serbian researchers in COST Actions is constantly increasing as 
well as their share of total COST budget that is covering their activities. In 2020, 
Serbia participated in 270 Actions out of 291 Actions running at any time of the 
year (92.8%). In 2020, a total of 243 participants from Serbia were reimbursed by 
COST for their participation in COST Action networking activities (meetings, 
STSM, Training Schools) and our share in relation to the total budget of the 
Actions was 4.8% (in 2018 and 2019 these shares were 3.6%). In 2020, 58 
participants from Serbia were involved in STSM, 34 trainees and 5 trainers were 
involved in Training Schools. There were also 12 Conference Grant participants 
from Serbia. In 2020, 45% of the participants from Serbia in networking activities 
holding a PhD were Early Career Investigators (ECI up to 8 years after obtaining 
PhD), while the average for all COST countries was 25% (COST Statistics 2021). 
However, the absolute figures for 2020 when compared to 2019 are significantly 
lower what is the consequence of covid-19 pandemic situation that reflected 
strongly on network activities. 

Currently we are undergoing the statistical analysis of Serbian participation in 
COST Actions trying to achieve the how many of Serbian researchers and 
innovators have been participating in COST, how many of them have been in MC 
or at some other leading positions such as vice-chairs, WG leaders, STSM, grant 
awarding or science communication coordinators and Grant holder representatives. 

The Actions that were approved in 2014 and before were distributed across 
different domains, each domain was covered by domain committee which could 
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approve certain number of Actions in proportion of the number of proposals. On 
the 163rd CSO meeting in Reading, UK, in November 2005 a decision of major 
restructuring of COST was taken. From June 2006 till 2014 there were 9 domains: 
Biomedicine and Molecular Biosciences (BMBS), Chemistry and Molecular 
Sciences and Technologies (CMST), Earth System Science and Environmental 
Management (ESSEM), Food and Agriculture (FA), Forests, their Products and 
Services (FPS), Information & Communication Technologies (ICT), Individuals, 
Society, Culture and Health (ISCH), Materials, Physical and Nanosciences 
(MPNS), Transport and Urban Development (TUD) and one Transdisciplinary 
Domain (TD). At that time, Serbia country rate participation in COST Actions was 
21.9% out of 228 running Actions any time of the year (Annual Report 2006). The 
participation rates were 30.6% (of 222) (Annual Report 2007), 33.2% (out of 238) 
(Annual Report 2008), 32.2% (out of 255) in 2007, 2008 and 2009, respectively. In 
2010 the percentage was 42% (Annual Report 2010). Participation of Serbian 
researchers was gradually but thoroughly increasing during the years: 50% of 301 
Actions in 2012; 56% of 349 in 2013; 66% of 370 in 2014; 74% of 347 in 2015; 
81% of 352 in 2016; 83% of 339 in 2017; 89% of 291 in 2018 and 92% of 292 in 
2019 (COST Statistics 2020). 

 
Interdisciplinary in COST research 
 

Analysis of interdisciplinary of COST Actions is carried out in the view of 6 
main OECD scientific fields, each field consists of several subfields. It covers the 
Actions from the period of open calls 2015-1 till the 2020-1. The summary result is 
given in Fig. 1. On the graph the first columns in blue represent data from the 7 
open calls (2015-2018) while the second columns in grey are those from all 9 open 
calls (2015-2020). The methodology of representing data is the same as presented 
in (Marinkovi  2019). In every Memorandum of Understanding (MoU) it is 
mandatory to state to which scientific field and subfield the Action belongs to. 
Those data have been aggregated for each open call and results have been 
presented by the SC and COST data analysts. If the degree of interdisciplinarity of 
the proposals have been measured based on the key expertise defined in OECD 
Fields of Science and Technology (OECD DSTI/EAS/STP/NESTI(2006)19/ 
FINAL Document, 2007) selected by the main proposers when submitting the 
proposal, then the results show that almost half of all proposals are 
interdisciplinary, covering two, three or more disciplines. This interdisciplinary 
degree persists in COST open calls. 
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Fig. 1. Distribution of 6 main OECD scientific fields among Serbian research 
community in period 2015-2020: a) percentages; b) numbers in the first columns 
(blue) represent data from the 7 open calls (2015-2018), while the second columns 
(grey) are those from all 9 open calls (2015-2020). 
 
Conclusions 

 
Serbian participation in COST activities is significantly growing. We are taking 

part almost in all new Actions, e.g., in 39 out of 40 Actions launched in the latest 
open call OC-2020-1. That is showing the versatility of Serbian science and also its 
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incorporation into European Research Area (ERA). But it also shows that there are 
not enough national programs and calls that support research community. During 
covid-19 pandemic time (years 2020 and 2021) many traditional ways of research 
have changed and been transformed to adopt more distant access to facilities and 
networking. Also COST, on April 2021, launched new Virtual Networking Tools 
(VTNs) with two novel instruments, the Virtual Networking Support (VNS) Grant 
in order to stimulate virtual collaboration among the members of a COST Action, 
and the Virtual Mobility (VM) Grant(s) for strengthening the individual activities. 
The rules and principles related to the submission, running and monitoring COST 
Actions have been recently simplified together with the guidelines for COST 
Action Proposal Submission, Evaluation, Selection and Approval documentation 
(COST Documents and Guidelines 2022). Accordingly, the national rules for 
joining and proposing new Actions have changed. All changes have been presented 
at the national COST webpages (http://mail.ipb.ac.rs/~ncc-serbia/). The procedure 
for applying for the MC position can be finished by direct upload of the required 
documents via dedicated link (https://survey.ipb.ac.rs/index.php/666713?lang=sr). 
The great challenge is ahead our COST and research and innovation community to 
make a participation in new 70 Actions that are envisaged to be approved at the 
end of May 2022, together with the new 70 Actions within newest call OC-2022-1 
that will be closed on 22nd October 2022. On the same time, it will be a great 
opportunity for Serbian science to be more extensively integrated in ERA. 
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Abstract 
 

COST (European Cooperation in Science and Technology) provides researchers 
and innovators access to the top scientific and technology networks in Europe and 
beyond. In order to increase Europe's capacity to solve scientific, technical, and 
social concerns it connects academics and innovators by providing funding for 
excellence-driven and multidisciplinary pan-European networks (COST Actions). 
Each Action is managed by a Management Committee composed of COST 
Member representatives. In this paper the basic analysis of Serbian representatives 
in active COST Actions is presented. 

 
Introduction 

 
COST Actions are open, bottom-up networks of researchers and innovators that 

facilitate pan-European collaboration in a range of scientific and technological 
domains (Marinkovi , 2019). COST Action proposals are evaluated on the basis of 
excellence and can be submitted via an open call procedure. Participants at various 
stages of their careers collaborate in a field of science and technology of mutual 
interest to at least seven COST Full Members. The number of countries per Action 
has increased by 27% in the last seven years, mostly as a result of more 
Inclusiveness Target Countries (ITCs) joining COST Actions. 

COST Action is managed by a Management Committee (Action MC) composed 
of Action MC Members (COST documents guideline, 2021). The COST National 
Coordinators (CNCs) is the national contact point in the COST Member 
responsible for the nomination in the Action MC. The selection of maxima two MC 
members per Action representing the COST Member state is based on national 
rules and procedures. Following the good practice, the consultation from Action 
Main Proposer/Chair prior nomination of MC is required to ensure that the profile 
of the proposed Action MC Member matches the aims and objectives of the COST 
Action and, where possible, brings diversity and interdisciplinarity in the Action 
MC. 
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An Action starts officially on the date of the first Action MC meeting (MC1) 
that should take place not earlier than 4 months and not later than 9 months after 
COST Committee of Senior Officials (CSO - main decision body of COST 
Association) approval. 

Before the start of the Action, nominated persons will automatically become 
Action MC Members, but after the Action MC1 meeting, new Action MC 
Members must be validated by the Action MC. Validation occurs implicitly, that is, 
without any action on the part of the Action MC. An Action MC decision, on the 
other hand, might clearly approve or reject the nomination. The refusal must be 
supported by a formal reason submitted within four weeks of the nomination. If no 
express rejection decision is made within four weeks following nomination, the 
nomination is confirmed (Annotated Rules for COST actions, 2021). 

The Action MC Members should actively participate to the work of at least one 
Working Group (WG) and represent their COST Member community in order to 
coordinate the input to the Action and disseminate opportunities arising within the 
Action at national level. The basic information and data related to the Serbian 
representatives in active Actions are presented below.  

 
Statistics of MC members from Serbia 
 

The official data obtained by COST Association in May 2022 provide the 
information on nomination and MC member�s statistics for all COST Members 
(COST statistics, 2022). Fig 1. depicts the average days needed for MC member 
nomination (for Action secondary proposers) after the official CSO approval. 
Serbia, with 61 days needed for nomination, is in the middle range with respect to 
all other countries.  

 
Fig. 1. Days between CSO approval and MC delegate nomination for Actions 
proposers. 
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On the other hand 123 days in average is needed for nominations of non-secondary 
proposers (Fig 2.) indicating the necessity to improve the information sharing on 
new Actions approval and promotion of benefits for non-secondary proposers to 
join COST Actions. 

 
Fig. 2. Days between CSO approval and MC delegate nomination for Actions non-
proposers. 
 
The percentage of the nominated MC members at least 1 month before the MC1 
meeting is 88.2% for secondary proposers (Fig. 3) and 52.6% for non-proposers 
(Fig. 4).  

 
Fig. 3. Percentage of proposers nominated at least 1 month before the first 
Management Committee meeting. 
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Fig. 4. Percentage of non-proposers nominated at least 1 month before the first 
Management Committee meeting. 
 
 

 

 
Fig. 5. Percentage of nominated MC Members already active in another Action. 
 
According to the national rule one researcher can participate as MC Member in two 
active Actions. Such restriction aims to stimulate researcher, especially younger 
researchers coming from wider scientific community, for joining COST activities 
by taking one of the leading positions. As a result 16.9% of nominated MC 
Members are already active in another Action (Fig. 5) allowing pretty high 
opportunity for other researcher to take an active role. Equal access to leadership 
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positions, notably with regard to empowerment of young researchers and 
innovators (researcher or innovator under the age of 40) is one of the key 
component of The Openness and Inclusiveness COST Principle (The COST 
Mission, 2021). Serbia, with 46.5% relative mobilization of younger researchers is 
the leading country in this domain.  
 

 
Fig. 6. Relative mobilization of younger researchers. 
 
In addition, gender balance is regarded as an important component of COST's aim 
to being open and accessible to all categories of researchers. It is consistently 
emphasized as an essential aspect for COST Actions while organizing their 
activities. 54.9% of MC members from Serbia are females showing that Serbia 
reaches pretty fair gender balance (Fig. 7). 
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Fig. 7. Percentage of female MC Members. 
 
Conclusions 

 
COST Association provides nomination and MC statistics annually for each 

country participating in active Actions. Since the nomination procedure and 
collaborative potential for joining COST Actions are specific for each country 
there are no common target values which should be achieved, but rather 
recommendations. The obtained parameters should be useful for national COST 
office and CNC as indicators what kind of the procedures could be improved in 
order to attract more participants assuring effective networking activities. Although 
MC members from Serbia have already significant involvement in COST Actions, 
national COST office constantly works on improvement of the national nomination 
procedures. Dedicated national web site and online application form (Serbian 
COST office, 2022) is expected to further accelerate and facilitate the MC 
nomination procedure. 
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Abstract

Intense radiation can generate additional ionization in the Earth’s atmo-
sphere and change its structure. This extreme solar radiation and activity create 
sudden ionospheric disturbances and consequently affect electronic equipment 
on the ground and signals from space, potentially induce various natural disas-

our study, on few examples, of sudden ionospheric disturbances induced by the 

model computation is used to obtain the daytime atmosphere parameters induced 
by this extreme solar radiation. We analyzed in details physics of the D-region 

give perturbed ionospheric D-region simple approximative formula for electron 
density.

observations; solar radiation; Sun activity; atmosphere; disturbanc-
es; dataset; modeling, sustainable development 

In today’s science, special attention is paid to the extreme weather events, 

as important for sustainable development in our century. Consequently, a very 
important question nowadays in modern society is - can we predict the magni-

-
plex, and the answer is not so simple. By analysis we cannot with certainty pre-



dict the event itself but we can statistically estimate the consequences of these 
explosive events on ionospheric parameters, perhaps predict dam-age to elec-
tronic equipment, predict disruption of GPS, etc. 

Ionosphere as a huge segment of atmosphere has a tendency to be con-
stantly separated in different regions D, E, and F, with different physical char-
acteristics and chemistry (Brasseur & Solomon, 2005; Mitra, 1974; Nicolet & 

consequently during sudden ionospheric disturbances (SID) events the increase 
of the ionospheric electron concentration at all altitudes is noticeable. As a re-
sult of radiation effects, the solar-induced SID and plasma irregularities causes 
perturbations in the received amplitude and phase of Very Low Frequency (VLF 
in narrow band 3 -30 kHz) radio signals - in narrow band 3 -30 kHz- mainly in 
the D region which is located between the Earth’s lower atmosphere with dense 
air and its strongly conducting ionosphere. Nowadays, special attention is paid 
to the extreme weather events, climate change, preservation and protection, be-

century. Consequently, a very important question in modern society is can we 

on the Earth, humans, electronic equipment and on nature generally and can we 
estimate the consequence of these catastrophic events?

In this contribution we focus on amplitude and phase data of worldwide 
transmitters of radio signals recorded by Belgrade VLF stations (Scherrer et al., 

of receivers. For these events, VLF wave enhancements are measured and ana-
lyzed for the daytime atmosphere. Our research aims to improve the knowledge 
on the importance of extreme events and space weather for the overall sustain-
able development.

In this research we have studied the amplitude (A) and phase (P) data, 
obtained by monitoring VLF radio signals emitted by worldwide transmitters 
during solar-induced SIDs. All the data were registered by receiver systems at a 
Belgrade site. The receivers can simultaneously record several signals emitted 

frequencies. The time resolution of the recorded data can be in range from 0.001 



to 1 s, which is applicable for detection of various SIDs from very short-term 
disturbances lasting several ms to very long perturbation. The technicalities and 

Here we present the study of sudden ionospheric disturbances induced by 
-

ried out simultaneously with the examination of the correlative incoming solar 

(GOES) (Garcia, 1994). For our study the most important are registered data of 

In the presence of SIDs, a standard numerical procedure for the estimation 
of plasma parameters is based on comparison of the recorded changes of ampli-
tude and phase with the matching values acquired in simulations by the Long-
Wave Propagation Capability (LWPC) numerical software package (Ferguson, 

Figure 1. Observed amplitude perturbations on GQD, radio signals measured 
at Belgrade and calculated one.  (middle panel) Observed and calculated phase 

perturbations. (lower panel) Time variation of X-ray irradiance measured by GOES-

phase of GQD/22.10 signal against universal time during occurrence of M3.7 class 



M3.7 class SF occurred on 09 Sep 2017 is an illustrative example of long 
lasting intense solar radiation (~ 60 min) which induced SID and caused vari-
ation in VLF signal. Also, this example is good for showing the methodology 

amplitude and phase of GQD/22.10 kHz signals against universal time during 
occurrence of  M3.7 class SF on 09 Sep 2017. Lower panel shows observed 
amplitude perturbations on GQD, radio signals measured at Belgrade station 
with calculated values (red line), and in the middle panel there are presented 
observed and calculated phase perturbations (red line). Time variation of X-ray 

can see that shapes VLF signal parameters are stretched and similar to the shape 

modeling (Wait and Spies, 1964) is given by:

         
13 -3( , ', ) 1.43 10 exp( 0.15 ') exp[( 0.15) ( ')]    meN h H H h H    (1)

where  in km  is time-dependent parameters of sharpness and H’ a reference 
height in km. Here  and h are given in m-3 and km, respectively. Elec-
tron densities can be obtained from the observed amplitude and phase perturba-

simulated amplitude and phase (using LWPC code) match with observed data. 
In this way, the obtained Wait’s parameters  and H’ can be used in Equation (1) 
for further simulations.



from lower to upper panel, respectively.

In Figure 2 calculated parameters are shown: time dependent effective re-

respectively.

To enable the better and more adequate use of data, we give electron den-

squares method, which is logarithmic and represented by a second-degree poly-

      2
1 2 3log ( , ) a ( ) a ( ) log a ( ) (log )Ne h Ix h h Ix h Ix                 (2)

-2), and h is height (km). 

-
lite, and the corresponding electron density evaluated at reference height 74 km 



circles are presented Ne obtained by the mentioned above method Eq. (1). For 

of magnitude.

corresponding electron density evaluated at reference height 74 km versus universal 

obtained using simple and accurate formula (2) based on a least-squares method. With 
circles are presented Ne obtained by the mentioned above method.

CONCLUSION

explosive events is analyzed. The VLF radio data and important ionosphere pa-

can be noticed that the intense solar radiation, namely solar extreme events lead 
to an increased electron production rate and can increase electron density up to 



-
plitude and phase VLF signal. Also, we give a simple approximative and accu-

and also for perturbed D-region.

investigation solar-terrestrial coupling processes and detecting and analyzing 
space weather phenomena such as solar explosive events. This study advances 
knowledge about the extreme radiation, as an undoubted requirement for under-
standing space weather and sustainable development.

Notably, the data and its complexity in analysis and research of D region 
and space weather highlight the interdisciplinary nature of study. 
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INTRODUCTION
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University of Montenegro, Ss. Cyril and Methodius University from Skopje, 
University of Banja Luka and University of Sarajevo.

The conference was attended by a large number of renowned 
participants sharing the results of their research, ideas and achievements 
related to the burning issues in the field of geophysics, environmental 
modeling, air pollution, greenhouse effect, global warming, climate change, 
radiation and the environment, energy efficiency and sustainable 
development, environmental physics and education.

There were 32 papers for the presentation at the conference: 17 
papers from abroad and 15 from Serbia. 

Plenary presentations were given by:

Mathematics, Podgorica, Montenegro;
Lambe Barandovski, Ss. Cyril and Methodius University, Faculty of 
Natural Sciences and Mathematics, Skopje, North Macedonia;
Vanja Rad
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Robert Repnik, University of Maribor, Faculty of Natural Sciences and 
Mathematics, Maribor, Slovenia;

al 
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Diana Mance, University of Rijeka, Department of Physics, Rijeka, 
Croatia;
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Abstract. One of the largest healthcare issues is the emergence of allergies, which is 
frequently triggered by pollen particles. Inhaled pollen grains released by trees, grasses, and 
ragweed are the most significant risk factors for developing asthma. Establishing a forecasting 
system with the objective to issue early warnings for high concentration pollen episodes is of 
particular interest but still challenging task. Over the last decade several pollen models have 
been developed to predict the atmospheric pollen process. In this study the characteristics of 
newly developed physically-based numerical pollen model PREAM (Pollen Regional 
Atmospheric Model) is presented. The potential of the model to correctly mimic extreme 
pollen events in Melbourne, Australia will be demonstrated.

Keywords: pollen, numerical simulation, forecasting

INTRODUCTION

More than 300 million people worldwide have asthma [1] resulting, at the global scale, 
in approximately 180,000 deaths annually, most of which are preventable. Approximately 
50% of adults and 90% of children with asthma had an allergic form of the disease [2]. The 
allergy occurrence is often caused by pollen and has today increased to such an extent that 
is regarded as one of the major current healthcare problems. The strongest risk factors for 
developing asthma are inhaled substances and particles that may provoke allergic reactions; 
pollen grains emitted by trees, grasses, and ragweed are among the most commonly present 
particles. The pollen dispersion process is mainly driven by atmospheric conditions. It starts 
with the pollen emission which depends on plant phenology, the diurnal plant physiological 
cycle, and on near-surface atmospheric conditions. When a plant reaches the pollination 
period, pollen emission is triggered by sufficiently strong near-ground turbulence associated 
often with stormy weather. Emitted pollen is then dispersed by vertical air mixing and by 
free-atmospheric horizontal transport. In the final phase of the pollen atmospheric process, 
pollen grains settle down to the Earth surface by wet deposition (due to precipitation) and 
by dry deposition (due to gravity and near-surface turbulence). In order to predict and/or 
study the atmospheric pollen process, several pollen numerical models have been developed 
over the last decade: e.g., SILAM, COSMO-ART models [3,4]. Of particular interest is the 
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question whether models can predict extreme pollen episodes generated by thunderstorm 
processes which can affect human health dangerously. Thunderstorm-cased asthma, usually 
called 'thunderstorm asthma' (TA) is a striking event in which patients could experience 
life-threatening asthma attacks caused by extreme numbers of pollen grains [5]. During 
thunderstorms, a local-to-mesoscale atmospheric circulation usually generates formation of 
a cold-air downburst with strong surface winds, associated with a cold-air outflow front. If 
a thunderstorm occurs during a pollen season, favorable conditions for intense pollen uptake 
and transport (such as convection, cold-air outflow) are fulfilled.

The objective of this study is to examine the capacity of the PREAM (Pollen Regional 
Atmospheric Model) pollen model to predict excessive TA events such as the Melbourne 
case. PREAM is a version of the DREAM regional dust aerosol atmospheric model [6]
modified in our study to predict pollen dispersion. It is an online model driven by the 
atmospheric NCEP WRF Nonhydrostatic Mesoscale Model, referred onwards as WRF-
NMM and developed to be easily applicable over different geographical domains and with 
arbitrary spatial resolution.

METHODOLOGY

The atmospheric WRF-NMM model component has prognostic variables distributed 
horizontally over the Arakawa semi-staggered E-grid. In the vertical, the terrain-following 
hybrid pressure-sigma coordinate is used. The atmospheric large-scale transport is based on 
the horizontal advection numerical scheme which preserves energy and enstrophy. The non-
hydrostatic atmospheric processes, becoming important for horizontal scales finer than 
approximately 10 km, are introduced in the model through an add-on non-hydrostatic 
module that can be turned on/off, depending on the resolution. The vertical diffusion is 
handled by the surface layer scheme and by the turbulence scheme. For horizontal transport 
of positive-definite scalars, the WRF-NMM mass conservative positive-definite advection 
scheme is used which permits no formation of new false concentration maxima and reduces 
to a minimum the numerical dispersion. The scheme is applied for the horizontal advection 
of pollen concentration, specific humidity, and cloud water and turbulence kinetic energy.

PREAM simulates all major components of atmospheric pollen processes such as 
emission, horizontal and vertical turbulent mixing, long-range transport and pollen wet and 
dry deposition. It numerically solves the following Euler-based pollen mass conservation 
equation:

(1)

Here, C is the pollen concentration; u, v and w are horizontal and vertical velocity 
components; vg is the pollen gravitation settling velocity; is the horizontal gradient 
operator; KH and KV are the lateral and vertical mixing coefficients; subscripts SR and SN 
indicate pollen sources and sinks, respectively. During the model integration, the 
calculation of a pollen grain emission is made over model grid-point cells declared as pollen 
potential sources. Once emitted into the atmosphere, the pollen aerosol is driven by 
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turbulent vertical mixing, by horizontal and vertical advection and by deposition processes.
The parameterization of the pollen source is based on the WRF-NMM approach of mass 
emissions from the surface-atmosphere interface. The emission is dependent on the near-
surface turbulent state and its level intensity is regulated by a thin viscous sub-layer inserted 
between the model surface and the first model layer [7].

The dry deposition of pollen is parameterized following the scheme including
gravitational settling, Brownian and turbulent deposition at the air-surface interface, and 
interception and impaction at the surface roughness elements [6]. The scheme takes into 
account properties of the depositing particles (size, density), features of the depositing 
surfaces (roughness, land cover, land texture) and conditions of the lower atmosphere.
Different parameterizations are used for the following two groups of surfaces: a) bare soil, 
ice and sea, and b) land covered by vegetation. The wet removal of the concentration by 
precipitation is predicted by the atmospheric model where at each model time step the 
removal is calculated using a constant washout parameter [7].

RESULTS AND DISCUSSION

Following the objective of our study to examine the capability of the pollen model to 
predict extreme thunderstorm asthma conditions such as the 2016 Melbourne event, we 
specify the model domain to cover the south-western part of Australia. In the vertical, there 
are 28 model levels spanning from the surface to 50 hPa. The horizontal resolution is set to 
1/20 deg, leading to approximately 8 km grid distance within the model domain. With this, 
vertical velocities originating from the non-hydrostatic dynamics are enhanced and the 

18 s. The pollen advection and lateral diffusion are computed every 2 time steps, the pollen 
emission and vertical diffusion are updated every 4 time steps, and the convection and large 
scale precipitation are calculated every 8 time steps. The model was run over the period 14-
22 November 2016. The initial and boundary conditions for the atmospheric model part are 
specified using weather prediction parameters of the ECMWF global model.  Since there 
are no satisfactory three-dimensional pollen concentration observations to be assimilated, 
the initial state of pollen concentration in the model is defined by the 24-hour forecast from 

November 2016 the initial pollen concentration was set to zero. The geographical 
distribution of potential sources of grass pollen was represented using the Australian Land 
Use and Management (ALUM) classification data (ABARES, 2017) at 50 m horizontal 
resolution.

The model accurately predicted the cold front passage over Melbourne and the surface 
pollen counts combined with 10 m wind streamlines (Figure 1). The model confirms that 
northerly winds associated with the cold front lifted the pollen from the pastures near 
Melbourne. Hot dry northerly winds at 16:00ADT contributed to increased airborne pollen 
concentration. Cold air downdraft circulation brought pollen down to the ground level. A 
mixture of humid air and high airborne pollen concentration approaching Melbourne is 
considered to be a cause for pollen grains rupturing which made them easier to penetrate 
deep into the lower human lung airways. However, the current PREAM model version does 
not yet parameterize pollen grain rupturing process. During the TA event in the wider 
Melbourne area, thousands of patients with respiratory distress asked for medical assistance.
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Figure 1. Model predictions at 20 ADT on 21 November 2016. The model near-surface horizontal 
wind convergence indicating the movement of the thunderstorms (left); the model surface pollen 

concentration (right)

Figure 3 shows the time evolution of predicted and observed pollen concentrations 
during the Melbourne TA event. Grass pollen concentrations are daily averages observed at 
the University of Melbourne, Parkville site during 16-27 November. The available daily-
averaged measurements [8] indicate occurrence of a weaker pollen event during 16-17 
November. The model simulated this pollen event by predicting of 102 grains/m3 in 1hr 
values on 17 November. The model daily average for the same period shows 30 grains/m3

compared to the observed 77 grains/m3. The timing of the daily averaged peak for this 
secondary event was accurately predicted.

Figure 2. Time evolution of the pollen counts and hospital presentations for the Melbourne TA 
event during the period 13-22 November. 

On 21 November 2h-averaged observations show a two-fold maximum of which the 
second peak of 160 grains/m3 actually triggered the TA event. The model correctly 
predicted the timing and values the second maximum. As a result of these extreme 
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concentrations, the number of hospital presentations as shown in the Figure 2 abruptly 
increased over the next few hours.

CONCLUSION

in Melbourne on 21 November 2016, Australia. In this study we implemented a regional 
Euler-type pollen prediction model over the Australian state of Victoria in order to explore 
its capability to predict the Melbourne pollen event. The model simulation covering the 
period 16-22 November 2016 was verified against available pollen counts observed at a
Melbourne site. The model correctly identified the increased pollen concentrations from the 
weaker observed peak on 16 November. More importantly, the extreme pollen 
concentrations on the 21st November, which triggered the epidemic asthma, was quite well
represented by the model, in terms of both timing and location. However, whether the 
proposed prediction system can reasonably perform over longer (e.g. seasonal) time frames 
will require further research. Ongoing research is also related to the parameterization of the
pollen grain rupturing process in the model, which is considered as one of the key 
component for developing successful TA early warning system.
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INFLUENCES OF EXTREME SOLAR ACTIVITY ON EARTH ENVIRONMENT       
CASE STUDY

Aleksandra Kolarski1, V kovi 1, 1*

1Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, 
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Abstract
The changes in the Earth environment triggered by the Solar activity can have a significant impact on 
the functionality of spaceborne and ground-based systems and services, potentially putting human 
wellbeing at risk. Recent assessment of the European Space Agency pointed out that a single extreme 
space weather event might have a huge socioeconomic impact on Europe society with its tendency to 
become even more sensitive in the future years. Many studies indicated significant direct influence of 
space weather events such as geomagnetic storms and solar flares on human health. As a result, 
systematic monitoring, and investigation of changes in the atmosphere caused by solar flares have 
become extremely important over the last decades. The aim of this case study is to investigate the solar 
flare effects on the ionosphere focusing on the changes that occurred above the European region on 6 
September 2017, when one of the strongest solar flares occurred. Simultaneous monitoring of Very 
Low Frequency radio signals propagation at the Institute of Physics Belgrade station in regular and 
perturbed ionospheric conditions, enabled retrieving of propagation parameters of sharpness and 
reflection height during perturbed ionospheric conditions. In addition, numerical simulations reveal 
changes in electron density profiles showing the increase of several orders of magnitude compared to 
unperturbed conditions. Obtained findings could be useful for investigation of both atmospheric 
plasma properties, and prediction of extreme weather impacts on human activities.

Keywords: solar flare, radio signal, environmental impact, atmospheric perturbation.

INTRODUCTION
Through solar-terrestrial interactions between solar activity events of electromagnetic

(EM) and corpuscular nature and our planet's outer protective magnetospheric shield, Sun in a 
great matter influences the near-surface Earth environment. Some of the main inducing agents 
originating from the Sun are powerful events such as solar flares (SFs), coronal mass 
ejections (CMEs), energetic proton and electron events etc. Such energetic space weather 
events can potentially be hazardous to human health [1] and activities, causing radio 
communication and navigation disturbances such as radio wave blackout [2], directly 
affecting human crews on space missions and space-born instruments and also producing 
geomagnetic storms [3].

Energy released during solar flare events, powerful bursts of electromagnetic energy, is
. Aside from the Lyman-alpha 

component, soft-range X-rays with wavelengths of 0.1 0.8 nm reach the lowest of 
ionospheric regions, the D-region spreading between 50 and 90 km in height that overlaps
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with mesospheric region of the atmosphere [4]. Additional incident EM radiation during SFs 
changes plasma properties within lower ionosphere causing electron density height profile to 
change as well, following in behaviour input X-ray radiation. Investigation of changes in the 
atmosphere caused by solar flares and related impacts on the environment have attracted more 
attention over the last decades. In this paper characteristics of one of the strongest SF events 
observed are analysed and its impact on lower ionospheric perturbations discussed.   

 
MATERIALS AND METHODS 
 Case study presented in this work covers X-class SF event X9.3 occurred on September 

6th, 2017 (Figure 1) and accompanying CMEs directed towards Earth through ionospheric 
influences within the near Earth environment. Technology for remote sensing of the lower 
ionosphere employing artificial man-made Very Low Frequency (VLF) radio signals of 
frequency range 3 30 kHz is applied [5,6]. Analysis is conducted on data recorded by BEL 
VLF systems located at the Institute of Physics Belgrade, while X-ray data were taken from 
GOES database [7]. Retrieving of propagation parameters of sharpness and reflection height 
during perturbed ionospheric conditions was done according to measured VLF signal 
perturbations related to X9.3 inducing agent through numerical simulations, with electron 
density height profile variation during this event obtained based on Wait's empirical approach 
[6]. 
 
a) b) c) 

  
Figure 1 X-class SF event X9.3 occurred on September 6th, 2017, started at 11:53UT, reached peak at 
12:02UT with Ixmax = 9.3293·10  Wm , and ended at 12:10UT, which originated from active region 
2673, as captured by one of NASA's Solar Dynamics Observatory telescopes: two successive frames of 

this SF and its active region a) frame at 11:56UT left; b) frame at 12:11UT in the middle; c) active 
regions on September 6th 2017 (taken from https://www.nasa.gov/) 

 
Absolute Phase and Amplitude Logger (AbsPAL) station, located in Belgrade (44.85°N; 

20.38°E), provided the VLF data used in this analysis. Amplitude and phase perturbations 
related to case study event of X9.3 SF, were monitored on VLF signal emitted from military 
transmitter in Skelton (54.72°N; 2.88°W), UK on frequency 22.1 kHz, with code name GQD, 
arriving in Belgrade from west with Great Circle Path (GCP) in length of about 2 Mm (Figure 
2). Methodology used relies on subionospheric VLF signal propagation within Earth-
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the lower boundary of this waveguide, and hop-wave theory of radio signal transmitting 
within the waveguide [5,6,8,9]. Approach involves multi-signal simultaneous monitoring of 
VLF signals' amplitude and phase in regular and perturbed ionospheric conditions, enabling to 
retrieve properties of perturbation from measured VLF data, through comparison between 
unperturbed and perturbed states, using numerical procedures for modelling of ionospheric 
plasma properties [10 20].  
 

 
Figure 2 Great Circle Path (red) of VLF radio signal GQD/22.1 kHz, transmited from Skelton (UK) 

and registered in Belgrade (Serbia) 

 
RESULTS AND DISCUSSION 
Amplitude and phase perturbations observed on GQD signal recorded in Belgrade during 

X9.3 SF, with incident soft X-ray irradiance as recorded by GOES-15 satellite, are presented 
in Figure 3, on middle, lower and upper panel, respectively.  
 

 
Figure 3 Simultaneous variations of X-ray flux (perturbed and quiet days in solid and dashed gray, 

respectively) recorded by GOES-15 satelite, perturbed phase (solid green) and amplitude (solid pink) 
and quiet signals (dotted green and pink) of GQD/22.10 kHz VLF radio signal during X9.3 SF

occurred on September 6th, 2017, recorded by Belgrade VLF station (from upper to lower panel)   
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Amplitude and phase perturbations on monitored VLF signals are of relatively simple 
morphology and pattern, following inducing X-radiation agent with time delay corresponding 
to the sluggishness of the ionosphere [21,22]. Recorded amplitude and phase perturbation on 
monitored GQD signal as induced by SF event X9.3 on September 6th, 2017, reached 
maximal increase of 7.09 dB in amplitude and 52.03° in phase compared to unperturbed 
values during September 3rd, 2017, corresponding to the peak activity of soft X-ray flux. 

Based on amplitude and phase perturbations during X9.3 SF, modelling of ionospheric 
plasma properties was done through numerical simulations, using Long Wavelength 
Propagation Capability (LWPC) software [23] and 
Analytic Expression application [4,17]. Estimated values of analysed VLF signals' amplitude 
and phase obtained during modelling through both applied numerical procedures are in good 
agreement with real values measured by BEL VLF receiving system. 

LWPC software utilisation based on 
(km 1) and  
height), determined for daytime ionospheric conditions using Equation (1) [6]. Electron 
densities calculated at the reflection height, when h =  give profile throughout D-region 
altitude range (Figure 4).  
 

Ne(h, H ) = 1.43·1013·e( 0.15·H ·e[( 0.15)·(h H ,     (m 3)     (1)
 

VLF signal propagation  from incident solar X-ray irradiance, gave
electron density profiles (Figure 5) calculated by using polynomial Equation (2) [4,17]. 
 

log Ne(h, Ix) = a1(h) + a2(h)·log Ix + a3(h)·(log Ix)2     (2)
 
Estimated electron densities at reference height of 74 km, obtained by both numerical 

approaches are within one order of magnitude. Obtained results are in line with results from 
other studies dealing with high class SF events and conducted by observation from mid-
latitudinal located VLF receivers [4,15,16,18,24,25]. 

 

 
Figure 4 Electron density height profile for GQD signal at peak intensity of  X9.3 SF (red) obtained 

using Equation (1) and in unperturbed ionospheric conditions (blue); reference height 74 km is 
indicated by dotted black line 



 

158 
 

 
Figure 5 Electron density height profiles for GQD signal during four hours including peak intensity of  

X9.3 SF obtained through application of  approximative Equation (2); reference height 74 km is 
indicated by dotted black line 

  
CONCLUSION 
Solar flare events are well-known extraterrestrial driver for lower ionospheric 

perturbations, inducing change of plasma properties in near Earth environment, that can affect 
human health and cause serious damage to electronically dependent modern society, causing 
satellite operation breakdowns, communication blackouts, flight risks especially over polar 
regions, etc. Ionospheric D-region, as medium for VLF signal propagation 
disturbances of its plasma properties onto propagation parameters of VLF signals, forcing 
them to deviate from their regular propagation patterns characteristic for unperturbed 
ionospheric conditions. In this manner caused amplitude and/or phase perturbations make 
VLF technique as very efficient and as the technique of choice for this region remote sensing 
exploration. Lower ionospheric disturbance related to X9.3 solar flare event that occurred on 
September 6th, 2017, caused perturbations in propagation parameters of VLF signals, that as 
recorded by Belgrade VLF system and observed on GQD signal, reached several dB in 
amplitude and few tens of degrees in phase, compared to unperturbed signal on September 3rd, 
2017. Accordingly, electron density profiles also changed, following the incident soft X-ray 
radiation, showing the increase of several orders of magnitude compared to their unperturbed 
values at the reference height of 74 km, as obtained through conducted numerical simulations.
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Abstract
When exposed to high atmospheric humidity, pollen grains rupture and release large numbers of small 
allergenic particles. Unlike whole pollen grains, these submicron particles easily enter deep into lungs 
and can cause a serious asthmatic response. Current operating pollen models predict the 
concentration of intact (whole) pollen grains but not respirable allergenic fragmented particles. We 
tested a novel numerical pollen model that predicts the formation and dispersion of sub-pollen 
allergenic granules released after pollen grains burst in the moist air. We evaluated the model for the 
case of the November 2016 Melbourne thunderstorm asthma epidemic, which resulted in 10 deaths 
and thousands of hospital admittances. This episode was triggered by intact grass pollen transported 
toward the city by a severe storm weather system followed by a 5 hour lag in the arrival of the finer, 
sub-pollen granules into the city, with a spike in hospital presentations shortly after. The model 
accurately predicted the observed times, locations and quantities of both fragmented and intact pollen 
concentrations. The presented modelling system, if operationally implemented, can be used as a 
prognostic tool for early warning alerts on asthma epidemic occurrences.

Keywords: pollen, numerical modeling, thuderstorm asthma, sub-pollen particles.

INTRODUCTION
Thunderstorms occurring during the pollen season are often associated with an increased 

number of sub-pollen particles. The conceptual model of thunderstorm asthma (asthma 
episodes associated with thunderstorms) assumes that a thunderstorm circulation transports
the emitted pollen grains into a cloud where grains rupture due to high atmospheric moisture.
Each pollen grain release almost one thousand sub-pollen particles [1]. Recently presented 
direct measurements of sub-pollen concentrations performed for the first time with a novel 
fluorescence spectroscopic technique show that fragments remain airborne for several hours 
after pollen rupturing by thunderstorms [2]. These fragmented particles are small enough to 
enter deep into the lungs and to cause severe asthmatic reaction [3].

During the 21 November 2016, the asthma epidemic episode in Melbourne (Australia), 
ryegrass pollen was transported to the city from widespread pastures in the region by a strong 
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wind gusts ahead of fast-moving thunderstorm squall-line front [4]. The city recorded ten 
asthma-related deaths and almost 500 admissions to the hospital over a short time after this 
event. The number of hospital visits increased by 992% within 30 h [5]. The Melbourne 
episode was the worldwide largest asthma epidemic coinciding with pollen presence. Many 
people had breathing difficulties occurred in such a short interval that it caused extreme 
pressure on the health system. The sudden increase in observed ruptured pollen counts 
associated with the frontal passage was assumed to be the major cause of the epidemic [6]. 
High levels of intact pollen concentrations, observed a day earlier on 20 November from 
nearby local grass emissions did not cause an asthma epidemic, since stable synoptic 
conditions prevailing that day were not favourable for pollen fragmentation. In response to the 
21 November thunderstorm asthma episode, the local Victorian government recommended 
the development of a physical pollen model as a key priority in order to fulfil societal needs 
for a more reliable early warning system. 

Currently several physical models available in the community provide short-term 
prediction of the intact pollen concentration embedded into numerical weather prediction 
systems [7,8]. However, parameterization of pollen rupturing and dispersion of sub-pollen 
allergenic particles is still challenging task. In this paper the results of sub-pollen particles 
prediction obtained by numerical simulation are presented using a novel parameterization 
scheme for pollen rupturing. 

 
MATERIALS AND METHODS 
The numerical model called DREAM-POLL have been developed to predict not only the 

intact pollen concentration but also the production and dispersion of allergens released from 
ruptured pollen grains. DREAM-POLL is an Euler-type model in which prognostic pollen 
concentration equation is embedded on-line into a high-resolution non-hydrostatic weather 
prediction model. The on-line modelling approach allows the atmospheric and pollen 
processes to be synchronously simulated. DREAM-POLL mathematically describes the major 
phases of the atmospheric pollen cycle, including the emission of pollen, its vertical and 
horizontal transport, and pollen turbulent mixing and deposition. 

The model starts emitting pollen from a pre-specified source when near-ground turbulence 
exceeds a threshold at that source. The emitted pollen is further directed by the turbulence and 
large-scale dynamics of the atmospheric model driver. At the end of their atmospheric cycle, 
pollen particles are settled to the ground by precipitation and by near-surface dynamics as 
predicted by the atmospheric driver. In the newly developed pollen rupturing 
parameterization, we calculate in every model time step the number of fragmented particles 
released from ruptured pollen grains whenever the atmospheric humidity of the driver model 
exceeds a pre-specified threshold of 60% [9]. The intact, ruptured and fragmented particles 
are driven by the same atmospheric dynamics in the model, except that intact pollen elements 
are emitted from the ground, and the other two particle categories originate in high moisture 
cloud conditions. Model experiments presented in this study were performed with horizontal 
grid spacing of approximately 5 km. At this resolution, convective and non-hydrostatic 
atmospheric processes are explicitly resolved in the model, which is essential for appropriate 
simulation of pollen dynamics under thunderstorm conditions. The 50-m resolution Australian 
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Land Use and Management (ALUM) classification data was used to specify the grass fraction 
used in the model as potential pollen sources. We tested the model performance by executing 
it in a real-time prognostic mode for the Melbourne episode, validating its results against 
available pollen observations. 

DREAM-POLL represents a modified version of the DREAM regional dust aerosol 
atmospheric model [10]. The model domain in this study covers the southwestern region of 
Australia, and there are 28 model vertical levels spanning from the surface to 50 hPa. The 
horizontal grid distance is set to 1/20 deg (approximately 5 km). The pollen advection and 
lateral diffusion are computed every 35 sec, the emission and vertical diffusion are updated 
every 70 sec, and the convection and large-scale precipitation are calculated every 140 sec.  

 The model was run over the period 19 22 November 2016 during which the 
Melbourne episode happened. The initial and boundary conditions for the atmospheric model 
component were specified using weather prediction parameters of the European Centre for 
Medium-range Weather Forecast (ECMWF) global model. Since there are no satisfactory 
three-dimensional pollen concentration observations to be assimilated, the initial state of 
pollen concentration in the model was defined by the 24-h forecast from the previous day 
model run. Only for the cold start  of the model at 00:00 UTC 19 November 2016, the initial 
pollen concentrations were set to zero. 

 
RESULTS AND DISCUSSION 
The synoptic situation on 21 November was characterized by the presence of a cold front 

over southeast Australia. Northerly winds ahead of the front swept ryegrass pollen from 
pastures north of Melbourne. A multi-cell thunderstorm squall-line heading the cold front 
passed the city area between 17:00 and 18:30 AEDT (AEDT  Australian Eastern Daylight 
Time is the local time, which is UTC+11:00), when surface meteorological parameters 
abruptly changed their values. From the early afternoon onwards, the observed intact and 
ruptured pollen concentrations increased as well. At 16:00 AEDT, the simulated horizontal 
wind convergence line approached the wider city area. The convergence line separated the 
warmer air on the Melbourne side from the colder maritime air southward. Previously emitted 
intact pollen north of the city was lifted by warm updrafts to zones of moist air, while cold 
downdrafts prevailed behind the squall-line. The predicted location, orientation, and intensity 
of the squall-line agree with satellite data. Its circulation pattern is consistent with conceptual 
models of squall-line thunderstorm systems. After entering the moist air, pollen rupturing was 
triggered, but at this time the ruptured grains had not reach the surface. At 22:00 AEDT, after 
the thunderstorm line moved away from Melbourne, the predicted intact pollen concentrations 
were reduced to zero (Figure 1a). However, about this time, the surface concentration of 
ruptured particles achieved its maximum (Figure 1b).  

Figure 2 shows the spatio-temporal evolution of the intact and fragmented particles as 
predicted for the pollen measurement site Burwood (the Deakin University, Melbourne). 
Being lighter in weight, the fragmented particles progressed much slower than the heavier 
intact pollen grains, with most sub-pollen particles arriving at the city on 21 November about 
5 h later than intact pollen. A time delay of several hours is observed during asthma 
thunderstorm episodes in the USA as well [2].      
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a) b)

  
Figure 1 Predicted intact and ruptured pollen concentration at 22:00 AEDT on 21 November; 

Vertical cross sections along the normal to the front, with pollen concentration (yellow-to-green 
palette), streamlines and contours of 60% relative humidity (dashed purple lines); a) intact; 

b) ruptured pollen; Melbourne is represented by a red dot in each panel. 

 

 
Figure 2 Predicted intact and ruptured pollen grains above Melbourne; 60% relative humidity 

contour 
 

There are two peaks of intact pollen concentrations observed in Melbourne during the     
20 21 November period (Figure 3). The first peak on the 20th is attributed to pollen probably 
emitted from nearby urban sources.  During this day, there were no significant ruptured pollen 
numbers recorded, which indicates that particle fragmentation did not occur under the 
prevailing stable synoptic conditions. However, on the 21 November both observations and 
model results show increased numbers of intact and ruptured pollen particles linked with the 
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passage of the wind gust front. Affected by the passing front, the largest decrease/increase of 
predicted intact/ruptured particle numbers occurred at approximately 18:00 AEDT. 
Significant increase in the observed ruptured-to-intact grain ratio after the front passage was 
reproduced by the model as well. 

The predicted intact pollen achieved its largest number several hours before the 
thunderstorm arrived in Melbourne. Later that afternoon, the arrival of the squall front 
coincided with a short-term precipitation event [5]. From 15:00 AEDT onwards, the predicted 
number of pollen fragments (represented with the size of 3.03 m in the model) started to 
increase, reaching the maximum concentration of 97,500 particles per m3 at 21:00 AEDT. 
This value is within an order of observed magnitudes [2]. A decline in intact pollen before 
and an increase in fragment numbers after the frontal passage we simulated are consistent 
with a recently published characterization of airborne pollen dynamics during several 
thunderstorms [2]. The maximum number of allergenic pollen fragments was predicted to 
have occurred 2 h before the highest recorded number of asthma-related hospital 
presentations. 

 

 
Figure 3 Pollen concentrations in Melbourne: Observed pollen counts (blue); predicted intact grains 
(green) and sub-pollen particles (orange); observed 1.2 mm precipitation (purple bar); 1-h hospital 

presentations (dashed red line) 
 
CONCLUSION 
We presented in this study a numerical modelling approach that enables the prediction of 

concentration of respirable sub-pollen fragments several days in advance. We demonstrated 
the effectiveness of this approach by forecasting the Melbourne thunderstorm asthma event 48 
h earlier. The proposed method can play a crucial component in an early warning system 
dedicated to predict time and location of asthma-related outbreaks. DREAM-POLL can be 
implemented with different model resolutions, over specified geographical domains and for a 
given pollen type. The availability of such an early-warning system would allow civil 
authorities to react in a timely manner to asthma epidemics and thus significantly diminish 
pressure on health services and reduce fatalities and illnesses due to respiratory problems. 
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However, a numerical parameterization scheme for sub-pollen particles formation from whole 
grains can be further improved taking into the account not only high humidity but other 
effects of convective thunderstorm conditions. 
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Abstract
The changes in the Earth environment triggered by the Solar activity can have a significant impact on 
the functionality of spaceborne and ground-based systems and services, potentially putting human 
wellbeing at risk. Recent assessment of the European Space Agency pointed out that a single extreme 
space weather event might have a huge socioeconomic impact on Europe society with its tendency to 
become even more sensitive in the future years. Many studies indicated significant direct influence of 
space weather events such as geomagnetic storms and solar flares on human health. As a result, 
systematic monitoring, and investigation of changes in the atmosphere caused by solar flares have 
become extremely important over the last decades. The aim of this case study is to investigate the solar 
flare effects on the ionosphere focusing on the changes that occurred above the European region on 6 
September 2017, when one of the strongest solar flares occurred. Simultaneous monitoring of Very 
Low Frequency radio signals propagation at the Institute of Physics Belgrade station in regular and 
perturbed ionospheric conditions, enabled retrieving of propagation parameters of sharpness and 
reflection height during perturbed ionospheric conditions. In addition, numerical simulations reveal 
changes in electron density profiles showing the increase of several orders of magnitude compared to 
unperturbed conditions. Obtained findings could be useful for investigation of both atmospheric 
plasma properties, and prediction of extreme weather impacts on human activities.

Keywords: solar flare, radio signal, environmental impact, atmospheric perturbation.

INTRODUCTION
Through solar-terrestrial interactions between solar activity events of electromagnetic

(EM) and corpuscular nature and our planet's outer protective magnetospheric shield, Sun in a 
great matter influences the near-surface Earth environment. Some of the main inducing agents 
originating from the Sun are powerful events such as solar flares (SFs), coronal mass 
ejections (CMEs), energetic proton and electron events etc. Such energetic space weather 
events can potentially be hazardous to human health [1] and activities, causing radio 
communication and navigation disturbances such as radio wave blackout [2], directly 
affecting human crews on space missions and space-born instruments and also producing 
geomagnetic storms [3].

Energy released during solar flare events, powerful bursts of electromagnetic energy, is
. Aside from the Lyman-alpha 

component, soft-range X-rays with wavelengths of 0.1 0.8 nm reach the lowest of 
ionospheric regions, the D-region spreading between 50 and 90 km in height that overlaps
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with mesospheric region of the atmosphere [4]. Additional incident EM radiation during SFs 
changes plasma properties within lower ionosphere causing electron density height profile to 
change as well, following in behaviour input X-ray radiation. Investigation of changes in the 
atmosphere caused by solar flares and related impacts on the environment have attracted more 
attention over the last decades. In this paper characteristics of one of the strongest SF events 
observed are analysed and its impact on lower ionospheric perturbations discussed.   

 
MATERIALS AND METHODS 
 Case study presented in this work covers X-class SF event X9.3 occurred on September 

6th, 2017 (Figure 1) and accompanying CMEs directed towards Earth through ionospheric 
influences within the near Earth environment. Technology for remote sensing of the lower 
ionosphere employing artificial man-made Very Low Frequency (VLF) radio signals of 
frequency range 3 30 kHz is applied [5,6]. Analysis is conducted on data recorded by BEL 
VLF systems located at the Institute of Physics Belgrade, while X-ray data were taken from 
GOES database [7]. Retrieving of propagation parameters of sharpness and reflection height 
during perturbed ionospheric conditions was done according to measured VLF signal 
perturbations related to X9.3 inducing agent through numerical simulations, with electron 
density height profile variation during this event obtained based on Wait's empirical approach 
[6]. 
 
a) b) c) 

  
Figure 1 X-class SF event X9.3 occurred on September 6th, 2017, started at 11:53UT, reached peak at 
12:02UT with Ixmax = 9.3293·10  Wm , and ended at 12:10UT, which originated from active region 
2673, as captured by one of NASA's Solar Dynamics Observatory telescopes: two successive frames of 

this SF and its active region a) frame at 11:56UT left; b) frame at 12:11UT in the middle; c) active 
regions on September 6th 2017 (taken from https://www.nasa.gov/) 

 
Absolute Phase and Amplitude Logger (AbsPAL) station, located in Belgrade (44.85°N; 

20.38°E), provided the VLF data used in this analysis. Amplitude and phase perturbations 
related to case study event of X9.3 SF, were monitored on VLF signal emitted from military 
transmitter in Skelton (54.72°N; 2.88°W), UK on frequency 22.1 kHz, with code name GQD, 
arriving in Belgrade from west with Great Circle Path (GCP) in length of about 2 Mm (Figure 
2). Methodology used relies on subionospheric VLF signal propagation within Earth-
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the lower boundary of this waveguide, and hop-wave theory of radio signal transmitting 
within the waveguide [5,6,8,9]. Approach involves multi-signal simultaneous monitoring of 
VLF signals' amplitude and phase in regular and perturbed ionospheric conditions, enabling to 
retrieve properties of perturbation from measured VLF data, through comparison between 
unperturbed and perturbed states, using numerical procedures for modelling of ionospheric 
plasma properties [10 20].  
 

 
Figure 2 Great Circle Path (red) of VLF radio signal GQD/22.1 kHz, transmited from Skelton (UK) 

and registered in Belgrade (Serbia) 

 
RESULTS AND DISCUSSION 
Amplitude and phase perturbations observed on GQD signal recorded in Belgrade during 

X9.3 SF, with incident soft X-ray irradiance as recorded by GOES-15 satellite, are presented 
in Figure 3, on middle, lower and upper panel, respectively.  
 

 
Figure 3 Simultaneous variations of X-ray flux (perturbed and quiet days in solid and dashed gray, 

respectively) recorded by GOES-15 satelite, perturbed phase (solid green) and amplitude (solid pink) 
and quiet signals (dotted green and pink) of GQD/22.10 kHz VLF radio signal during X9.3 SF

occurred on September 6th, 2017, recorded by Belgrade VLF station (from upper to lower panel)   
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Amplitude and phase perturbations on monitored VLF signals are of relatively simple 
morphology and pattern, following inducing X-radiation agent with time delay corresponding 
to the sluggishness of the ionosphere [21,22]. Recorded amplitude and phase perturbation on 
monitored GQD signal as induced by SF event X9.3 on September 6th, 2017, reached 
maximal increase of 7.09 dB in amplitude and 52.03° in phase compared to unperturbed 
values during September 3rd, 2017, corresponding to the peak activity of soft X-ray flux. 

Based on amplitude and phase perturbations during X9.3 SF, modelling of ionospheric 
plasma properties was done through numerical simulations, using Long Wavelength 
Propagation Capability (LWPC) software [23] and 
Analytic Expression application [4,17]. Estimated values of analysed VLF signals' amplitude 
and phase obtained during modelling through both applied numerical procedures are in good 
agreement with real values measured by BEL VLF receiving system. 

LWPC software utilisation based on 
(km 1) and  
height), determined for daytime ionospheric conditions using Equation (1) [6]. Electron 
densities calculated at the reflection height, when h =  give profile throughout D-region 
altitude range (Figure 4).  
 

Ne(h, H ) = 1.43·1013·e( 0.15·H ·e[( 0.15)·(h H ,     (m 3)     (1)
 

VLF signal propagation  from incident solar X-ray irradiance, gave
electron density profiles (Figure 5) calculated by using polynomial Equation (2) [4,17]. 
 

log Ne(h, Ix) = a1(h) + a2(h)·log Ix + a3(h)·(log Ix)2     (2)
 
Estimated electron densities at reference height of 74 km, obtained by both numerical 

approaches are within one order of magnitude. Obtained results are in line with results from 
other studies dealing with high class SF events and conducted by observation from mid-
latitudinal located VLF receivers [4,15,16,18,24,25]. 

 

 
Figure 4 Electron density height profile for GQD signal at peak intensity of  X9.3 SF (red) obtained 

using Equation (1) and in unperturbed ionospheric conditions (blue); reference height 74 km is 
indicated by dotted black line 
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Figure 5 Electron density height profiles for GQD signal during four hours including peak intensity of  

X9.3 SF obtained through application of  approximative Equation (2); reference height 74 km is 
indicated by dotted black line 

  
CONCLUSION 
Solar flare events are well-known extraterrestrial driver for lower ionospheric 

perturbations, inducing change of plasma properties in near Earth environment, that can affect 
human health and cause serious damage to electronically dependent modern society, causing 
satellite operation breakdowns, communication blackouts, flight risks especially over polar 
regions, etc. Ionospheric D-region, as medium for VLF signal propagation 
disturbances of its plasma properties onto propagation parameters of VLF signals, forcing 
them to deviate from their regular propagation patterns characteristic for unperturbed 
ionospheric conditions. In this manner caused amplitude and/or phase perturbations make 
VLF technique as very efficient and as the technique of choice for this region remote sensing 
exploration. Lower ionospheric disturbance related to X9.3 solar flare event that occurred on 
September 6th, 2017, caused perturbations in propagation parameters of VLF signals, that as 
recorded by Belgrade VLF system and observed on GQD signal, reached several dB in 
amplitude and few tens of degrees in phase, compared to unperturbed signal on September 3rd, 
2017. Accordingly, electron density profiles also changed, following the incident soft X-ray 
radiation, showing the increase of several orders of magnitude compared to their unperturbed 
values at the reference height of 74 km, as obtained through conducted numerical simulations.
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Abstract
When exposed to high atmospheric humidity, pollen grains rupture and release large numbers of small 
allergenic particles. Unlike whole pollen grains, these submicron particles easily enter deep into lungs 
and can cause a serious asthmatic response. Current operating pollen models predict the 
concentration of intact (whole) pollen grains but not respirable allergenic fragmented particles. We 
tested a novel numerical pollen model that predicts the formation and dispersion of sub-pollen 
allergenic granules released after pollen grains burst in the moist air. We evaluated the model for the 
case of the November 2016 Melbourne thunderstorm asthma epidemic, which resulted in 10 deaths 
and thousands of hospital admittances. This episode was triggered by intact grass pollen transported 
toward the city by a severe storm weather system followed by a 5 hour lag in the arrival of the finer, 
sub-pollen granules into the city, with a spike in hospital presentations shortly after. The model 
accurately predicted the observed times, locations and quantities of both fragmented and intact pollen 
concentrations. The presented modelling system, if operationally implemented, can be used as a 
prognostic tool for early warning alerts on asthma epidemic occurrences.

Keywords: pollen, numerical modeling, thuderstorm asthma, sub-pollen particles.

INTRODUCTION
Thunderstorms occurring during the pollen season are often associated with an increased 

number of sub-pollen particles. The conceptual model of thunderstorm asthma (asthma 
episodes associated with thunderstorms) assumes that a thunderstorm circulation transports
the emitted pollen grains into a cloud where grains rupture due to high atmospheric moisture.
Each pollen grain release almost one thousand sub-pollen particles [1]. Recently presented 
direct measurements of sub-pollen concentrations performed for the first time with a novel 
fluorescence spectroscopic technique show that fragments remain airborne for several hours 
after pollen rupturing by thunderstorms [2]. These fragmented particles are small enough to 
enter deep into the lungs and to cause severe asthmatic reaction [3].

During the 21 November 2016, the asthma epidemic episode in Melbourne (Australia), 
ryegrass pollen was transported to the city from widespread pastures in the region by a strong 
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wind gusts ahead of fast-moving thunderstorm squall-line front [4]. The city recorded ten 
asthma-related deaths and almost 500 admissions to the hospital over a short time after this 
event. The number of hospital visits increased by 992% within 30 h [5]. The Melbourne 
episode was the worldwide largest asthma epidemic coinciding with pollen presence. Many 
people had breathing difficulties occurred in such a short interval that it caused extreme 
pressure on the health system. The sudden increase in observed ruptured pollen counts 
associated with the frontal passage was assumed to be the major cause of the epidemic [6]. 
High levels of intact pollen concentrations, observed a day earlier on 20 November from 
nearby local grass emissions did not cause an asthma epidemic, since stable synoptic 
conditions prevailing that day were not favourable for pollen fragmentation. In response to the 
21 November thunderstorm asthma episode, the local Victorian government recommended 
the development of a physical pollen model as a key priority in order to fulfil societal needs 
for a more reliable early warning system. 

Currently several physical models available in the community provide short-term 
prediction of the intact pollen concentration embedded into numerical weather prediction 
systems [7,8]. However, parameterization of pollen rupturing and dispersion of sub-pollen 
allergenic particles is still challenging task. In this paper the results of sub-pollen particles 
prediction obtained by numerical simulation are presented using a novel parameterization 
scheme for pollen rupturing. 

 
MATERIALS AND METHODS 
The numerical model called DREAM-POLL have been developed to predict not only the 

intact pollen concentration but also the production and dispersion of allergens released from 
ruptured pollen grains. DREAM-POLL is an Euler-type model in which prognostic pollen 
concentration equation is embedded on-line into a high-resolution non-hydrostatic weather 
prediction model. The on-line modelling approach allows the atmospheric and pollen 
processes to be synchronously simulated. DREAM-POLL mathematically describes the major 
phases of the atmospheric pollen cycle, including the emission of pollen, its vertical and 
horizontal transport, and pollen turbulent mixing and deposition. 

The model starts emitting pollen from a pre-specified source when near-ground turbulence 
exceeds a threshold at that source. The emitted pollen is further directed by the turbulence and 
large-scale dynamics of the atmospheric model driver. At the end of their atmospheric cycle, 
pollen particles are settled to the ground by precipitation and by near-surface dynamics as 
predicted by the atmospheric driver. In the newly developed pollen rupturing 
parameterization, we calculate in every model time step the number of fragmented particles 
released from ruptured pollen grains whenever the atmospheric humidity of the driver model 
exceeds a pre-specified threshold of 60% [9]. The intact, ruptured and fragmented particles 
are driven by the same atmospheric dynamics in the model, except that intact pollen elements 
are emitted from the ground, and the other two particle categories originate in high moisture 
cloud conditions. Model experiments presented in this study were performed with horizontal 
grid spacing of approximately 5 km. At this resolution, convective and non-hydrostatic 
atmospheric processes are explicitly resolved in the model, which is essential for appropriate 
simulation of pollen dynamics under thunderstorm conditions. The 50-m resolution Australian 
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Land Use and Management (ALUM) classification data was used to specify the grass fraction 
used in the model as potential pollen sources. We tested the model performance by executing 
it in a real-time prognostic mode for the Melbourne episode, validating its results against 
available pollen observations. 

DREAM-POLL represents a modified version of the DREAM regional dust aerosol 
atmospheric model [10]. The model domain in this study covers the southwestern region of 
Australia, and there are 28 model vertical levels spanning from the surface to 50 hPa. The 
horizontal grid distance is set to 1/20 deg (approximately 5 km). The pollen advection and 
lateral diffusion are computed every 35 sec, the emission and vertical diffusion are updated 
every 70 sec, and the convection and large-scale precipitation are calculated every 140 sec.  

 The model was run over the period 19 22 November 2016 during which the 
Melbourne episode happened. The initial and boundary conditions for the atmospheric model 
component were specified using weather prediction parameters of the European Centre for 
Medium-range Weather Forecast (ECMWF) global model. Since there are no satisfactory 
three-dimensional pollen concentration observations to be assimilated, the initial state of 
pollen concentration in the model was defined by the 24-h forecast from the previous day 
model run. Only for the cold start  of the model at 00:00 UTC 19 November 2016, the initial 
pollen concentrations were set to zero. 

 
RESULTS AND DISCUSSION 
The synoptic situation on 21 November was characterized by the presence of a cold front 

over southeast Australia. Northerly winds ahead of the front swept ryegrass pollen from 
pastures north of Melbourne. A multi-cell thunderstorm squall-line heading the cold front 
passed the city area between 17:00 and 18:30 AEDT (AEDT  Australian Eastern Daylight 
Time is the local time, which is UTC+11:00), when surface meteorological parameters 
abruptly changed their values. From the early afternoon onwards, the observed intact and 
ruptured pollen concentrations increased as well. At 16:00 AEDT, the simulated horizontal 
wind convergence line approached the wider city area. The convergence line separated the 
warmer air on the Melbourne side from the colder maritime air southward. Previously emitted 
intact pollen north of the city was lifted by warm updrafts to zones of moist air, while cold 
downdrafts prevailed behind the squall-line. The predicted location, orientation, and intensity 
of the squall-line agree with satellite data. Its circulation pattern is consistent with conceptual 
models of squall-line thunderstorm systems. After entering the moist air, pollen rupturing was 
triggered, but at this time the ruptured grains had not reach the surface. At 22:00 AEDT, after 
the thunderstorm line moved away from Melbourne, the predicted intact pollen concentrations 
were reduced to zero (Figure 1a). However, about this time, the surface concentration of 
ruptured particles achieved its maximum (Figure 1b).  

Figure 2 shows the spatio-temporal evolution of the intact and fragmented particles as 
predicted for the pollen measurement site Burwood (the Deakin University, Melbourne). 
Being lighter in weight, the fragmented particles progressed much slower than the heavier 
intact pollen grains, with most sub-pollen particles arriving at the city on 21 November about 
5 h later than intact pollen. A time delay of several hours is observed during asthma 
thunderstorm episodes in the USA as well [2].      
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a) b)

  
Figure 1 Predicted intact and ruptured pollen concentration at 22:00 AEDT on 21 November; 

Vertical cross sections along the normal to the front, with pollen concentration (yellow-to-green 
palette), streamlines and contours of 60% relative humidity (dashed purple lines); a) intact; 

b) ruptured pollen; Melbourne is represented by a red dot in each panel. 

 

 
Figure 2 Predicted intact and ruptured pollen grains above Melbourne; 60% relative humidity 

contour 
 

There are two peaks of intact pollen concentrations observed in Melbourne during the     
20 21 November period (Figure 3). The first peak on the 20th is attributed to pollen probably 
emitted from nearby urban sources.  During this day, there were no significant ruptured pollen 
numbers recorded, which indicates that particle fragmentation did not occur under the 
prevailing stable synoptic conditions. However, on the 21 November both observations and 
model results show increased numbers of intact and ruptured pollen particles linked with the 
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passage of the wind gust front. Affected by the passing front, the largest decrease/increase of 
predicted intact/ruptured particle numbers occurred at approximately 18:00 AEDT. 
Significant increase in the observed ruptured-to-intact grain ratio after the front passage was 
reproduced by the model as well. 

The predicted intact pollen achieved its largest number several hours before the 
thunderstorm arrived in Melbourne. Later that afternoon, the arrival of the squall front 
coincided with a short-term precipitation event [5]. From 15:00 AEDT onwards, the predicted 
number of pollen fragments (represented with the size of 3.03 m in the model) started to 
increase, reaching the maximum concentration of 97,500 particles per m3 at 21:00 AEDT. 
This value is within an order of observed magnitudes [2]. A decline in intact pollen before 
and an increase in fragment numbers after the frontal passage we simulated are consistent 
with a recently published characterization of airborne pollen dynamics during several 
thunderstorms [2]. The maximum number of allergenic pollen fragments was predicted to 
have occurred 2 h before the highest recorded number of asthma-related hospital 
presentations. 

 

 
Figure 3 Pollen concentrations in Melbourne: Observed pollen counts (blue); predicted intact grains 
(green) and sub-pollen particles (orange); observed 1.2 mm precipitation (purple bar); 1-h hospital 

presentations (dashed red line) 
 
CONCLUSION 
We presented in this study a numerical modelling approach that enables the prediction of 

concentration of respirable sub-pollen fragments several days in advance. We demonstrated 
the effectiveness of this approach by forecasting the Melbourne thunderstorm asthma event 48 
h earlier. The proposed method can play a crucial component in an early warning system 
dedicated to predict time and location of asthma-related outbreaks. DREAM-POLL can be 
implemented with different model resolutions, over specified geographical domains and for a 
given pollen type. The availability of such an early-warning system would allow civil 
authorities to react in a timely manner to asthma epidemics and thus significantly diminish 
pressure on health services and reduce fatalities and illnesses due to respiratory problems. 
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However, a numerical parameterization scheme for sub-pollen particles formation from whole 
grains can be further improved taking into the account not only high humidity but other 
effects of convective thunderstorm conditions. 
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Vertical Raman LIDAR profiling of atmosphericaerosol optical properties over 
Belgrade 

and M. Kuzmanoski
Institute of Physics,Belgrade, Serbia

e-mail:luka.ilic@ipb.ac.rs

The direct radiative effect due to aerosol
combined scattering and absorption of radiation by anthropogenic and natural aerosols. Due to their short lifetime 
and the large variability in space and time atmospheric aerosols are considered one of the major uncertainties in 
climate forcing and atmospheric processes [1]. For radiative studies it is necessary to measure aerosol optical 
properties, size, morphology and composition as a function of time and space, with a high resolution in both 
domains to account for the large variability. Lidar (Light Detection And Ranging), an active remote sensing 
technique, represents the optimal tool to provide range-resolved aerosol optical parameters. Large observational 
networks such as the European Aerosol Research Lidar Network (EARLINET) [2], the Aerosol Robotic Network 
(AERONET), provide the long-term measurement series needed to build a climatology of aerosol optical 
properties at the continental and global scales. 
In order to assess the origin and type of aerosols which travel over Balkan region, having an impact on 
modification of the regional radiative budget, case studies combining measurements at the EARLINET joining 
lidar station in Belgrade with atmospheric modeling have been analyzed. For vertical profiling and remote sensing 
of atmospheric aerosol layers the Raman lidar system at the Institute of Physics Belgrade (44.860 N, 20.390 E) has 
been used. It is bi-axial system with combined elastic and Raman detection designed to perform continuous 
measurements of aerosols in the planetary boundary layer and the lower free troposphere. It is based on the third 
harmonic frequency of a compact, pulsed Nd:YAG laser, emitting pulses of 65 mJ output energy at 355 nm with a 

diameter and a focal length of 1250 mm. Photomultiplier tubes are used to detect elastic backscatter lidar signal at 
355 nm and Raman signal at 387 nm. The detectors are operated both in the analog and photon-counting mode and 

min corresponding to 1200 laser shots. Lidar measurements can be used in synergy with numerical models in order 
to validate and compare information about aerosols. In this paper DREAM (Dust Regional Atmospheric Model) 
model, designed to simulate and/or predict the atmospheric cycle of mineral dust aerosol [3], will be used to 
analyze dust transport. The capability of the lidar technique to derive range-resolved vertical profiles of aerosol 
optical parameters (backscatter and extinction coefficient) with very high spatial and temporal resolution will be 
used to identify the altitude of layers and the temporal evolution of intrusions. Using these altitudes as inputs in air 
mass trajectory model, the source of aerosols can be identified. The additional techniques (satellite remote sensing) 
will be also discussed for selected case-studies.
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PREFACE 

The International Workshop and Conference, Particulate Matter: Research and Management – 

WeBIOPATR is a biennial event held in Serbia since 2007. The conference addresses air 

quality in general and particulate matter specifically. Atmospheric particulate matter arises 

both from primary emissions and from secondary formation in the atmosphere. It is one of the 

least well understood local and regional air pollutants, has complex implications for climate 

change, and is perhaps the pollutant with the highest health relevance. It also poses many 
challenges to monitoring.  

By WeBIOPATR, we aim to link the research communities with relevance to particulate matter 

with the practitioners of air quality management on all administrative levels, in order to 
facilitate professional dialogue and uptake of newest research into practice. The workshops 

usually draw an audience of about 70, and attract media attention in Serbia. It enjoys support 
of the responsible authorities: Ministry of Education, Science and Technological Development, 
Ministry of Health, Ministry of Environment, and the Serbian Environmental Agency whose 
sponsorship is indispensable and gratefully acknowledged. We enjoy also support of 
international bodies such as the WHO. 

The 1st WeBIOPATR Workshop was held in Beograd, 20.-22. May 2007, associated with a 
project funded by the Research Council of Norway. The 2nd workshop was held in Mecavnik, 

Serbia, 28.8.-1.9. 2009. WeBIOPATR2011 was held in Beograd 14.-17. 11. 2011 and for the 

first time, included a dedicated student workshop. WeBIOPATR2013 was held in Beograd 2.-

4. 10. 2013. It covered the traditional PM research and management issues, discussions on how

to encourage citizens to contribute to environmental governance, and how to develop

participatory sensing methods. WeBIOPATR2015 was held in Beograd 14.-16.10. 2015. Own

sessions were devoted to sensor technologies for air quality monitoring, utilizing information

and input from the EU FP7 funded project CITI-SENSE (http://co.citi- sense.eu ) and the EU
COST action EuNetAir (www.eunetair.it). WeBIOPATR2017, the 6th conference, was held in

Beograd 6.-8.9. 2017, with a wider than before Western Balkan participation.

WeBIOPATR2019 will be held 1.-3 -10-2019 in the Mechanical Faculty, University of 
Belgrade. It has attracted a record 58 contributions, and is bringing together scientists from 12 

countries, documenting that the issues of atmospheric pollution, with their wide implications 

for climate change, human health and ecosystem services, are no less important today.  

We are grateful to our unrelenting national and international partners for their support for this 

event. 

Welcome to Beograd, and have a stimulating and productive time! 

Milena Jovašević-Stojanović and Alena Bartoňová 
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10.2. A CLIMATOLOGY OF SATELLITE DERIVED AEROSOL OPTICAL DEPTH OVER 

BELGRADE REGION, SERBIA 

Z. Mijić, A. Jovanović, M. Kuzmanoski, L. Ilić
(1) Institute of Physics Belgrade, University of Belgrade, Belgrade, Serbia,

zoran.mijic@ipb.ac.rs 

Suspended particulate matter (PM) in the atmosphere, commonly known as atmospheric aerosol plays one of the 
most important roles in climate change, air quality, and human health. Atmospheric aerosol affects climate through 
the direct (scattering and absorption both solar and terrestrial radiation) and indirect effects (modification of cloud 
through aerosol-cloud interaction) introducing one of the major uncertainty in our quantitative understanding of 
the radiative forcing (IPCC, 2007). Numerous studies have shown a significant association between particle matter 

concentrations and health risk especially airborne particle matter with diameter less than 10 µm (PM10) and 2.5 
µm (PM2.5) (Yang еt al. 2018). As the evidence base for the association between PM and short-term, as well as 

long-term, health effects has become much larger and broader, it is important to regularly update the guidelines 
for PM and PM-bound components limit values. Usually ground-based monitoring networks are used for PM 

assessment but still with no adequate spatial and time coverage. For the last decade various studies have been 

conducted to overcome this problem and to get PM estimates from satellite measurements (Kumar et al. 2007, Li 
et al. 2015). One of the most important aerosol products retrieved from satellite measurement is aerosol optical 

depth (AOD) which is the integration of the aerosol extinction coefficient from the Earth’s surface to the top of 
the atmosphere, and it represents the attenuation of solar radiation caused by aerosols. The relationship between 

AOD and surface PM concentrations depends on various factors, including aerosol vertical distribution, aerosol 

type and its chemical composition, as well as its spatial and temporal variability, which are governed by spatio-

temporal distribution of emissions and meteorological conditions (Kong et al., 2016). Due to their short lifetime 
and the large variability in space and time it is necessary to establish a climatology of the aerosol distribution both 
on regional and global scale thus satellite-retrieved AOD has become an important indicator of ground-level PM 

and aerosol burden in the atmosphere. The Moderate Resolution Imaging Spectroradiometer (MODIS) is aboard 
two polar orbiting satellites Terra and Aqua and measures the upwelling radiance from the Earth–atmosphere 

system at 36 wavelength bands, ranging from 0.4 to 14 µm. MODIS provides a daily near-global distribution of 

AOD over both ocean and land (Sayer et al., 2013). In this study long-term temporal variation and trend of AOD 

over Belgrade region are presented. Monthly mean values of MODIS aerosol optical depth at 550 nm were 
examined for the 10 year period 2005–2015. The MOD08 Combined Dark Target and Deep Blue AOD data 

products from MODIS Terra platform (Collection 6.1, Level 3 AOD data downloaded through NASA 

GIOVANNI web portal https://giovanni.gsfc.nasa.gov/giovanni/) at 1 degree spatial resolution were utilized. 
Frequency distributions of the AOD values were examined together with monthly and seasonal variations. The 

annual AOD mean was 0.17 with standard deviation of 0.07 over ten year period. AOD values exhibited seasonal 
annual mean variation and slightly negative trend. Significant monthly AOD variability is observed with 
maximum in August (∼0.28) and a minimum in winter months (∼0.06). Analysis of long term time series of AOD 
data could reveal how AOD regarding ground-based PM measurement in Belgrade changes over time. The aerosol 

climatology can be useful in the climate change assessment, weather and environmental monitoring over Belgrade 

region with the potential for further application in particle matter estimates from satellite measurement.  
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Mineral dust aerosol is ubiquitous in the troposphere around the globe, and dominant in terms of mass 

concentration (Grini et al., 2005). Sahara is the largest source of dust emission and atmospheric dust loading in 
the world (Choobari et al., 2014). Strong low-level winds and convection can uplift mineral dust particles into the 

free troposphere, where they are transported over large distances even at intercontinental scales (Goudie and 
Middleton, 2001). Dust aerosols have a direct impact on the global radiative budget of the atmosphere by 
scattering and absorbing shortwave and longwave radiation. Also, dust aerosols can change the microphysical 
characteristics of clouds and precipitation due to their role in the nucleation of cloud ice and droplets (Rosenfeld 

et al., 2001). Furthermore, dust impacts air quality even at locations distant from its source region (Prospero, 
1999). To improve understanding of these effects, it is important to characterize dust horizontal and vertical 
distribution, as well as meteorological conditions that lead to dust outbreaks in region of interest.  

In this study, four episodes of long-range transport of Saharan dust to Balkans will be investigated based on results 

of numerical model and available ground-based measurements. Synoptic circulation patterns and airmass 

backtrajectories during these events will also be analyzed. For dust forecast, we used the Dust Regional 
Atmospheric Model – DREAM. The model was developed to predict the concentration of dust aerosol in the 

troposphere, and includes processes of dust emission, dust horizontal and vertical turbulent mixing, long-range 

transport and dust deposition (Ničković et al., 2001). Modeled dust concentration vertical profiles and 
concentrations at surface level during the selected events will be discussed. A qualitative comparison of modeled 

dust vertical profiles and results of LIDAR (Light Detection and Ranging) measurements in Belgrade will be 
presented. Furthermore, comparison of modeled dust surface concentrations with the measurements of PM10 

particle mass concentration in two urban background stations in Belgrade will be shown, to give insight into the 

effect of dust on air quality during these dust episodes. 

REFERENCES 

Choobari, O. A., Zawar-Reza, P., and Sturman, A., 2014. The global distribution of mineral dust and its impacts on the 

climate system: A review, Atmospheric Research, 138, 152–165. 

Goudie, A. S. and Middleton, N. J., 2001. Saharan dust storms: nature and consequences, Earth-Science Reviews, 56, 179–

204. 

Grini, A., Myhre, G., Zender, C. S., and Isaksen, I. S. A., 2005. Model simulations of dust sources and transport in the global 

atmosphere: Effects of soil erodibility and wind speed variability, Journal of Geophysical Research, 110, D02205. 
Ničković, S., Kallos, G., Papadopoulos, A., Kakaliagou, O., 2001. A model for prediction of desert dust cycle in the 
atmosphere, Journal of Geophysical Research 106, 18113-18130. 

Prospero, J. M., 1999. Long-term measurements of the transport of African mineral dust to the southeastern United States: 
Implications for regional air quality, Journal of Geophysical Research 104, 15917–15927. 

Rosenfeld, D., Y. Rudich, and R. Lahav 2001. Desert dust suppressing precipitation: A possible desertification feedback loop, 

Proceedings of the National Academy of Sciences of the United States of America, 98, 5975–5980.  



CIP - Каталогизација у публикацији  
Народна библиотека Србије, Београд 

502.3:502.175(048) 

613.15(048) 

66.071.9(048) 

INTERNATIONAL WeBIOPATR Workshop & Conference,  

Particulate Matter: Research and Management (7 ; 2019 ; Beograd) 

Abstracts of keynote invited lectures and contributed papers / 

The Seventh International WeBIOPATR Workshop & Conference  

Particulate Matter: Research and Management, WeBIOPATR 2019, 
1st to 3rd October, 2019 Belgrade, Serbia ;  
[organizers Vinča Institute of Nuclear Sciences, Serbia,  
[and] Public Health Institute of Belgrade, Serbia  
[and] NILU Norwegian Institute for Air Research, Norway] ; 
editors Milena Jovašević-Stojanović, Alena Bartoňová. 
- Belgrade : Public Health Institute, 2019
(Belgrade : Printing Office of the Public Health Institute). - 104 str. : ilustr. ; 30 cm

Tiraž 150. 
- Str. 7: Preface / Milena Jovašević-Stojanović and Alena Bartoňová.
- Bibliografija uz većinu apstrakata. – Registar

ISBN 978-86-83069-56-9 

1. Conference Particulate Matter: Research and Management (7 ; 2019 ; Beograd)
а) Ваздух -- Контрола квалитета -- Апстракти
б) Здравље -- Заштита -- Апстракти
в) Отпадни гасови -- Штетно дејство -- Апстракти

COBISS.SR-ID 279772172 































III Meeting on Astrophysical Spectroscopy - A&M DATA 
 

December 6 to 9, 2021, Palić, Serbia 

 

 

 

BOOK OF ABSTRACTS AND 

CONTRIBUTED PAPERS 

 

Edited by Vladimir A. Srećković, Milan S. Dimitrijević and  

Nikola Cvetanović 
 

 

   

 

 

Belgrade 2021 



III Meeting on Astrophysical Spectroscopy - A&M DATA 
BOOK OF ABSTRACTS AND CONTRIBUTED PAPERS 
Eds. V. A. Srećković, M. S. Dimitrijević and N. Cvetanović 

 
Scientific Committee 

Milan S. Dimitrijević, Co-Chairman 
Vladimir A. Srećković, Co-Chairman 

Nebil Ben Nessib, Saudi Arabia 
Nikolai N. Bezuglov, Russia 
Vesna Borka Jovanović, Serbia 
Magdalena Christova, Bulgaria 
Nikola Cvetanović, Serbia 
Rafik Hamdi, Tunisia 
Dragana Ilić, Serbia 
Darko Jevremović, Serbia 
Predrag Jovanović, Serbia  
Andjelka Kovačević, Serbia 
Jelena Kovačević, Serbia 
Evaggelia Lyratzi, Greece  
Bratislav Marinković, Serbia 
Zoran Mijić, Serbia 
Luka Č. Popović, Serbia 
Branko Predojević, Republic of Srpska  
Sylvie Sahal Bréchot, France 
Saša Simić, Serbia 
 
Local Organizing Committee 

Vladimir A. Srećković, Institite of Physics, Belgrade, Chairman 

Jovan Aleksić, Astronomical Observatory, Belgrade 
Nikola Cvetanović, Faculty of Transport and Traffic Engineering, Belgrade 
Milan S. Dimitrijević, Astronomical Observatory, Belgrade 
Aleksandra Kolarski, Institute of Physics, Belgrade 
Aleksandra Nina, Institute of Physics, Belgrade  
Nikola Veselinović, Institute of Physics, Belgrade 
Veljko Vujčić, Astronomical Observatory, Belgrade 
 

Organizers: 

Institute of Physics Belgrade, Serbia and  
Astronomical Observatory Belgrade, Serbia 
 

Text arrangement by computer: Tanja Milovanov 
 

ISBN 978-86-82441-54-0 
 

Published and copyright © by Institute of Physics Belgrade, Pregrevica 118,  
11080 Belgrade Serbia 
 

Financially supported by the Ministry of Education, Science and Technological  
Development of Serbia 
 

Production: Skripta Internacional, Mike Alasa 54, Beograd in 50 copies 



III Meeting on Astrophysical Spectroscopy - A&M DATA 
BOOK OF ABSTRACTS AND CONTRIBUTED PAPERS 
Eds. V. A. Srećković, M. S. Dimitrijević and N. Cvetanović 

 

Lower ionosphere under high-energy events: observations 

and model parameters 
 

 

Aleksandra Kolarski 
1
, Vladimir A. Srećković2

 and Zoran R. Mijić2
 

 
1Technical Faculty Mihajlo Pupin, University of Novi Sad, Đure Đakovića bb, 

23000 Zrenjanin, Serbia  

E-mail: aleksandra.kolarski@tfzr.rs 
2Institute of Physics Belgrade, University of Belgrade, PO Box 57,  

11000 Belgrade, Serbia 

E-mail: vlada@ipb.ac.rs, zoran.mijic@ipb.ac.rs 

 
Analysis of lower ionospheric response and electron density altitude profile 

variations in lower ionosphere induced by high-energy events during daytime and 
during nighttime was carried out. Sudden events induced changes in ionosphere 
and consequently electron density height profile. All data are recorded by BEL 
radio stations system and the model computation is used to obtain the atmospheric 
parameters induced by these perturbations. According to perturbed conditions, 
variation of estimated parameters, sharpness and reflection height differ for 
analyzed cases. The data and results are useful for Earth observation, 
telecommunication and other applications in modern society. 
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The European Aerosol Research Lidar Network, EARLINET, was established 
in 2000 with the goal of creating a quantitative, comprehensive, and statistically 
significant database for the horizontal, vertical, and temporal distribution of 
aerosols on a continental scale [1]. EARLINET is part of ACTRIS (Aerosols, 
Clouds and Trace gases Research Infrastructure) a pan-European initiative 
consolidating actions amongst European partners producing high-quality 
observations of atmospheric aerosols, clouds and trace gases. Aerosol lidars with 
their high temporal and vertical resolution, provide reliable information on the 
atmospheric structure, its dynamics, and its optical properties. The Belgrade lidar 
station [2] participated in the several campaigns providing vertical aerosol profiles 
measurements which were submitted and processed by the Single Calculus Chain 
(SCC) in the near-real time (NRT). The SCC is a tool for the automatic analysis of 
aerosol lidar measurements developed within EARLINET network [3,4]. The main 
aim of SCC is to provide a data processing chain that allows all EARLINET 
stations to retrieve, in a fully automatic way, the aerosol backscatter and extinction 
profiles together with other aerosol products. Beyond the scientific goals of this 
campaign, the actions organized by EARLINET/ACTRIS (NRT delivery of the 
data and fast analysis of the data products) proved that aerosol lidars are useful for 
providing information not only for climatological purposes, but also in emergency 
situations [5]. 
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Aerosol optical depth (AOD) is one of the most important aerosol products 
retrieved from satellite measurements, and represent the attenuation of solar 
radiation caused by aerosols.  The direct radiative effect due to aerosol–radiation 
interactions is the change in radiative flux caused by the combined scattering and 
absorption of radiation by anthropogenic and natural aerosols. Due to their short 
lifetime and the large variability in space and time atmospheric aerosols are 
considered one of the major uncertainties in climate forcing and atmospheric 
processes [1]. The relationship between AOD (integration of the aerosol extinction 
coefficient from the Earth’s surface to the top of the atmosphere) and surface 
aerosol concentrations depends on various factors: aerosol type and its chemical 
composition, vertical distribution, spatial and temporal variability. In this study the 
potential of Level 2 AOD data at 0.55 µm based on measurements by Moderate 
Resolution Imaging Spectroradiometer (MODIS) aboard Terra (MOD04) and Aqua 
(MYD04) platforms for PM modeling will be discussed [2]. In addition, recently 
lunched ESA Aeolus mission products intended for assimilation in Numerical 
Weather Prediction (NWP) models in Near-Real-Time together with its optical 
products will be introduced. 
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PREFACE 

 

Dear Colleagues, 

Welcome to the 8th WeBIOPATR Conference, to be held at the premises of the Vinca 
Institute of Nuclear Sciences, Serbia, 29.11.–1.12.2021, as a combination of online and face-
to-face event. 

The International Workshop and Conference, Particulate Matter: Research and Management 
– WeBIOPATR is a biennial event held in Serbia since 2007. The conference addresses air 
quality in general and particulate matter specifically. Atmospheric particulate matter arises 
both from primary emissions and from secondary formation in the atmosphere. It is one of 
the least well understood local and regional air pollutants, has complex implications for 
climate change, and is perhaps the pollutant with the highest health relevance. It also poses 
many challenges to monitoring.  

By WeBIOPATR, we aim to link the research communities with relevance to particulate 
matter with the practitioners of air quality management on all administrative levels, in order 
to facilitate professional dialogue and uptake of newest research into practice. The 
workshops usually draw an audience of about 70 and attract media attention in Serbia. It 
enjoys support of the responsible authorities, Ministry of Education, Science and 
Technological Development, Ministry of Health, Ministry of Environment, and the Serbian 
Environmental Agency whose sponsorship is indispensable and gratefully acknowledged. 
We also enjoy support of international bodies such as the WHO. 

The 1st WeBIOPATR Workshop was held in Beograd, 20.-22. May 2007, associated with a 
project funded by the Research Council of Norway. The 2nd workshop was held in Mećavnik, 
Serbia, 28.8.-1.9.2009. WeBIOPATR2011 was held in Beograd 14.-17.11.2011 and for the 
first time, included a dedicated student workshop. WeBIOPATR2013 was held in Beograd 
2.-4.10. 2013. It covered the traditional PM research and management issues, discussions on 
how to encourage citizens to contribute to environmental governance, and how to develop 
participatory sensing methods. WeBIOPATR2015 was held in Beograd 14.-16.10. 2015. 
Dedicated sessions were devoted to sensor technologies for air quality monitoring, utilizing 
information and input from the EU FP7 funded project CITI-SENSE (http://co.citi-sense.eu) 
and the EU COST action EuNetAir (www.eunetair.it). WeBIOPATR2017, the 6th 
conference, was held in Beograd 6.-8.9. 2017, with a wider than before Western Balkan 
participation. The 7th WeBIOPATR2019 was held 1.-4.10. 2019 at the Mechanical Faculty, 
University of Belgrade. It has attracted a record of over 50 contributions, and brought 
together scientists from 12 countries, documenting that the issues of atmospheric pollution, 
with their wide implications for climate change, human health and ecosystem services, are 
no less important today. This year’s event will be with similar number of contributions that 
have been accepted.  

In the past two years, all our lives were affected by the COVID-19 pandemic. We have 
adapted our ways of life and work – and now we hope that the new format of the conference 
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will be a success, for the participants physically present as well as for those who will 
participate online. 

We are very grateful to our unrelenting national and international partners for their financial 
and scientific support for this event. In addition, WeBIOPATR2021 is supported by the 
VIDIS project, https://vidis-project.org/, funded by the EC H2020 Framework Programme 
for Research and Innovation, area “Spreading excellence and widening participation”. 
VIDIS (2020-2023) is coordinated by Vinca Institute, Grant agreement number 952433.  

Welcome to Vinca and online and have a stimulating and productive time! 

 

Milena Jovašević-Stojanović and Alena Bartoňová 

  



7 
 

TABLE OF CONTENTS 

1. INDOOR, VENTILATION, PROTECTION ........................................................................ 11 

1.1 COVID-19, Particles in the Air and Ventilation .................................................................. 12 

1.2 Applying Aerosol Science to the Current Needs: Particle Removal Efficiency of Face Masks 
During the COVID-19 Pandemic .............................................................................................. 13 

1.3 Personal Protection Against Airborne Particulate Matter ..................................................... 14 

1.4 The Role of Microclimate in the Formation of Indoor Air Pollution .................................... 15 

2. LOW-COST SENORS ......................................................................................................... 17 

2.1 PM Low-Cost Sensors Calibration in the Wild: Methods and Insights From AirHeritage 
Project ..................................................................................................................................... 18 

2.2 Schools for Better Air Quality: Citizens-Based Monitoring, Stem Education, and Youth 
Activism in Serbia UNICEF in Serbia ...................................................................................... 19 

2.3 Assessing Air Pollution from Wood Burning Using Low-Cost Sensors and Citizen Science 20 

2.4 Potential for Using Low-Cost Sensor Measurements in Outdoor Environmental Quality 
Particulate Matter Measurements.............................................................................................. 21 

3. SCIENCE – POLICY ........................................................................................................... 23 

3.1 How Do We Understand Interdisciplinarity in Environment and Climate Research: Results 
From a Recent Study in Norway ............................................................................................... 24 

3.2 The Hybrid Computational Approach in Revealing Particulate Matter Related Processes .... 25 

4. HEALTH AND EXPOSURE I ............................................................................................. 27 

4.1 Long-term Exposure to Air Pollution and Mortality: Overview with Focus on the Low-
exposure Areas......................................................................................................................... 28 

4.2 Air Pollution and the Growth of Children – Is There a Connection? .................................... 29 

4.3 Health Risk Assessment of Particulate Matter Emissions from Natural Gas and Fuel Oil 
Heating Plants Using Dispersion Modelling ............................................................................. 30 

4.4 Assessment of Increased Individual-Level Exposure to Airborne Particulate Matter During 
Periods of Atmospheric Thermal Inversion ............................................................................... 31 

4.5 How Will the New Who Air Quality Guidelines for PM2.5 Affect the Health Risk 
Assessment by the European Environment Agency .................................................................. 32 

5. HEALTH AND EXPOSURE II ............................................................................................ 33 

5.1 Biomarkers of Exposure to Particulate Matter Air Pollutants: A Precious Tool for Studying 
Health-Related Effects ............................................................................................................. 34 

5.2 Experimental Approaches for Studying Viral infectivity, RNA Presence and Stability in 
Environmental PM: Dedicated Sampling, Biosensors, and Adaptation of Standard 
TECHNIQUES ........................................................................................................................ 35 

5.3 Exposure to Particulate Matter in Fire Stations: Preliminary Results ................................... 36 

5.4 A Numerical Model for Pollen Prediction: Thunderstorm Asthma Case Study .................... 37 

6. PM MONITORING AND MODELLING I .......................................................................... 39 

6.1 Introduction to Transboundary Particulate Matter in Europe ............................................... 40 



8 
 

6.2 SAMIRA-Satellite Based Monitoring Initiative for Regional Air Quality – Lessons Learned 
and Plans ................................................................................................................................. 41 

6.3 Chemical Composition of PM particles Inside the Laboratory and in the Ambient Air Near 
the Copper Smelter in Bor, Serbia ............................................................................................ 42 

6.4 Planning and Conducting Mobile Aerosol Monitoring Campaign: Experiences from Belgrade 
and Novi Sad ........................................................................................................................... 43 

6.5 Assessment of Detected In Situ and Modelled PM Concentration Levels During Urban 
Transformation Processes in Novi Sad, Serbia .......................................................................... 44 

7. PM MONITORING AND MODELLING II ......................................................................... 45 

7.1 Accounting for Spatiotemporal Information Improves the Imputation of Missing PM2.5 
Monitoring Records ................................................................................................................. 46 

7.2 A Method for Tracing the Sources of AirBorne Dust Using Source-Simulation and 
Multivariate PLS Modelling of Chemical Analytical Data ........................................................ 47 

7.3 Seasonal Variation in Ambient PM10 Concentrations Over the Novi Sad Aglomeration ..... 48 

7.4 An Overview of Monitoring and Research of Atmospheric Particulate Matter in Serbia in the 
Past Half Decade ...................................................................................................................... 49 

8. OXIDATIVE STRESS ......................................................................................................... 51 

8.1 Real-time Reactive Oxygen Species Measurements in Chinese Cities ................................. 52 

8.2 Source Apportionment of Oxidative Potential – What We Know So Far ............................. 53 

8.3 A Study on Tropospheric Aerosols Change During the COVID-19 Lock-down Period: 
Experience From EARLINET Measurement Campaign ............................................................ 54 

8.4 Comparative Statistical Analysis of Particulate Matter Pollution and Traffic Intensity on a 
Selected Location in the City of Novi Sad ................................................................................ 55 

9. AEROSOL CHARACTERIZATION I ................................................................................. 57 

9.1 Measuring Aerosol Absorption – The Advantage of Direct Over Other Methods, and Multi-
Wavelength Calibration ............................................................................................................ 58 

9.2 Apportionment of Primary and Secondary Carbonaceous Aerosols Using an Advanced Total 
Carbon – Black Carbon (TC-BC7-λ) Method ............................................................................. 59 

9.3 Variation of Black Carbon Concentration in Cold and Warm Seasons in Skopje Urban Area
 ................................................................................................................................................ 60 

10. AEROSOL CHARACTERIZATION II ............................................................................ 61 

10.1 Secondary Organic Aerosol Formation From Direct Photolysis and OH Radical Reaction of 
Nitroaromatics ......................................................................................................................... 62 

10.2 Emerging Pollutants in Atmospheric Aerosols in Latvia: Present Situation Overview........ 63 

10.3 Chemical Composition and Source Apportionment of PM2.5 at a Suburban Site in the 
Northwestern Part of Turkey .................................................................................................... 64 

10.4 Key Factors Governing Particulate Matter Environmental Fate in an Urban Environment . 65 

10.5 Harmonization of UFP Measurements: A Novel Solution for Microphysical 
Characterization of Aerosols .................................................................................................... 66 

11. POSTER SESSION .......................................................................................................... 67 

11.1 Effects of Biomass Fuel Smoke on Maternal Health and Pregnancy Outcomes.................. 68 



37 
 

5.4 A NUMERICAL MODEL FOR POLLEN PREDICTION: THUNDERSTORM ASTHMA CASE 
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More than 300 million people worldwide have asthma - resulting, at the global scale, in approximately 180,000 
deaths annually (To et al., 2012). Approximately 50% of adults and 90% of children with asthma had an allergic 
form of the disease (Palomares et al., 2017). The allergy occurrence is often caused by pollen, representing one 
of the major healthcare problems. The strongest risk factors for developing asthma are inhaled particles; pollen 
grains emitted by trees, grasses, and ragweed are among the most commonly present particles. The pollen 
dispersion process starts with the pollen emission which depends on plant phenology and on near-surface 
atmospheric conditions. Emitted pollen is dispersed by vertical air mixing and by free-atmospheric horizontal 
transport. In the final phase of the pollen atmospheric process, pollen grains settle down to the Earth’s surface 
by wet and by dry deposition (due to gravity and near-surface turbulence). In order to predict the atmospheric 
pollen process, several pollen models have been developed over the last decade (e.g., Siljamo et al., 2013; 
Luvall et al., 2013). The prediction of extreme pollen episodes generated by thunderstorm processes is of 
particular interest. Thunderstorm-caused asthma, usually called “thunderstorm asthma” (TA) is a striking event 
in which patients could experience life-threatening asthma attacks caused by extreme numbers of pollen grains. 
If a thunderstorm occurs during a pollen season, favourable conditions for intense pollen uptake and transport 
are fulfilled. In the TA Melbourne case occurred on November 21st 2016, high near-surface concentrations of 
grass pollen caused instant allergic reactions in predisposed persons. As a result, within 30 hours there was a 
672% increase in visits to emergency services due to respiratory difficulties, and a 992% increase of asthma-
related hospital admissions compared with the occurrences in previous 3 years (Thien et al., 2018). In this 
study, the capacity of the PREAM (Pollen Regional Atmospheric Model) model to predict excessive TA events 
is examined. PREAM is a version of the DREAM regional dust aerosol atmospheric model (Ničković et al., 
2001) modified in our study to predict pollen dispersion. In our study we implemented a regional Euler-type 
pollen prediction model over the Australian state of Victoria in order to explore its capability to predict the 
Melbourne pollen event. We set up the model with a horizontal resolution below 10km, sufficiently fine to 
confidently resolve pollen sources and to adequately represent atmospheric features essential for pollen storm 
generation (such as non-hydrostatic and convection processes). Furthermore, we introduced an advanced pollen 
emission scheme which takes into account different near-surface turbulence conditions. The model simulation 
covering the period 16-22 November 2016 was verified against available pollen counts observed at a 
Melbourne site. The model correctly identified the increased pollen concentrations from the weaker observed 
peak on 16th November. The extreme pollen concentrations on the 21st November, which triggered the 
epidemic asthma, was quite well represented by the model, in terms of both timing and location, thus 
demonstrating its high potential to successfully simulate extreme pollen events. 
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8.3 A STUDY ON TROPOSPHERIC AEROSOLS CHANGE DURING THE COVID-19 LOCK-

DOWN PERIOD: EXPERIENCE FROM EARLINET MEASUREMENT CAMPAIGN 
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Institute of Physics Belgrade, University of Belgrade, Belgrade, Serbia 
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To slow down the rate of spread of corona virus, most of the countries in Europe have followed partial-to-
complete lockdown measures in 2020. The lockdown period provided a unique opportunity to examine the 
effects of reduced anthropogenic activities on changes in the atmospheric environment. Aerosol lidars with 
their high temporal and vertical resolution, provide reliable information on the atmospheric structure, its 
dynamics, and its optical properties. The European Aerosol Research Lidar Network, EARLINET, was 
established in 2000 as a research project with the goal of creating a quantitative, comprehensive, and 
statistically significant database for the horizontal, vertical, and temporal distribution of aerosols on a 
continental scale (Pappalardo et al., 2014). EARLINET is part of ACTRIS (Aerosols, Clouds and Trace gases 
Research Infrastructure) a pan-European initiative consolidating actions among European partners producing 
high-quality observations of aerosols, clouds and trace gases. 

As a part of the ACTRIS initiative for studying the changes in the atmosphere during the COVID-19 lockdown 
period in May 2020 a dedicated EARLINET measurement campaign was organized in order to: monitor the 
atmosphere’s structure during the lockdown and early relaxation period in Europe, and to identify possible 
changes due to decreased emissions by comparison to the aerosol climatology in Europe. During the campaign 
the near-real-time (NRT) operation of the EARLINET was demonstrated following previous experience from 
the EUNADICS-AV exercise (Papagiannopoulos et al., 2020). The Belgrade lidar station (Ilić et al., 2018) 
participated in the campaign together with 21 EARLINET stations providing vertical aerosol profiles twice per 
day (minimum two hours measurements at noon, and minimum two hours after sunset). The measurements 
were submitted and processed by the Single Calculus Chain (SCC) in the near-real-time. The SCC is a tool for 
the automatic analysis of aerosol lidar measurements developed within EARLINET network (D'Amico et al., 
2015, D'Amico et al., 2016). The main aim of SCC is to provide a data processing chain that allows all 
EARLINET stations to retrieve, in a fully automatic way, the aerosol backscatter and extinction profiles 
(measures of the aerosol load) together with other aerosol products. This first analysis was based on the data 
processed by the SCC and directly published on the THREDDS server in NRT. The preliminary analysis made 
on aerosol lidar data shows that by simply comparing the observed backscatter values with the climatological 
values from 2000-2015 is not sufficient to extract a clear conclusion on how much the COVID-19 lock-down 
has impacted the aerosols in the atmosphere, but a certain effect for low troposphere can be seen. Beyond the 
scientific goals of this campaign, the actions organized by EARLINET/ACTRIS (NRT delivery of the data and 
fast analysis of the data products) proved that aerosol lidars are useful for providing information not only for 
climatological purposes, but also in emergency situations. A more quantitative analysis based on re-analyzing 
additional data products will be made to consolidate the conclusions. 
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The height of the atmospheric boundary layer (ABLH) is an important 
parameter in studies of air pollution, as it determines the volume available for 
dispersion of pollutants. Aerosol lidar provides information on temporal changes of 
ABLH (using aerosols as tracers) and vertical structure of aerosol layer. Coupled 
with measurements of meteorological parameters, this information is valuable in 
interpretation of particulate matter (PM) observations at ground level. Knowledge 
of the temporal changes of aerosol vertical profile is helpful in understanding the 
formation of PM air pollution and the impact of long-range transport to surface PM 
concentrations. 

Aerosol lidar measurements performed in Belgrade during 2018-2020, were 
used to derive vertical profiles of aerosol backscatter coefficient at 355 nm (Klett, 
1981; Fernald, 1984) and the temporal evolution of ABLH (Ili  et al., 2018). In this 
study, selected cases of aerosol layer vertical structure, under different 
thermodynamic stability conditions of ABL and different levels of PM pollution, 
are discussed. 
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Strong Solar activity during September 2017, despite being in the declining 
phase of cycle 24, produced several solar flares, accompanied by a series of 
coronal mass ejections that led to complex and geoeffective plasma structures in 
the heliosphere (Luhmann et al., 2020). These events, involving interactions 
between plasma structures (Albert et al., 2020), as well as their influence on Earth's 
environment are very difficult to forecast. 

A number of studies used different approaches to analyze influence of Solar 
activity on particular phenomena either in heliosphere (Kozev et al., 2022, Savi  et 
al., 2023) or ionosphere responses (Kolarski et al., 2022, Sre kovi  at al., 2021). 
Recently, several investigations based on multi-instrumental measurements and 
numerical simulations show more comprehensive insight into the ionospheric
responses and change of primary cosmic rays� flux due to the extreme Solar 
activity (Kolarski et al., 2023, Barta et al., 2022). 

The focus of this research is to investigate the phenomena induced by the 
extreme event in near-Earth space and Earth's atmosphere during September 2017, 
with an emphasis on studying and modeling the variations in cosmic ray flux and 
disturbances in the lower ionosphere in correlation with Solar activity. The 
investigation is based on ground-based measurements such as from neutron 
monitors, very low-frequency (VLF) radio wave stations, and cosmic ray detectors, 
as well as in situ measurements from different space probes.  

The results of this study show that the ionospheric atomic and molecular data 
like sharpness and effective reflection height and electron density obtained from 
Belgrade VLF data measurements, are in correlation with incident X-ray flux while 
time series of cosmic rays� flux measured at Belgrade muon station correspond to 
disturbance of near-Earth heliospheric conditions.

The multi-instrumental approach accompanied with numerical modeling of 
specific space weather events additionally contribute to better understanding of 
solar-terrestrial coupling processes. 
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COST � Cooperation in Science and Technology is a networking programme 

fully financed by the European Horizon frameworks (H2020 and HE) with the aim 
to foster collaboration of researchers and innovators within European countries and 
to contribute to the creation of European Research Area (ERA). Its main priorities 
are to promote and spread excellence, to foster interdisciplinary research through 
breakthrough science and to empower and retain young researchers and innovators. 
Although COST programme does not finance the research itself (it is lean on the 
national funding schemas of all 41 participating countries) it enables wide 
collaboration and networking through general or working group meetings, short 
term scientific missions, training schools and management meetings. 

In 2022 Serbian researchers performed an individual participation in more than 
750 COST Action activities. COST Actions generally last for four years, up to 
now, Serbian researchers chaired and co-chaired 23 Actions and participated in 
total of 928 Actions (https://www.cost.eu/about/members/serbia/). The broader 
statistics of Serbian participation in COST Actions can be found in Marinkovi  et 
al. (2022). 
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Collaboration is at the heart of modern science while interdisciplinary research 

plays a very important role in addressing some of the most important and complex 
problems. The European Cooperation in Science and Technology � COST is the 
oldest intergovernmental funding organization in Europe with the aim to establish 
the research networks among scientists and innovators. Two years ago, COST 
celebrated 50 years of the existence and successful networking activities. During 
that period COST has become one of the best mechanisms to promote science 
cooperation in the world. For establishing a collaboration proximity is particularly 
important, but once a collaboration is in place scientists manage to continue a 
collaboration despite a large distance. COST Actions support a variety of 
networking tools enabling spatial and social proximity thus increasing the level of 
scientific production. 

In this paper review of available data on the effects of participating in a COST 
Action on the level of scientific production i.e., scientific co-publications between 
active members of an Action is given (Seeber et al., 2022a). In addition, the 
interdisciplinary nature of co-publications and involvement of researchers from 
inclusive target countries as well as young researcher is discussed. Since researcher 
from Serbia are involved in almost 96% of active Actions (Miji  and Marinkovi , 
2022) it is particularly important to assess whether these effects persist after the life 
time of the Action.  

Regarding the multidisciplinarity of the new Actions approved in 2023, 54% of 
them cover at least two fields of science and technology, while 11% cover at least 
three fields. Natural sciences are represented in 49% of the Actions leading the way 
as the most represented field of science. Therefore, additional discussion will be 
given for better understanding whether Actions proposals� degree of 
interdisciplinarity and the relative proportion of different scientific fields, may be 
disadvantage or not in the project evaluation procedure in the COST research 
framework (Seeber et al., 2022b). 
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Atmospheric probing and the observations of atmospheric aerosol particles can 
be performed remotely with high spatial and temporal resolution using LIDAR 
(Light Detection And Ranging) technique. Aerosol optical characteristics provide 
extensive information on the existence and development of atmospheric aerosol 
structures. As an EARLINET (the European Aerosol Research LIdar Network) 
(Pappalardo et al., 2014) joining lidar station, Belgrade Raman lidar system has 
provided aerosol profiling data for potential climatological studies as well as 
assessment of planetary boundary layer evolution (Ili  et al., 2018) and conducting 
dedicated measurements during potential airborne hazards events (e.g., volcanic 
ash, desert dust, biomass burning). To provide a quality controlled and 
homogeneous analysis of raw lidar data across the network, a centralized analysis 
tool, called the Single Calculus Chain (SCC), has been released within EARLINET 
(Mattis et al., 2016). In order to assess the performance and the temporal stability 
of a lidar system a rigorous quality-assurance (QA) program and self-testing check-
up tools have been developed. In this paper a description of the Belgrade Raman 
lidar system capabilities, and its experimental characterization related to zero bin, 
analog to photon-counting signal delay, the Rayleigh-fit and telecover tests to 
check the system accuracy (Freudenthaler et al., 2018) will be presented. 
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Solar X-ray flare (SF) events of low intensity are rarely investigated and their 
impacts on the subionospheric Very Low Frequency (VLF) propagation are not 
thoroughly described and annotated, primarily due to the prerequisite of quiet solar 
activity conditions and low-level X-ray emissions of background radiation. VLF 
propagation under events of such low-intensity SFs is inspected on VLF radio 
signal (3-30 kHz) recordings with path-oriented analysis conducted. Numerical 
modeling of VLF propagation parameters was carried out by the means of Long 
Wave Propagation Capability (LWPC) software package, based on VLF data 
recorded by Belgrade VLF stations (Serbia). Solar X-ray radiation data is obtained 
from Geostationary Operational Environmental Satellite (GOES) database. Main 
results are presented in this paper. 

     
Key words: Solar flare, VLF perturbation, numerical modeling. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
  

83



International Conference on Recent Trends in 
Geoscience Research and Applications 2023

October 23–27, 2023, Belgrade, Serbia & virtual

BOOK OF ABSTRACTS AND
CONTRIBUTED PAPERS

                              

Belgrade
2023 



Scientific Committee
Aleksandra Nina, Serbia, chair 

Serbia, co-chair 
Ivan Lizaga, Belgium, co-chair 

-chair 
 
Pier Francesco Biagi, Italy 
Jozsef Bor, Hungary 

 
 

Hans Eichelberger, Austria 
 

 
Maria Gritsevich, Finland 
Pavlos Kassomenos, Greece 
Konstantinos Kourtidis, Greece 

-  
 

 
Irina Mironova, Russia 
Giovanni Nico, Italy 

 
rbia 

 
Sergey Pulinets, Russia 

 
 

 
Mirela Voiculescu, Romania 
Desmond Walling, UK 
 

Local Organizing Committee
Aleksandra Nina, Serbia, chair 

-chair 
 
Filip Arnaut, Serbia 
Jovana Brankov, Serbia 
Stefan Denda, Serbia 

 
 

 
 

Aleksandra Kolarski, Serbia 
Kuzmanoski, Serbia 

 
 

 
 

Scientific Rationale 
Geoscience research and applications are of crucial interest in science and many areas of 
modern life. For this reason, exchanging knowledge in various relevant areas is essential for 
development in scientific, engineering and programming activities. The conference aims to 

research of experts in these fields and provide a platform for 
knowledge exchange. 
 
Venue: Institute of Physics Belgrade, Belgrade, Serbia & virtual 
Organizers: Faculty of Civil Engineering, University of Belgrade and Institute of Physics 
Belgrade, University of Belgrade 
Published by: Faculty of Civil Engineering, University of Belgrade; Institute of Physics 
Belgrade, University of Belgrade; and  
 

The publication of this issue is financially supported by the Ministry for Education, Science 
and Technological Development of Serbia 
 

Picture on the first cover:  
ISBN 978-86-7518-239-9 
eISBN 978-86-7518-240-5 
Printed by: Curent Print, Tvrtka Velikog 14, Beograd 
Number of copies: 50



 

 

Book of Abstracts and Contributed Papers 
International Conference on Recent Trends in Geoscience Research and Applications 2023 
Belgrade, Serbia & Virtual, October 23–27, 2023  

 

 

 
31 

  
 Abstract 

 

AEROSOL VERTICAL PROFILES AND ABL HEIGHTS CORRESPONDING 
TO DIFFERENT PM10 POLLUTION LEVELS IN BELGRADE, SERBIA 
Maja Kuzmanoski 1*,  2  3  1

1 Belgrade, Serbia; e-mails: 
 

2 ; e-mail: 
 

3 - -mail: 
 

 
European 

y

 is 

the contribution of the long-range transport to surface  
In this study, the lidar measurements at 355 nm, performed in Belgrade, Serbia, are used to 

-min temporal resolution using the 

 30- -  
10 concentrations in Belgrade, used in this study, are obtained from the Serbian 

 
–2020 period, excluding data collected in presence of low- or mid-

10 pollution in Belgrade, as well as the periods of different temporal changes of 
10 

cases is discussed,  
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As the oldest intergovernmental funding organization in Europe COST (the 
European Cooperation in Science and Technology) facilitates networking among 
academics and innovators in order to increase Europe's ability to address scientific, 
technical, and societal concerns (Marinković and Mijić 2022). According to the 
study (Seeber et al., 2022a), participation in COST program considerably increases 
researchers' scientific co-publications, therefore advancing their professional 
careers. The findings demonstrate a 55% average increase in co-publications 
among active COST action participants as compared to the proposed network of 
the researchers of non-founded actions. This increase in collaborative co-
publications is not at the expense of non-collaborative ones, resulting in a net gain 
in scientific production. Keeping in mind that the impact of the actions lasts 
beyond their lifetime, involvement in COST networking activities significantly 
improves researchers' productions and experience thus increasing their capacity for 
long-term collaborations (Seeber et al., 2022b). This is especially important for 
early-career researchers, as around 42% of COST action members in 2023 are 
young researchers. (Mijić and Marinković, 2024a).  

Over the last several years running the COST action have become more and 
more competitive (Mijić and Marinković, 2024b). The reported success rate of the 
action proposals for the last open call OC-2023-1 was 11.5%. Since there is a clear 
benefit of scientific community involved in research network, several European 
countries established additional national funding to support research projects 
originating from successful ongoing COST Actions. 

In this study, within proposed mini-project, we will discuss the new 
opportunities for COST participants through the actions networking tools focusing 
on young researchers’ and ITC (Inclusiveness Target Countries) conference grants 
entering into force in November 2024. In addition, new technical annex, evaluation 
grid and introduction of the acceptability criterion for new action proposal will be 
demonstrated. Finally, the existing opportunities for additional funding of research 
projects originating from COST actions will be introduced. The recent experience 
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and good practices of national funding schemes for COST participants in several 
countries will be presented together with available funding support for COST 
related projects in Switzerland which include project partners abroad. 
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Detailed astrochemical models are essential for interpreting observations of 
interstellar and circumstellar molecules because they allow important physical 
features of the gas and its evolutionary history to be derived (Williams and Cieza 
2011). Advances in astrochemical models are linked to changes in astrochemical 
databases, as well as experimental and theoretical estimations of rate coefficients 
(see e.g. Öberg et al. 2021). The science community now need access to such 
molecular data, including preferred ones, for further modeling, and it is critical to 
our knowledge of the chemistry of planet formation. As a result, atomic and 
molecular datasets and databases (such as VAMDC) have become critical for 
constructing models and simulations (see Albert et al. 2021 and references therein). 
The analysis of the studied rates provides valuable information on the presence of 
species. As a result, it is critical to investigate not only radiative processes, but also 
concurrent processes involving molecular ions, such as dissociative recombination 
(Kamp et al., 2017). Our goal is to calculate, compare, and analyze cross sections 
and rate coefficients for molecular ions such as hydrogen and helium for a various 
model parameters.  
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Abstract: Information on vertical profile of atmospheric aerosols is 
important in studies of aerosol contribution to air pollution, their role 
in cloud formation and radiative effects. Aerosol lidar measurements 
provide information on vertical profiles of aerosol backscatter and 
extinction coefficients. Besides, it can be used to derive the height of 
atmospheric boundary layer (ABL), which determines the volume 
available for dispersion of air pollution. Aerosol lidar measurements 
at  2023) are used to 
derive vertical profile of aerosol backscatter coefficient and temporal 

. These measurements are used 
to determine the altitude of long-range transported aerosols (such as 
Saharan dust) and to detect their intrusion into the ABL. Selected 
cases of lidar-derived aerosol backscatter coefficient profiles 
corresponding to episodes of elevated air pollution, as well as 
episodes of long-range aerosol transport and their intrusion into the 
ABL, will be presented. Air pollution measurements in Belgrade, 
obtained from the Serbian Environmental Protection Agency (SEPA) 
automatic monitoring stations are used to select times of high and 
low particulate air pollution and to analyze the contribution of long-
range transported aerosol to PM10 concentrations at surface level. 
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Abstract: Serbia is COST (European Cooperation in Science and 
Technology) full member country and during the last decade there is 
an increasing interest of researchers and innovators from Serbia to 
actively participate in COST networking activities. In this paper the 
statistical overview of Serbian participants will be presented based on 
the available data for 2023. There is an increasing trend in country 
representation in active COST actions reaching 97% in 2023, and 
almost double leadership positions in actions comparing to 2018. 
Taking into the account activity, actions Management Committee 
(MC) members from Serbia have the leading role and mobilization of 
young researchers is among top five countries. Having in mind MC 
members are nominated by COST national coordinator following 

statistical indicators are useful to assess the quality of the current 
national rules and its possible improvements. New open call OC-
2025-1 have been lunched and introduced young researchers and ITC 
(Inclusive Target Country) conference grant
2024a) which will be discussed together with additional networking 
opportunities.  
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Abstract: With a high potential for direct application in Earth and 
other planetary research, the innovative approach of the past few 
decades has promoted cooperation and productive synergies among 
disciplines like space exploration, atmospheric and Earth 
observations, laboratory and field experiments, and numerical 
modeling. To model atmospheres with supercomputers and diagnose 
astrophysical and laboratory plasma using atomic and molecular 
datasets, theoretical methodologies and data computation methods 
must be developed and improved (see e.g.  and 
references therein). To address complex climate issues and their 
consequences, multi-instrumental and multi-disciplinary expertise is 
required. As data grows, automated tools and retrieval approaches 

 We 
participated in this research with our contribution. 
 
Keywords: AstroGeoInformatics, modeling, climate, multi-disciplinary 
investigation 
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Abstract. Europlanet society connects many different scientific institutions all over the
world. The Serbian Europlanet Group (SEG) was established at 2019. It currently has 20
active scientists from 6 institutions working in Serbia in different fields of planetary science
as well as related fields. Here are presented activities of SEG in 2020.

1. INTRODUCTION

The European society promotes the European planetary science as well as related
fields. Its aims are to support the development of planetary science at a national
and regional level, particularly in countries and areas that are currently under–
represented within the community, and early career researchers who established their
network within the Europlanet: the Europlanet Early Career (EPEC) network (https :
//www.europlanet− society.org/early− careers− network/). The Europlanet con-
sists of 10 Regional Hubs. More information about organization and activities of this
society can be found at the website https : //www.europlanet− society.org/.

Serbia is one of six countries included in the Southeast European Hub that was
established in 2019. The Serbian Europlanet Group (SEG) currently consists of 20
members from 6 institutions. Details of members and activities of SEG can be found at
the website https : //www.europlanet−society.org/europlanet−society/regional−
hubs/southeast− europe/. In this paper are described main activities and presented
scientific research of SEG members related to the Europlanet fields in 2020.
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2. CONFERENCES AND WORKSHOPS OF SEG 2020

2. 1. PARTICIPATION IN THE EUROPLANET SCIENCE CONGRESSES

The Europlanet Science Congress (EPSC) is the annual meeting of the Europlanet
Society. In the Europlanet Science Congress 2020, seven scientists from Serbia par-
ticipated with several lectures. It was first virtual EPSC congress attended by 1168
participants from 49 countries. Here, will be mentioned two of SEG participants.

Dušan Marčeta presented research about population of interstellar asteroids and
possibility that one of the observational selection effects, known as Holetschek’s effect,
could be used for preliminary estimation of the size-frequency distribution of this
population. Aleksandra Nina presented research on new methodology for earthquake
prediction which was partially realized within the Europlanet workshop in Petnica
Science Center in 2019.

2. 2. PARTICIPATION IN THE XII SERBIAN–BULGARIAN ASTRONOMICAL CONFER-

ENCE

Serbian scientists organized a Europlanet session with several lectures during the
XII Serbian–Bulgarian Astronomical Conference (SBAC 12). SBAC 12 was held in
Sokobanja from September 25 to 29, 2020 (Popović et al. 2020). SEG presented its
work (Nina et al. 2020a) and discussed with Bulgarian colleagues and with colleagues
from Europlanet Southeast HUB countries about expanding of their cooperation.

2. 3. PARTICIPATION IN THE XIX SERBIAN ASTRONOMICAL CONFERENCE

The work of SEG was presented during the XIX Serbian Astronomical Conference (19
SAC), held at the Serbian Academy of Sciences and Arts in Belgrade from October
13 to 17, 2020 (Kovačević et al. 2020). Aleksandra Nina participated with invited
lecture about investigation of the lower ionosphere disturbances as possible earthquake
precursors and application of research of the lower ionosphere influences in Earth
observations by satellite during influence a solar X-ray flare. Ivana Milić Žitnik gave
progress report about asteroid’s motion with orbital eccentricity in the range (0, 0.2)
across the 2-body mean motion resonances with Jupiter with different strengths due
to the Yarkovsky effect (Milić Žitnik & Novaković 2016, Milić Žitnik 2020a).

3. RESEARCHES OF SEG MEMBERS AT 2020

SEG members are scientists in different research fields. Here are a few researches that
are in the areas of Europlanet.

3. 1. ASTRONOMY

3.1.1. Model of interstellar asteroids and expected predominance of retrograde object
among the discovered objects

Dušan Marčeta and Bojan Novaković examined the model of interstellar asteroids and
comets and found analytical expressions for the distributions of their orbital elements
(Marčeta & Novaković 2020). They payed special attention to objects which could
be detectable by future LSST survey. Also, they found that majority of these objects
should move along retrograde orbits resulting in asymmetry of the distribution of
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their orbital inclinations. Finally, they found that this asymmetry is a result of the
Holetschek effect. Since this effect is size-dependant, its influence is stronger for pop-
ulations with steeper size-frequency distributions since they are comprised of larger
number of smaller objects. This fact could be used for preliminary estimation of the
size-frequency distribution of the underlying true population of interstellar objects
once when sufficient number of objects become discovered.

3.1.2 The relationship between the ’limiting’ Yarkovsky drift speed and asteroid fam-
ilies’ Yarkovsky V -shape

Ivana Milić Žitnik examined the relationship between asteroid families’ V -shapes and
the ’limiting’ diameters in the (a, 1/D) plane. Following the recently defined ’limit-
ing’ value of the Yarkovsky drift speed at 7 × 10−5 au/Myr (Milić Žitnik 2019), she
decided to investigate the relation between the asteroid family Yarkovsky V -shape
and the ’limiting’ Yarkovsky drift speed of asteroid’s semi-major axes. She has used
the known scaling formula to calculate the Yarkovsky drift speed in order to determine
the inner and outer ’limiting’ diameters (for the inner and outer V -shape borders)
from the ’limiting’ Yarkovsky drift speed. The method was applied to 11 asteroid
families of different taxonomic classes, origin type and age, located throughout the
Main Belt. Her main conclusion was that the ’breakpoints’ in changing V -shape of
the very old asteroid families, crossed by relatively strong mean motion resonances
on both sides very close to the parent body, are exactly the inverse of ’limiting’ di-
ameters in the a versus 1/D plane. This result uncovers a novel interesting property
of asteroid families’ Yarkovsky V -shapes (Milić Žitnik 2020b).

3.1.3 Astrobiology-habitability of exoplanets

Balbi, Hami and Kovačević (2020) present a new investigation of the habitability
of the Milky Way bulge, that expands previous studies on the Galactic Habitable
Zone. This work discusses existing knowledge on the abundance of planets in the
bulge, metallicity and the possible frequency of rocky planets, orbital stability and
encounters, and the possibility of planets around the central supermassive black hole.
Another concern for habitability is the presence of the supermassive black hole in the
Galactic center, but also in nearby Active galactic nuclei, that could have resulted in
a substantial flux of ionizing radiation during its past active phase, causing increased
planetary atmospheric erosion and potentially harmful effects to surface life as shown
by Wislocka, Kovačević, Balbi (2019). This work was featured in famous Forbes
Magazine in their section Innovavations. Andjelka Kovačević is a member of Working
group of habitability of exoplanets of European astrobiology institute.

3. 2. GEOPHYSICS

3.2.1 Atmospheric aerosol remote sensing and modelling

The EARLINET lidar network was established with the goal of creating a quantita-
tive, comprehensive, and statistically significant database for the horizontal, vertical,
and temporal distribution of aerosols on a continental scale. Within the network
Belgrade lidar station was involved in initiative for studying the changes in the at-
mosphere’s structure, its dynamics, and its optical properties during the COVID-19
lock-down by comparison to the aerosol climatology in Europe. Near real time de-
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I. MILIĆ ŽITNIK et al.

livery of the data and fast analysis of the data products proved that aerosol lidars
are useful for providing information not only for climatological purposes, but also in
emergency situations like detecting airborne hazards for aviation (Papagiannopoulos
et al. 2020). The preliminary results indicate that the lock-down did not affected the
high troposphere, but for the low troposphere a certain effect can be seen. In addi-
tion, ongoing activities are related to the participation in ESA ADM-Aeolus mission
(the first high-spectral resolution lidar in space) Cal/Val activity through validation
of L2A products of aerosol profiles and studying the relationship between satellite
AOD measurements and ground PM concentrations (Mijić & Perǐsić 2019).

3.2.2 Lower ionosphere

The lower ionosphere research was a continuation of research related to a possible new
type of earthquake precursor in the form of signal noise amplitude reduction (Nina
et al. 2020b) and examinations of the effects of the D-region which is disturbed by
a solar X-ray flare on satellite signals (Nina et al. 2020c). Also, a new model for
determining ionospheric parameters in the unperturbed D-region was developed.

3.2.3 Investigation of a possible lithosphere-ionosphere coupling through seismo-iono-
spheric effect

Possible relationship between amplitude and phase delay characteristics of the
NWC/19.8 kHz signal transmitted from H. E. Holt in Australia (ϕ = 21.8◦ S,
Λ = 114.16◦ E) towards Belgrade AbsPAL receiver (ϕ = 44.85◦ N, Λ = 20.38◦ E)
in Serbia and seismic activity reported by Helmholtz-Zentrum Potsdam - Deutsches
GeoForschungsZentrum GFZ in period from December 2005 to June 2007 was inves-
tigated with the main result presented in Kolarski and Komatina (2020).

3.2.4 Satellite radar technique for atmospheric water vapor measurement and mod-
elling effects of the ionospheric disturbances

Satellite observation and measurements performed by the Synthetic Aperture Radar
(SAR) and the Interferometric Synthetic Aperture Radar (InSAR) technique can
be used for acquiring more information about the water vapor present within the
atmosphere. The methodology of the SAR instrument and the InSAR technique
is described in Radović (2020). Additionally, the focus is set on the four different
satellites with SAR instruments working on different frequencies. Apart from that,
in Radović (2020) is presented how neglecting the ionospheric perturbations which
took place during the satellite measurements can influence modelling of the water
vapor parameters derived from such measurements acquired by the SAR instruments
carried by the mentioned satellites.

3. 3. ASTROPHYSICS

3.3.1. Atomic Molecular and Optical Physics group of researchers at the Laboratory
for Atomic Collision Processes

LACP1, Institute of Physics Belgrade, University of Belgrade, has been studying sev-
eral collisional processes that involve electron scattering by atomic particles (e.g. for

1http : //mail.ipb.ac.rs/ centar3/acp.html
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helium Jureta et al. (2014)) and laser interactions with gases (Rabasović et al. 2019),
nanopowders (Šević et al. 2020a,b) and single crystal phosphors (Šević et al. 2021).
Electron impact cross sections are relevant parameters in modelling of processes that
occur in cometary coma (Marinković et al. 2017), collisional processes in AGNs
(Dimitrijević et al. 2021) or Earth’ s and other planets’ atmospheres (Vukalović et
al. 2021). Due to the immense importance of having full survey and accurate data
of electron cross sections, there are several databases that maintain large sets of elec-
tron collisional data and even more, a unique portal for accessing such kind of data
have been created through European framework programs (for a recent update of the
Virtual Atomic and Molecular Data Centre2 – VAMDC see e.g. Albert et al. (2020)).

BeamDB (Belgrade electron-atom/molecule DataBase3) is a collisional database
that is maintained by the researchers of the LACP and it covers interactions of elec-
trons with atoms and molecules in the form of differential (DCS) and integral cross
sections for the processes such as elastic scattering, excitation and ionization (Jevre-
mović et al. 2020). At present the output files that come from the search of BeamDB
are present in the xml format of specific syntax developed by the International Atomic
Energy Agency (IAEA)4. These so called “xsams” files contain full record of data sets
including bibliographical entities, but the process of extracting values of cross sections
is hard for researchers. That is why this group started to develop a converter which
will convert xsams file into textual format file with simple columns that list values of
impact energy, scattering angle, DSC and corresponding uncertainty. The next step
would be adding a graphical presentation to the webpage of the BeamDB database.
The graphics should present logarithm of DCS data points with error bars associated
to the uncertainty versus impact energy and scattering angle in 3D graph.

Exploiting the fact that BeamDB contains large sets of DCS values obtained both
experimentally and theoretically, they are in the process of developing machine learn-
ing algorithms for determining extrapolated DCS in the regions which are not accessed
by experiments (Ivanović et al. 2020). The primary goal is to determine extrapolated
values toward zero scattering angle as well as to large angles, usually from 150◦ to
180◦.

It is envisaged that the BeamDB will contain electron spectroscopy data as well,
beside the cross section data. At present, there is only a single threshold photoelec-
tron spectrum of argon curated in the BeamDB, but the plans are to add energy loss
spectra, presumably obtained in the LACP. This would allow them to develop tools
for spectral classification and particular spectra identification based on data-mining
methods. An overview of various data mining methods has been recently presented
by Yang et al. (2020).

3.3.2. A&M data for stellar atmosphere modelling

Work on topics of modelling various astrophysical and laboratory plasma which are of
interest for Europlanet community is continued. A&M datasets e.g. rate coefficients,
Stark broadening parameters, line profiles, etc. are published during this year (see

2https : //portal.vamdc.eu/vamdcportal/
3http : //servo.aob.rs/emol
4https : //www − amdis.iaea.org/xsams/documents/
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some of the papers: Srećković et al. 2020; Majlinger et al. 2020; Dimitrijević et al.
2020). Part of the data are hosted on SerVO at AOB5.

4. CONCLUSION AND FURTHER WORK

In this paper are presented activities of Serbian scientists within Europlanet society.
In the first part of the paper, are described briefly conferences that occurred in 2020
which promoted work of Serbian Europlanet Group. In the second part are presented
several studies of SEG important for the Europlanet research fields. Serbian scientists
plan to continue work within Europlanet society in the following years and to promote
the Europlanet and SEG activities, as well as to expand SEG.
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I I .  Natural  Hazards and Cl imate Change  

Szeged, 21-23 May 2025 

Conference Program  
 

Tuesday 20 May 

18:00- 
Ice Breaking event (Department of Physical and Environmental Geography, University of Szeged 

6722 Egyetem u. 2-6 1st floor) 

  

Wednesday 21 May 

8:30-10:00 
Registration (Hungarian Academy of Sciences - Szeged Regional Committee, Main Building, 6720 

Szeged, Somogyi utca 7.) 

10:00-10:30 Opening Ceremony  –  Main Hall (1st floor) 

10:30-11:40 Plenary Session    –   Main Hall (1st floor) 

11:40-12:00 Coffee Break 

12:00-13:40 
Session 1 Advancing Hydroclimatic  

Hazard Assessment Main Hall (1st floor) 

Session 2 Environmental Stressors and  

Agricultural Sustainability Lecture Room 110 (1st  floor) 

13:40-14:40 Lunch 

14:40-16:40 

Session 3 Climate-Health 

Nexus 

Main Hall (1st floor) 

Session 4 Geohazards  

Lecture Room 110 (1st floor) 

Session 5 Plant Communities in 

Transition 

Lecture Room 217 (2nd floor) 

16:40-17:00 Coffee Break  

17:00-19:00 
Poster session – short talks I  

Main Hall (1st floor) 

Poster session – short talks II 

Lecture Room 110 (1st floor) 

19:30- Conference Dinner  

 

Thursday 22 May 

8:30-9:00 Registration 

9:00-11:00 

Session 6 Health, 

Hazards and Awareness 

Main Hall (1st floor) 

Session 7 Challenges of Water 

Management in a Changing Climate 

Lecture Room 110 (1st floor) 

Session 8 Resilient Landscapes 

and Water Systems 

Lecture Room 217 (2nd floor) 

11:00-11:20 Coffee Break 

11:20-12:40 

Workshop 1 Public Health in the  

Context of Climate Change 

Main Hall (1st floor) 

Workshop 2 Predictions and Management of 

Hydrological Extremes  

Lecture Room 110 (1st floor) 

12:40-13:40 Lunch  

13:40-15:00 

Workshop 3 Bridging Disciplines: 

Identifying Research Priorities on 

Nanoplastics and Climate Change 

Main Hall (1st floor) 

Workshop 4 EU Funding and 

Green Priorities: Experiences 

and Expert Insights 

Lecture Room 217 (2nd floor) 

Workshop 5 AI in Natural 

Hazards Research 

Lecture Room 110 (1st floor) 

15:00-15:20 Coffee Break 

15:20- 17:20 
Session 9 Towards Resilient Agroecosystems 

Main Hall (1st floor) 

Session 10 Environmental Hazards and 

Management 

Lecture Room 110 (1st floor) 

17:20-17:40 Closing ceremony, Young Researcher Presentation Award 

 

Friday 23 May 

09:00-16:00 Field day 

 



 

Detailed Program 
 

 

Wednesday 21 May 

8:30-10:00 Registration 

10:00-10:30 
Opening Ceremony 

Main Hall (1st floor) 

10:30-11:40 
Plenary Session  

Main Hall (1st floor) 

10:30-11:05 Heatwaves and health – ways of adaptation  

Anna Páldy (Specialist of Public Health and 

Epidemology, National Center for Public Health and 

Pharmacy) 

11:05-11:40 Green transition or global green hype? 

András Gelencsér (Atmospheric Chemist, Member of 

the Hungarian Academy of Sciences, University of 

Pannonia) 

   

11:40-12:00 Coffee Break 

 

12:00-13:40 
Session 1: Advancing Hydroclimatic Hazard Assessment 

Main Hall (1st floor) Moderator: Tobias Conradt (Potsdam Institute for Climate Impact Research) 

12:00-12:20 
Evaluating unusual weather conditions in the past – a 

methodology and a visualisation platform 

Márk Zoltán Mikes, Roland Hollós, Zsuzsanna Dezső, 
Rita Pongrácz 

12:20-12:40 What can we learn about hail from laboratory studies? Miklós Szakáll, Alexander Theis 

12:40-13:00 
Using ESA CCI Soil Moisture Data for Drought 

Characterization: Applications and Scientific 

Perspectives 

Johanna Lems, Pierre Laluet, Nirajan Luintel, Wouter 

Dorigo 

13:00-13:20 
OPTRAM model based plot-level soil moisture 

mapping using Sentinel-2 imagery 

Gábor Mátyás Gubucz, Boudewijn Van Leeuwen, Ferenc 
Kovács 

13:20-13:40 
Impact of drought on the sustainable development of 

the border area of Serbia with Bulgaria 

Marko Sedlak , Nemanja Josifov, Vladimir Malinić 

 

12:00-13:40 
Session 2 Environmental Stressors and Agricultural Sustainability 

Lecture Room 110 (1st floor) Moderator: Ágnes Szepesi (University of Szeged)  

12:00-12:20 
Rhizosphere under pressure: how plastics disrupt 

plant growth and soil health  

Gábor Feigl, Enikő Mészáros, Kamilla Kovács, Klaudia 
Hoffmann, Etelka Kovács, Katalin Perei, Attila Bodor 

12:20-12:40 

Peptaibols: bioactive natural compounds with the 

potential to mitigate the adverse effects of climate 

change in agricultural crops 

Dóra Balázs, Chetna Tyagi, Tamás Marik, Gergő Terna, 
Fanni Kovács, Ákos Rozsnyói, András Szekeres, Mónika 
Varga, Csaba Vágvölgyi, Tamás Papp, László Kredics  

12:40-13:00 

Exploring the role of microbial infections in walnut 

production decline 

Nóra Tünde Lange-Enyedi, Simang Champramary, 

Orsolya Kedves, Boris Indic, Attila Szűcs, Annamária Tüh, 
Árpád Brányi, Younes Rezaee Danesh, Omar Languar, 
Csaba Vágvölgyi, László Kredics, György Sipos 

13:00-13:20 

The impact of global megatrends on microfungi in the 

Pannonian Biogeographical Region: a climate change 

perspective 

Donát Magyar, Zsófia Tischner, Anna Páldy, Sándor 
Kucsubé, Zsuzsanna Dancsházy, Ágnes Halász, László 
Kredics 

13:20-13:40 
Black Soils of Eurasia: two-decade environmental 

analysis (2001-2022) 

Nándor Csikós, János Mészáros, Katalin Takács, Brigitta 
Szabó, Tamás Hermann, Éva Ivits, and Gergely Tóth 

 

13:40-14:40 Lunch 

 

  



 

 

14:40-16:40 
Session 3 Climate-Health Nexus 

Main Hall (1st floor) Moderator:  Darinka Korovljev (University of Novi Sad) 
14:40-15:00 Eco-Anxiety and Beyond: Understanding the Mental 

Health Dimensions of Climate Change 

Zsuzsanna Máté 

15:00-15:20 TÉR-EPI: a specialised spatial epidemiology system for 

monitoring population health at high resolution 

Attila Juhász, Csilla Nagy, Beatrix Oroszi  

15:20-15:40 Waterborne, water washed, water based and water-

related diseases 

Barbara Nieradko-Iwanicka 

15:40-16:00 Climate change impacts on tourism in the 21st 

century: projections for Hungary and Szeged 

Attila Kovács, Gergely Molnár 

16:00-16:20 Consideration of climate change-related factors in 

vulnerability assessment frameworks for migrant 

health 

Zoltán Katz, Kia Goolesorkhi, István Szilárd, Erika Marek 

16:20-16:40 Artificial Intelligence and Machine Learning for Multi-

Risk Assessment 

Adanu Peter Worlasi 

 

14:40-16:40 
Session 4 Geohazards 

Lecture Room 110 (1st floor) Moderator: Petru Urdea (West University of Timisoara) 

14:40-15:00 Assessing luminescence sensitivity and ESR 

parameters as indicators of geomorphological 

processes in fluvial and aeolian settings 

Gergő Magyar, Alida Timar-Gabor, Aditi K. Dave, Dávid 
Filyó, Tamás Bartyik, Viktor Homolya, Gábor Bozsó, 

György Sipos 

15:00-15:20 Changes of the morphology of surface in the alluvial 

plane and loess plateau in the western part of 

Belgrade as a consequence of Pleistocene climate 

change and tectonic activity 

David Mitrinović, Marija Perović, Branislava Matić, 
Srđan Kovačević 

15:20-15:40 Sinkhole hazard in geoeducation: presentation of an 

online map 

Tamás Telbisz, László Mari  

15:40-16:00 Use of frequency ratio method and GIS for landslide 

susceptibility modeling: a case study in the South-

Western part of Tajikistan 

Faizulloev Shohnavaz Abduqodirovich, Alamov Bekhruz 

Ahmadshoevich, Rahimbekova Manizha 

Rahmonbekovna 

16:00-16:20 The Influence of Mediterranean Hurricane Surges on 

Vertical Ground Motion Along the Southern Coast of 

Sicily, Italy 

FX Anjar Tri Laksono, János Kovács 

16:20-16:40 Paleotsunami records (?) and landscape 

reconstruction on the Western Black Sea coast 

(Mangalia) 

Alfred Vespremeanu-Stroe, Luminița Preoteasa, Mihai 

Ionescu, Laurențiu Țuțuianu, 

Mihaela Dobre, György Sipos 

 

14:40-16:40 
Session 5 Plant Communities in Transition 

Lecture Room 217 (2nd floor) Moderator: Zoltán Bátori (University of Szeged) 

14:40-15:00 Community changes caused by an invasive alien C4 

grass, and a promising biocontrol tool to suppress it 

Alida Anna Hábenczyus, Csaba Tölgyesi, Róbert Pál, 
András Kelemen, Zoltán Bátori, Judit Sonkoly, Fanni 
Molnár, Kata Anna Bán, Kata Frei, Ádám Lőrincz, László 
Erdős, Zalán Czékus, Attila Ördög, Klára Terézia Kovács, 
Edina Tóth, Péter Török, Péter Poór 

15:00-15:20 Climate change-related decline of Robinia 

Pseudoacacia forests in Hungary: a microbiome 

analysis 

Boris Indic, Nóra Tünde Lange-Enyedi, Simang 

Champramary, Omar Languar, Attila Szűcs, Orsolya Kedves, 
Csaba Vágvölgyi, László Kredics, György Sipos 

15:20-15:40 Mapping the occurrence of Asclepias syriaca using AI 

methods based on geotagged landscape photographs 

Georgina Veronika Visztra, Péter Balázs, Ádám Makai, Ádám 
Katona, Márton Bence Balogh, Zalán Tobak, Péter Szilassi 

15:40-16:00 Stable carbon and oxygen isotope ratios in Norway 

spruce (Picea abies (L.) Karst.) tree rings along an 

elevation gradient in the Rarău Mts (Romania) 

Daniela Maria Llanos-Campana, Zoltan Kern, Ionel Popa, 

Aurel Perșoiu  

16:00-16:20 Sown wildflower strips in urban areas–a strategy to 

enhance biodiversity of arthropods 

Botond Magyar , Anna Viola Nagy, Helga Simon, Attila 

Torma  

 

16:40-17:00 Coffee Break  

17:00-19:00 
Poster session – short talks I  

Main Hall (1st floor) 

Poster session – short talks II 

Lecture Room 110 (1st floor) 

19:30- Conference Dinner  



 

Thursday 22nd May 

8:30-9:00 Registration 

 

09:00-11:00 
Session 6 Health, Hazards and Awareness 

Main Hall (1st floor) Ivan Miskulin (University of Osijek) 

09:00-09:20 Role of public health in addressing emerging natural 

hazards 

Tamás Pándics 

09:20-09:40 Impact of Urban Green Spaces on Heatwave 

Mitigation in a Medium-Sized City 

Nóra Skarbit, János Unger, Tamás Gál 

09:40-10:00 Enhancing Climate Change Awareness in Medical 

Education: Assessing the Impact of CLIMATEMED 

Workshops in Serbia 

Darinka Korovljev, Bojana Harrison, Marijana 

Ranisavljev, Valdemar Stajer, Nikola Todorovic, Dragan 

Milosevic, Borislav Tapavički, Sergej M. Ostojic 

10:00-10:20 Impact of Seasonal Heating and the COVID-19 

Pandemic on PM10 Levels in European Cities 

Seyedehmehrmanzar Sohrab, Péter Szilassi 

10:20-10:40 The Occupational Health and Safety of Climate 

Migrants through Accelerating  Co-Innovation Capacity 

Building: A Conceptual Paper 

Kia Goolesorkhi, István Szilárd 

10:40-11:00 Non-Expert Understanding of Hazard Maps: An Eye-

Tracking Study 

Solmaz Mohadjer, Gökce Ergün, Max Schneider, Tom 
Schürmann, Michael Pelzer, and Peter Dietrich 

 

09:00-11:00 
Session 7 Challenges of Water Management in a Changing Climate 

Lecture Room 110 (1st floor) Slobodan Kolakovic (University of Novi Sad) 

09:00-09:20 Simplicity or complexity? Identifying the optimal 

approach for flood hazard mapping 

Kaveh Ghahraman, Fatemeh Nooshin Nokhandan, 

Balazs Nagy 

09:20-09:40 Advanced Mapping and Integrity Assessment of 

Artificial Levees Using Machine Learning–Driven 

Electrical Resistivity Tomography for Natural Hazard 

Risk Analysis 

Diaa Sheishah, Enas Abdelsamei, Ahmed M. Ali, György 
Sipos 

09:40-10:00 Cross-comparison of national drought monitoring 

products in Central Europe using a new drought 

impact database 

Nirajan Luintel, Piet Emanuel Bueechi, Johanna Lems, 

Wouter Dorigo 

10:00-10:20 Inappropriate land use and vegetation cover: water 

scarcity in the climate-affected lowland regions of 

Hungary 

Benedek György Tóth, Zoltán Bátori, Alida Anna 
Hábenczyus, András Kelemen, Kata Frei, Orsolya Valkó, 
Balázs Deák, Csaba Tölgyesi 

10:20-10:40 The impact of climate change on the thermal 

stratification of a shallow polymictic lake 

Sebestyén Török, Péter Torma 

10:40-11:00 Droughts and floods: monitoring, prediction and 

artificial intelligence in the Hungarian Water 

Management   

Zoltan Liptay 

 

09:00-11:00 
Session 8 Resilient Landscapes and Water Systems 

Lecture Room 217 (2nd floor) (Ferenc Kovács (University of Szeged) 
09:00-09:20 Changing sodic lakes under the threat of antropogenic 

and climate impacts in the Southern Great Plain, 

Hungary 

Zsuzsanna Ladányi, Zsolt Ladányi, Kitti Balog 

09:20-09:40 Grazing disturbance can override habitat effects in 

karst doline microrefugia 

Attila Torma, István E. Maák, Kata Frei, Nikolett Gallé-

Szpisjak, Jelena Šeat, Ádam Lőrincz, Gábor Lőrinczi, 
Zoltán Bátori 

09:40-10:00 Natural Water Retention Measures contribution to 

flood risk management 

Branislava Matić, Barbara Karleuša, David Mitrinović 

10:00-10:20 Geospatial analysis of beaver built ecosystem dinamics 

in the High-Resolution Aerial Monitoring Network 

System 

Emese Zita Tóth, Zsolt Molnár, Gábor Bakó  

10:20-10:40 Human disturbances and refugial capacity: biodiversity 

in doline microrefugia 

Zoltán Bátori, Gábor Li, Kata Frei, Zsófia Krivács, Viktor 
Környei, Csaba Tölgyesi 

10:40-11:00 Application of the hydrogeomorphological index (IHG) 

and morphological quality index (MQI) in rivers of 

Timiş county and Romanian Banat region to assess 
their fluvial quality 

Daniel Ballarín, Fabian Timofte 

 

11:00-11:20 Coffee Break  



 

   

11:20-12:40 

Workshop 1 

Public Health in the Context of Climate Change 

Main Hall (1st floor) 

Workshop2 

Predictions and Management of Hydrological 

Extremes 

Lecture Room 110 (1st floor) 

 

12:40-13:40 Lunch 

 

13:40-15:00 

Workshop 3 

Bridging Disciplines: Identifying 

Research Priorities on Nanoplastics 

and Climate Change 

Main Hall (1st floor) 

Workshop 4 

EU Funding and Green Priorities: 

Experiences and Expert Insights 

Lecture Room 217 (2nd floor) 

Workshop 5 

AI in Natural Hazards Research 

Lecture Room 110 (1st floor) 

 

16:00-16:20 Coffee Break 

 

15:20-17:20 
Session 9 Towards Resilient Agroecosystems 

Main Hall (1st floor) Péter Poór (University of Szeged) 
15:20-15:40 Microgreens and vertical farming- a sustainable tool 

for investigating plant salt stress responses 

Ágnes Szepesi, Andrea Rónavári, Adedokun Oluwatosin 
Peace, Batnasan Ganbold, Rebeka Karginov, Péter Pálfi, 
Zoltán Kónya 

15:40-16:00 Using Earth Observation and AI for Irrigation 

Management Amidst Meteorological Hazards: A Case 

Study in Limpopo, South Africa 

Nxumalo Gift Siphiwe, Zsolt Feher, Ramabulana Tondani 

Sanah, Nagy Attila 

16:00-16:20 Effect of irrigation with "greywater" on Triticum 

aestivum 

Brigitta Roxána Horváthné Dani, Martin Horváth, Anna 

Skribanek 

16:20-16:40 The Role of Historical and Recent Land Use and Land 

Cover Changes in Promoting Biological Invasions in 

Hungary 

 

Márton Bence Balogh, Zalán Tobak, Dominik Kaim, Péter 
Szilassi  

 

16:40-17:00 Large scale production of peptaibols for plant 

protection 

Gergő Terna, Bence Váczi, Dóra Balázs, Fanni Kovács, 
Chetna Tyagi, Ákos Rozsnyói, András Szekeres, Mónika 
Varga, Csaba Vágvölgyi, Tamás Papp, László Kredics, 
Tamás Marik 

17:00-17:20 Assessment of Vegetation Water Demand and 

Drought Index in Arid and Semi-Arid Regions Using 

Satellite Data and Plant Water Metabolism 

Mukesh Singh Boori, Komal Choudhary 

 

15:20-17:20 
Session 10 Environmental Hazards and Management 

Lecture Room 110 (1st floor) Péter Szilassi (University of Szeged) 
15:20-15:40 Conservation potential of abandoned sand mines Szandra Sárszegi-Pék, Márton Szabó, Balázs Deák, Orsolya 

Kiss, Kristóf Süveges, Orsolya Valkó, András Kelemen  

15:40-16:00 The devastating impact of a landslide on a home (case 

study in Slovenia) 
Joze Janez, Nina Gognjavec, Vlasta Benedik 

16:00-16:20 Introducing the first ecovoltaic parks of Hungary: a 

reconciliation between solar development and nature 

conservation 

Csaba Tölgyesi, Botond Magyar, Kata Frei, Alida Anna 
Hábenczyus, Róbert Gallé 

16:20-16:40 From micropollutant removal to greenhouse gas 

monitoring: New challenges in the wastewater 

treatment sector 

Csenge Nagy-Mezei, Anikó Bezsenyi, Imre Gyarmati, 
Levente Kardos 

16:40-17:00 Microplastic Pollution in Hungarian Water Bodies: 

Urban Ponds and the Tisza River System  

Viktória Blanka-Végi, Alexia Balla, Tímea Kiss, Gabriella 
Hertelendy, Izabella Babcsányi  

17:00-17:20 The effect of water pollution caused by detergent 

residues on living aquatic organisms 

Brigitta Roxána Horváthné Dani, Martin Horváth, Anna 
Skribanek 

  



 

Poster Session I (Wednesday, 21 May 17:00-19:00) 

Main Hall (1st floor) Izabella Babcsányi (University of Szeged) 

Agroclimatic Trends and Adaptation: Challenges and Future 

Perspectives in Hungary 

Erik Kovács, Balázs Zay, János Puskás 

Biodiversity of cultivable bacteria in the rhizosphere of 

industrial crop plants in Hungary 

Orsolya Kedves, Tamás Zsolt Polyák, Katalin Perei, Csaba 
Vágvölgyi, László Kredics 

Comparison of salt stress induced biochemical responses of 

Lepidium sativum (garden cress) and the salt tolerant 

Lepidium crassifolium 

Batnasan Ganbold, Adedokun Oluwatosin Peace, Rebeka 

Karginov, Ágnes Szepesi 

Development of a healthy casing alternative from spent 

mushroom compost 

Henrietta Allaga, Dóra Horkics, Ádám Bordé, András Varga, 

Rita Büchner, Terézia Kovács, András Misz, Csaba Csutorás, 

Judit Bajzát, Nóra Bakos-Barczi, Csaba Vágvölgyi, László 
Kredics  

Effect of plasma-activated water seed priming on the 

development of Arabidopsis thaliana seedlings in a drought 

stress model system 

Tamás Bodor, Gábor Fejes, Kinga Kutasi, Zsuzsanna Kolbert  

Future crop yield trends across Europe from past 

observations and ISIMIP climate scenarios 

Tobias Conrad 

Isolation, identification and characterisation of potential 

biocontrol agents of walnut pathogens in Turkey and Hungary 

Ahmet Akköprü, Younes Rezaee Danesh, Orsolya Kedves, Semra 

Demir, Emre Demirer Durak, Adnan Yaviç, Solmaz Najafi, 
Gokhan Boyno, Ceylan Pınar Uçar, Betül Yıldız Fırat, Árpád 
Brányi, Nóra Tünde Lange-Enyedi, Simang Champramary, Boris 

Indic, György Sipos, Csaba Vágvölgyi, László Kredics 

Osmotic stress-induced anatomical changes in pea (Pisum 

sativum L.) leaves 

Réka Szőllősi, Gábor Fejes, Tamás Bodor, Zsuzsanna Kolbert 

Enhancing hydrocarbon biodegradation: Repeated 

application of extracellular organic matter from Micrococcus 

luteus in used lubricant oil-contaminated soils 

Klaudia Hoffmann, Enikő Mészáros, Gábor Feigl, Krisztián 
Laczi, Katalin Perei, Attila Bodor 

A Research Station Plan for the Global Challenges of the 21st 

Century 

László Horváth, Zoltán Bozóki, Edit Mikó 

Plasma activated water-based seed pre-treatment affects the 

development, in planta reactive oxygen- and nitrogen species 

and photosynthetic activity of osmotic-stressed pea plants 

Gábor Fejes, Tamás Bodor, Réka Szőllősi, Kinga Kutasi, 
Zsuzsanna Kolbert 

Cellulose content in annual increments of Norway spruce 

(Picea abies (L.) Karst.) along an elevation gradient in the 

Rarău Mts (Romania) 

Daniela Maria Llanos-Campana, Zoltan Kern, Ionel Popa, 

Aurel Perșoiu 

Frost rings in Swiss Stone Pine (Pinus cembra) from Rodna 

Mts. (Romania) - Anatomical evidence of late spring frost in 

the past centuries 

Eszter Mocsári, Balázs Nagy, Ionel Popa, Zoltán Kern, Árvai 
Mátyás 

The impact of polyethylene-based plastics and heavy metals 

on rapeseed root growth 

Kamilla Kovács, Enikő Mészáros, Dorottya Hicz, Gábor Feigl 

The role of chitosan-encapsulated NO-donors in enhancing 

tomato resistance to fungal infections 

Dóra Kondak, Selahattin Kondak, Tamás Bodor, András Kukri, 
Réka Szőllősi, Zsuzsanna Kolbert 

In silico assessment of the ecotoxicological characteristics of 

terbuthylazine as a pollutant in surface waters 

Mitrović T. , Obradović D., Lazović S., Perović M. 

Zinc Oxide Nanoparticles: Dual Effects on Broccoli Growth 

Under Nutrient and Salinity Stress 

Adedokun Oluwatosin Peace, Batnasan Ganbold, Rebeka 

Karginov, Andrea Rónavári, Ágnes Szepesi, Zoltán Kónya 

The role of climate microrefugia in shaping intraspecific trait 

variability in Myrmica ruginodis 

Bonita Ratkai , Kata Anna Bán , Kata Frei , Gergely Horváth, 
Gábor Li, Ádám Lőrincz , Gábor Lőrinczi , Fanni Pécsy, Zoltán 
Bátori, István Elek Maák 

Temperature and geographical location induced fluctuations 

of population density of European ground squirrels in 

Hungary 

Csongor Gedeon; Olivér Váczi; Felix Knauer; Mátyás Árvai; 
Franz Suchentrunk 

The accelerated spruce dieback in Central Europe is a warning 

sign of the climate change 

Zsuzsa Lisztes-Szabó , Mihály Braun, Albert Tóth, Elemér 
László, József Lennert , Anna F. Filep 

Extreme Dry Events in Vojvodina: Observations and Climate 

Change Projections 

Atila Bezdan, Jovana Bezdan 

Observed long-term trend in various extreme precipitation-

related climate indices 

Csilla Simon, Mónika Lakatos, Olivér Szentes 

Eutrophication in Freshwater Ecosystems: Impacts of 

Nutrients, Groundwater, and Climate Change 

Marija Perović, Vesna Obradović, David Mitrinović, Tatjana 

Mitrović  
 



 

Poster Session II (Wednesday, 21 May 17:00-19:00) 

Lecture Room 110 (1st floor) György Sipos (University of Szeged) 

Biodegradable plastics: A growing concern for early plant 

development 

Enikő Mészáros, Kamilla Kovács, Gábor Feigl 

Lateral channel migration and riverbank degradation: A 

natural process or environmental threat? 

Marko Langović, Slavoljub Dragićević, Nenad Živković 

Urbanisation effect on the butterfly communities of river 

dikes 

Szabolcs Borbáth-Székely-Varga, Attila Torma 

1500 Years of Flooding in Romania: Climatic and 

Anthropogenic Influences 

Ioana Persoiu, Maria Radoane, Gabriela Florescu, Aurel 

Persoiu, Alexandru Hegyi 

Statistics on the frequency of rain and snow-rain floods on 

rivers of the Tisza basin within of Ukraine 

Stanislav Moskalenko 

Improving wind hazard assessment using high-resolution 

numerical weather prediction models and interpolation 

techniques in Hungary 

Kinga Bokros, Beatrix Izsák, Natália Szalontainé Gáspár, Dávid 
Lancz, Mónika Lakatos, Rita Pongrácz 

Natural Hazards and Society in Croatia: Impacts and Public 

Health Interventions 

Ivan Miskulin, Ivana Kotromanovic Simic, Nika Lovrincevic 

Pavlovic, Jelena Kovacevic, Maja Miskulin 

Investigating Mortality Trends in a Warming Climate with a 

special focus on urban population in Asia 

Rita Pongrácz 

The influence of small canopy gaps and previous logging on 

understorey plant communities in topographic depressions 

Kata Frei, Gábor Li, Bonita Ratkai, Benedek György Tóth, 
László Erdős, Csaba Tölgyesi, Zoltán Bátori 

Effects of natural and anthropogenic disturbances on 

microrefugia: the soil microbiota of dolines 

Zsófia Krivács, Kata Frei, Gábor Li, Csaba Tölgyesi, Attila 
Bodor, Roland Wirth, Gergely Maróti, Zoltán Bátori 

Advancing soil erosion mapping with Machine Learning: A 

comparative performance assessment 

Fatemeh Nooshin Nokhandan, Erzsébet Horváth 

Geospatial and Geomorphometric Analysis on Landslides 

based on UAV Remote Sensing and GIS – Case from the Crnik 

Landslide in North Macedonia 

Bojana Aleksova, Ivica Milevski Tin Lukić 

Geospatial Modeling of Landslide and Wildfire Susceptibility 

Using GIS and Remote Sensing Data in Djerdap UNESCO 

Global Geopark, Serbia 

Uroš Durlević, Nina Čegar, Aleksandar Kovjanić, Natalija 
Batoćanin 

Landscape changes and remediation in illegal landfill near 

Sombor, Serbia (2015-2025): Environmental hazards and 

recovery 

Aleksandar Pilipovic, Petróczy Máté Dániel, Szatmári József 

Small canopy gaps increase the refugial capacity of karstic 

microrefugia in the face of anthropogenic climate change 

Gábor Li, Bonita Ratkai, Benedek György Tóth, László Erdős, 
Csaba Tölgyesi, Kata Frei, Zoltán Bátori 

Natural multihazards analysis in Hungary Gábor Mezősi 

Macroeconomic challenges of climate change and the 

contribution of the circular economy to community resilience 

to natural disasters 

Milica Stanković, Gordana Mrdak 

Natural disaster beyond media barricades?  Online news 

coverage on the 2022  drought in Hungary 

Péter Kacsó, Viktória Priszcilla Hafenscher, Ferenc Jankó 

Prospects of social action - Possible legal framework in 

avoiding climate change crisis 

Csaba Jaksa 

DIRECTED Project: Enhancing Disaster Resilience in Europe Levente Huszti 

Investigation of the relationship between solar activity, 

natural hazards and human mobility: Evidence from the 

Balkans 

Milica Langović, Vladimir A. Srećković, Zoran Mijić, Marko 

Langović 

AI-Driven Geoinformatics Solutions for Precision Agriculture 

in a Climate-Stressed Region 

Boudewijn van Leeuwen 

Hydrologic and hydraulic analysis of the 2005 flood on the 

Bârzava River and its impact on hydrotechnical infrastructure 

Minda-Codruța Bădăluță , Petru Urdea, Alexandru Onaca, 
Fabian Timofte 

Evaluating Levee Stability: Simulating Flood Scenarios Using 

Time-Lapse ERT for Improved Risk Mitigation 

Ahmed M. Ali, Attila Timar, James Boyd, Enas Abdelsamei, 

Diaa Sheishah, Alexandru Hegyi, György Sipos 
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Investigation of the relationship between solar activity, natural hazards and 

human mobility: Evidence from the Balkans 

 

Milica Langović1, Vladimir A. Srećković1, Zoran Mijić1, Marko Langović2 
1Institute of Physics Belgrade, University of Belgrade, Belgrade, Serbia 

2Faculty of Geography, University of Belgrade, Belgrade, Serbia 

 

Solar activity, as the main feature of the Sun, determines the changes in the solar-

terrestrial environment and affects technologies, nature, humans and their activities 

on earth. The aim of this paper is to investigate the complex relationship between solar 

activity, natural hazards and human mobility in the Balkan Peninsula in the period 

2008-2023. The primarily hypothesis of this study is that all processes in the solar-

terrestrial environment are interconnected and that the change of one element in this 

system influences the changes of another element. In this regard, special emphasis is 

placed on the study of the characteristics of environmental migration as a 

phenomenon triggered by natural hazards, and possibly related to solar activity. The 

methodological framework includes data on Solar cycle 24 and Solar cycle 25 (current 

cycle) and environmental migration, as well as the application of statistical methods 

based on correlation procedures. The research results indicate intertwined 

connections among the mentioned categories, and revealed a statistically significant 

correlation between the number of sunspots (as indicator of solar activity) and internal 

displacements caused by weather-related hazards in the Balkans during the observed 

period. The paper offers insights into a new transdisciplinary field in which human 

mobility patterns have not yet been incorporated into the understanding of the Sun-

Earth system, and provides guidelines for future research on this issue. 
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