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Abstract: This research represents a contribution to the theory on the coupling of the volcanic ac-
tivity and the ionospheric dynamics, represented by total electron content (TEC) patterns and their
behaviour. The ionospheric response to the activity of the Etna volcano has been analysed using
global navigation satellite system (GNSS)-derived TEC values, employing data from International
GNSS Service (IGS) reference station near the volcano and on two distant IGS locations. Volcanic
activity has been modelled using volcanic radiative power (VRP) data obtained by the Middle In-
fraRed Observation of Volcanic Activity (MIROVA) system. The estimated minimal night TEC val-
ues have been averaged over defined index days of the VRP increase. During the analysed period
of 19 years, the volcano activity was categorised according to pre-defined criteria. The influence of
current space weather and short-term solar activity on TEC near the volcano was systematically
minimised. The results showed mean/median TEC increases of approximately +3 standard devia-
tions from the overall mean values, with peak values placed approximately 5 days before the VRP
increase and followed by general TEC depletion around the time of the actual volcanic activity in-
crease. Additionally, TEC oscillation pattern was found over the volcano site with a half-period of
6.25 days. The main interpretation of results indicates that the volcanic activity has modified the
ionospheric dynamics within the nearby ionospheric region before the actual VRP increase, and that
the residual impact in the volcano’s surrounding area refers to terrestrial endogenous processes and
air—earth currents. Those changes can be detected during criteria predefined in the research: during
quiet space weather conditions, observing night-time TEC values and within the limits of low short-
term solar influence.

Keywords: ionosphere; volcanic activity; total electron content; ground-truth data; seismo-iono-
spheric coupling

1. Introduction

The development of the ionospheric total electron content (TEC) determination
methods, together with improving the means of volcanic activity monitoring, have al-
lowed for the sensing of the seismic processes and their possible couplings with the ion-
ospheric dynamics. The electromagnetic properties of Earth's upper atmosphere layers
are mostly dependent on the solar activity. Compared to solar influences, the seismic
causes have a smaller impact on the ionosphere, and details of their coupling mechanisms
are still not fully understood. The current body of the scientific literature reflects a sub-
stantial amount of research and understanding of the relationships between Earth's seis-
mic activity and resulting changes within the atmospheric layers. Although rarely em-
phasised, the scientific knowledge on seismic effects on the ionosphere is one of the most
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intensively researched areas that could lead to a more reliable earthquake and seismic
prediction models. An appropriate scientific review on the topic was presented in [1].

Apart from the possibility to employ ionospheric anomalies for earthquake predic-
tion, there are other related and usable effects of seismo-ionospheric coupling, for in-
stance, on satellite communication and radio navigational electromagnetic signals [2]. The
ionospheric layers physically modify the path of the satellite positioning signals, conse-
quently introducing a positioning error. The ionospheric delay is subject to various meth-
ods of calculation, determination and estimation for high accuracy positioning require-
ments [3], with TEC as a main indicator of the ionospheric behaviour.

As a dispersive medium feature, the ionospheric refraction depends on the operating
signal’s frequency. By accurately measuring the effects of the ionospheric delay, sound
insights into actual physical state of the ionosphere along the signal ray path can be ob-
tained. Using the data that arise from such examinations, it is possible to investigate a
connection between the seismic activity and its effects on the ionization.

The research efforts on relations between earthquakes and ionospheric anomalies are
summarised in [4] to a significant extent. The geophysical relationship between seismic
activity and associated ionospheric anomalies are generally described by the Lithosphere—
Atmosphere-Ionosphere Coupling (LAIC) models [5]. LAIC models explain these rela-
tionships as a synergy between different ground surface, atmosphere and ionosphere pro-
cesses and anomalous variations, the latter being usually recognised as a short-term earth-
quake precursor [5].

Compared to earthquakes, the effects of volcanic activity on ionospheric anomalies
are less investigated. Several authors have proved the high electrification of the volcanic
dust, such as in [6], where an electrification mechanism of the volcanic ash was simulated.
The authors have found that the dominant source of charging of ash particles occurs as a
consequence of the ejection of ions and atomic particles during fracture events of solid
silicate particles. Charged volcanic plume is often the reason for occurrence of intense
lightning from the volcanic dust clouds, repeatedly present during strong eruptions. In
[7], authors have also discussed the theory of ash particles fragmentation as a primary
mechanism of volcanic clouds charging.

Volcanic activity has a broad and complex effect on atmospheric electrical properties
[8-10]. Apart from the charging of ash particles, the interaction with air ionization is found
as the emanation of radioactive radon gas from the ground. Atmospheric conductivity is
greatly modified by volcanic eruptions which affect air—earth electric currents and the
global atmospheric electrical circuit system. The global electrical circuit (GEC) model is
developed to explain atmospheric electric field and currents within Earth’s coupled at-
mosphere-ionosphere-magnetosphere system. There are three major drivers of the at-
mosphere’s electric field and currents [11,12]: thunderstorms, the ionosphere wind dy-
namo [13] and the solar wind-magnetosphere dynamo [14]. The lithosphere dynamics can
locally influence conductivity of near-surface air layer following the radon emanation,
changing the current density and modifying the free electron content within the atmos-
phere [4]. In [15], authors show that boundary layer resistance is decreased following the
release of radon, increasing the vertical GEC currents and finally modifying the charge
transferred to and from the ionosphere. We consider the possibility that volcanoes are able
to exploit the similar mechanism and influence the atmospheric charge to a certain degree.

In [16], the authors found that the ionospheric perturbations, as recorded by the DE-
METER satellite network, occurred during intense eruptive events of Etna volcano in 2006.
An increase in ion density, particularly O+, was found when a satellite was located at the
approximate latitude of the Etna region. At that time, an electric very low frequency (VLF)
spectrogram recorded lightning activity in the region. All the findings showed the close
relationship between volcanic activity and atmospheric electricity, leading to the possibil-
ity of volcanic influence towards ionospheric electrical properties, as discussed and exam-
ined further.
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Li et al. [17] analysed the coupling relationship between volcanic eruption and TEC
anomalies using Global Ionospheric Map (GIM) data before the 15 volcanic eruptions in-
dicated by Volcanic Explosivity Index 4+ (VEI4+). They found anomalies preceding 67%
of the analysed eruption events. Approximately 80% of anomalies occurred between days
6 and 17 before eruptions. The occurrence rate of TEC anomalies before large eruptions
was related with the volcanic type and the geographical position. The probability of TEC
anomalies’ observations before the eruption decreased with latitude; in the equatorial re-
gion, 80% of eruptions anomalies were found, but only 60% and 50% of eruptions in mid
and high latitudes, respectively, produced preceding TEC anomalies. However, statistical
uncertainty was found to be high due to scarce data.

TEC anomalies were analysed in [18] as a response to the Calbuco volcano eruptions.
Here, the method of approximation of a spherical wave propagating at a constant velocity
from a point source was employed. The authors showed that it is possible, by using dense
(30 second) frequency ionospheric GPS data, to calculate the position of the eruptive
source within several latitude/longitude degrees. In [19], the relation between volcanic
events and ionospheric anomalies was found as well. The total of 269 anomalies were
found in relation to 89 eruptions using satellite DEMETER data [20]. The two main types
of anomalies were the electrostatic turbulence, and the electromagnetic emissions with a
maximum number of those being recorded between 30 and 15 days before the surface
volcanic activity. The study on the impact of the 2011 Puyehue-Cordon Caulle volcanic
eruption on the GPS ionospheric delay also indicated the presence of ionospheric TEC
anomalies several days before the major eruption [21]. In [22], authors analysed global
navigation satellite system (GNSS)-derived short-term TEC response to the Merapi 2010
and the Kelud 2014 volcano eruptions. They observed quasi-periodic oscillation of TEC
values of a frequency ~4 mHz (period ~250 seconds), which lasted for ~20 and ~120
minutes, respectively. Previously [23], it has been shown that these oscillations are related
to upward propagation of acoustic waves, causing resonant oscillations in distinct fre-
quencies.

In this paper, we investigated the longer-term relationship of the activity of Etna vol-
cano (Italy), measured by the Middle InfraRed Observation of Volcanic Activity (MI-
ROVA) system, and the ionospheric TEC behaviour calculated using ground-based, dual-
frequency GNSS measurements by the International GNSS Service (IGS) network [24]. Al-
most 20 years” worth of data were analysed and filtered to select significant volcanic ac-
tivity increases, rather than focusing on volcano eruptions solely. Identified events were
further used to investigate the ionospheric TEC dynamics for the same periods, with the
primary goal to detect possible anomalous TEC behaviour during days of significant vol-
canic activity, with an emphasis on days preceding the activity.

In the following chapter, determinants of research fundamentals referring to iono-
spheric properties, TEC determination and the means of the volcanic activity tracking are
briefly provided. The research design and the methodology are defined, presented and
explained in the third chapter. The results are presented and discussed afterwards, draw-
ing inferences and conclusions on obtained findings.

2. Background
2.1. TEC Features and the Ionospheric Response to Solar Activity

The ionospheric layers react to the solar activity by changing the temperature and
ion production [25,26]. Depending on the user’s location on the Earth, the ionosphere can
be roughly divided in low-, mid- and high-latitude regions, each characterised by its own
processes and responses to the solar forcing [27,28]. There are various methods for evalu-
ation and monitoring of the solar activity.

Certain methods, such as solar radio flux (sfu) at 10.7 cm wavelength [29], solar wind
[30], or radio noise measurements at centimetre wavelengths [31] are direct, based on in-
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strumental measurements. The others are intermediary, based on the solar activity evalu-
ation effects, implying observations of indices such as sunspot number [32], and planetary
geomagnetic K, Kp and Dst indices [33-36].

The total electron content is considered as a basic parameter of the ionospheric elec-
tromagnetic properties and their variations. It is defined as a number of free electrons
along an equivalent column having a cross-section of one square meter from the satellite
to the receiver’s antenna [37,38]. It is expressed in TEC units (TECu), where [2,39]:

1016~
1TECu = =~ @D
The amount of the GPS ionospheric delay (At) can be expressed as [37]:
40.3
At = F TEC, (2)

where f is system operating frequency, and c is electromagnetic signal propagation speed.

The GNSS networks and respective ground-truth observations, data and products
are used to make accurate estimates of ionospheric TEC values [40-42]. As the magnitude
of the delay effect is proportional to inverse of the square of the frequency (2), it can be
used to directly estimate TEC values [43], using a linear combination of code (P) and car-
rier phase (¢) measurements [44,45].

The difference in the signals' reception delay can then be modelled as a sum of the
group delays caused by hardware (satellite (Total Group Delay — TGD) and receiver (Re-
ceiver Differential Code Bias — rDCB)) biases and the ionospheric TEC. With the receiver
calibration and no code smoothing with delay adjustment to code-derived TEC, it is pos-
sible to remove sources of error that result from estimation, instead of measurement of the
bias, smoothing-induced delay of code TEC, and smoothing-induced ionospheric diver-
gence bias of code TEC [45].

2.2. Specific Parameters of the Volcanic Activity

Used methods for volcanic activity monitoring can be classified as ground-based lo-
cal, and satellite-based measurements. The former usually consist of developing multidis-
ciplinary surveillance networks that include seismic, positional, tilt, visual and thermal
infrared cameras, infrasound, gravity, magnetic and other measurements by local ground-
based stations [46—48].

One of the first efforts in volcanic activity remote sensing can be found in [49], where
an airborne infrared radiometer was used to measure the activity of Hawaiian volcanoes.
First attempts to observe volcanic surfaces from the Earth’s orbits are described in [50].
Satellite-derived thermal data within the infrared region between 0.7 and 20 pm are now-
adays frequently used as a tool to detect the presence of volcanic eruptions [51]. According
to [52], there are 18 satellite-based remote sensing systems which monitor the volcanic
activity in terms of radiation measuring, mostly in middle-infrared and thermal-infrared
spectrum bands. Notable examples are HOTSAT [53] and MIROVA system [54,55]. MI-
ROVA is a near real-time hot-spot detection system, developed to detect, locate and meas-
ure the heat radiation sourced from the volcanic activity.

The main benefit of the system is a combination of the accuracy and ease of exporta-
bility of application to different volcanoes. It does not require the analysis of historical
data sets but rather produces results of the same quality as the algorithms, specifically
calibrated for any volcano target. The system is based on the analysis of the Middle Infra-
red Radiation (MIR wavelength: 3.44-4.13 um) extracted from the MODIS Level 1B data
[56]. The extraction algorithm is based on spectral and spatial analysis of MIR data,
providing detection of heat sources ranging from 1 MW to more than 10 GW of radiated
power.
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3. Research Methodology

The presented research covered the period from March 2000 to December 2019, con-
taining collected MIROV A data, GNSS observables and selected space weather measure-
ments. MIROVA dataset was obtained courtesy of a collaborative project between the Uni-
versities of Turin and Florence (Italy) [57]; GNSS data were retrieved from IGS servers
[58], and space weather measurements were obtained from NASA Goddard Space Flight
Center (GSFC) servers [59]. The MIROVA dataset of Etna thermal anomalies contains
night-time, daily measured values of volcanic radiative power (VRP) in Watts [60]. We
defined criteria for locating days of volcanic activity increase (VAI) as days with at least
25% of VRP higher than the preceding day (AVRP), and with the absolute VRP value
higher than the threshold value. To analyse the ionospheric TEC dependence on the vol-
canic influence, i.e., its activity magnitude, three different scenarios were defined depend-
ing on VRP threshold value, as shown in Table 1.

Table 1. Volcanic radiative power (VRP) threshold values and number of corresponding days
within analysed Middle InfraRed Observation of Volcanic Activity (MIROVA) dataset for three
VRP threshold values and 5 different daily increases in VRP.

Crite-  VRP threshold Number of days that satisfy criteria with daily VRP in-

. 1 crease
ma vatue 5% 15% 25% 35% 45%
A >1-105W 445 402 350 293 226
B >4-105W 260 236 201 167 121
C 8108 W 172 156 131 111 78

The additional criteria requiring a 25% or more day-to-day increase in VRP were de-
fined, aiming to identify either beginning days of eruptions, or days with significant in-
crease in the activity without actual lava eruptions (in these cases, the radiation increase
occurred from the thermal energy build-up).

The comprehensive statistical analysis has been conducted evaluating different daily
VRP increase values (5, 15, 25, 35 and 45%, respectively), in order to examine the possibil-
ity of random affectation and misleading results. The 25% of day-to-day VRP increase was
finally selected as a reference value for further calculations, representing a sound compro-
mise between sufficient number of records which satisfy the criteria, and appropriate
number of cases of the volcanic activity increase.

The GPS observables have been obtained from the IGS network in the Receiver Inde-
pendent Exchange Format (RINEX) [61]. The TEC values were estimated using GPS-TEC
analysis software [62] following the standard methodology [63]:

. . . c c o

P/, =P/ —P), =403 % —40.3 % + (B, — By) + (B{ - B)), 3)
i i 1 TEC TEC i i

¢, =, — P, = 40. 37 —403 57+ (b1 — by.2) + (b} — b,) — (N; — Ny), @)

where j, r are satellite and receiver antenna points, respectively; P, ¢ are pseudorange
and carrier phase observations, respectively; TEC is the slant total electron content along
the propagation path (in TECu) with the ray path zenith angle y, # 0°% fi, f, are operating
frequencies; B,, B; are pseudorange code receiver and satellite hardware delay (in m),
respectively; b,, b; are carrier phase receiver and satellite hardware delay (in m), respec-
tively, and N;, N, are carrier-phase ambiguities (in m).

The simplified representation of the employed TEC determination method is shown
in Figure 1. The code difference observables were levelled with phase differences to the
correct TEC values, after which they were adjusted with code measurements.
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Figure 1. Total electron content (TEC) determination method based on ionospheric GPS dual-fre-
quency combinations. Adapted and modified on the basis of [64,65].

The daily DCB values were retrieved from the Global Ionospheric Maps (GIM)
IONEX files [66], employed to refine the ionospheric combinations. Vertical TEC (VTEC)
values were obtained by using slant TEC (STEC) to VTEC mapping function [67].

3.1. Mitigation of Short-Term Solar Activity and other Non-Local Factors’ Impact on TEC
Behaviour

The daily TEC values are strongly correlated to the solar activity, as shown in Figure
2. The ionospheric TEC values were determined from ground-truth data at IGS Noto, and
their mean values were compared to 10.7 cm sfu [29], expressed in solar flux units (1sfu =
102 Wm~2Hz").
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Figure 2. Solar activity expressed as 10.7 cm radio flux (blue) and mean daily ionospheric TEC
values as calculated for IGS Noto (red) for the approximate period 2001 to 2018.
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The influence of diurnal solar activity represents a challenge in an effort to detect
volcanic influences, and appropriate filtering of the solar impact was essential. By exam-
ining various TEC subset patterns, we found that minimal night TEC values vary with
solar activity in an acceptably small degree (Figure 3). We utilised this observation for
detection of volcanic influence on ionospheric TEC along with larger solar effects. Hence,
in further analysis minimal night TEC values were considered to be generally unaffected
by the solar activity. In order to increase the confidence in practical validity of such an
assumption, a series of data analyses were performed to detect possible adverse effects of
the remaining solar influence.

250 14
2 3
o~ =
x <3v
3 200 O
[T w
o [
5 =
< 122
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g g
5 £
— -1'§

100

10

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

Figure 3. Solar activity expressed as 10.7 cm radio flux (blue) and minimal night ionospheric TEC
values at IGS Noto (red).

Due to the night persistence of certain ionospheric layers, the minimal night TEC
cannot be considered absolutely unaffected. As an additional control parameter, analyses
of sfu, solar wind proton density and planetary Kp index were performed, thus confirming
generally quiet and stable space weather activity during the elaborated periods.

Other causes of TEC anomalies are not directly related to the solar activity. Travelling
Ionospheric Disturbances (TIDs) are propagating perturbations in the ionospheric elec-
tron density which, if classified as medium scale, have horizontal wavelengths of 100-250
km [68,69].

All mentioned influences have to be considered when examining TEC dynamics in
terms of response to the volcanic and tectonic activity, since these affect the ionospheric
TEC to a significantly greater extent than the lithosphere dynamics. This is especially im-
portant if a single, particular event is analysed.

The last used method to smooth out the mentioned effects was the TEC averaging
over the large number of events as per defined criteria. The assumption was that all non-
local forcing should equally affect the results over all employed, regional IGS stations.
This was done by averaging over a large number of events, rather than affecting one sta-
tion significantly more than the others, therefore allowing us to consider that the remain-
ing differences can be attributed to local effects with satisfying confidence.

3.2. Determination of Specific Parameters of the Volacno Activity and lonospheric TEC Features’
Behaviour Relation

We have analysed the ionospheric TEC patterns around days of VAI at three IGS
reference stations, positioned on similar geographical latitudes: IGS Noto (Italy; 36.88°N,
14.99°E), IGS San Fernando (Spain; 36.46°N, 6.21°W) and IGS Nicosia (Cyprus; 35.141°N,
33.396°E). The IGS Noto was chosen due to its close vicinity to the Etna volcano (distance
=96 km). The other two stations were selected as a control distant stations (1878 km and
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1672 km, respectively), geographically considered to be outside of the direct volcano in-
fluence (Figure 4).

In addition, to directly compare TEC patterns during active and quiet volcanic peri-
ods, the same calculation was repeated with reverse criteria; by selecting cases where VRP
was less than 1-10° Watts (total of 493 days), regardless of amount of relative change from
the previous day.

Etna
37.71°N

1878 km 015.00° E

96 kM [

IGS Nicosia
35.14°N 5
030.40° E

IGS Noto
36.88° N
014.99° E

Figure 4. Geographical positions of IGS Noto, IGS San Fernando and IGS Nicosia in relation to the
location of Etna volcano.

As per activity Criteria A, B and C, we extracted minimal night TEC values for de-
fined index days—30 days before and 20 days after the VAI, respectively. The mean value
of minimal night TEC was calculated for each index day. The same analysis was per-
formed independently for all locations. In addition, the median TEC values were also cal-
culated to assess the possibility of misleading results regarding the outliers” influence. The
mean and median calculations of minimal TEC also increased the confidence in assump-
tion that non-local influences on TEC are statistically averaged in a similar manner for all
analysed IGS stations.

The preliminary results referring to specific patterns of TEC time-series dictated fur-
ther analyses. Pearson correlation coefficients between VRP and TEC time-series have
been calculated both for the whole period, and separately for the defined activity criteria
periods. The obtained 5-day lag of VRP increase after the TEC peak has been verified us-
ing a normalised cross-correlation technique [70]. The observed TEC oscillatory pattern
was analysed with the Fast Fourier Transform (FFT) method [71,72], converting a func-
tion's time-domain into frequency-domain, with the results confirming the observed pe-
riodicity.

4. Structural-Analytical Presentation of the Research Results

The following same-scale figures represent ionospheric TEC patterns through index
days according to defined Criteria A, B and C. Horizontal black lines denote mean mini-
mal values. Horizontal, dashed coloured lines represent +1 standard deviation from the
mean value for the respective criteria. For the Criteria C (for IGS Noto), +2 and +3 standard
deviations from the mean value were added as red dotted lines.

The most notable feature within calculated TEC patterns is large and sharp TEC en-
hancement located at approximately 5 days before the VAI, being most prominent for the
Criteria C (Figure 5). This abrupt increase refers to IGS Noto only.
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-30

Figure 5. Mean values of minimal night TEC at IGS Noto for Criteria A (green), B (blue) and C
(red). The vertical line denotes the day of volcanic activity increase. Mean +/- 1 standard deviation
for respective criteria is added with dashed line of the same colour, and for Criteria C, mean +2
and +3 standard deviations are added as red dotted lines.

Significantly larger variation of TEC values at IGS Noto can be considered as at least
partially attributed to the volcanic activity. However, in this phase other causes cannot be
excluded.

The magnitudes of the volcanic activity increase other than 25% were additionally
analysed, investigating the possibility of different impacts of VAI threshold values. The
pattern which is characterised with the TEC increase 5 days before the VAI is visible in
each case (Figure 6), being especially prominent as the VRP increases as well. Since the
VRP change did not affected the general pattern, the 25 % day-to-day VRP increase was
selected as a valid threshold reference. During the extreme activity increase (45 % —Figure
6e), additional TEC enhancements and depletions were observed, however, due to the
small number of days firm conclusions should not be drawn.

The analysis was repeated for IGS San Fernando and IGS Nicosia (Figure 7), revealing
significantly different patterns when compared to IGS Noto (Figure 8).

“T(a) 5% > T(b) 15%
2.2 4 2.2 4
—— Criteria A
—— Criteria B 2.1 .
—— Criteria C
2.0
20 0 20
237 25%° 35%]
2.2 24
2.1 2.14

Figure 6. Mean values of minimum night TEC at IGS Noto (y-axis) through index days (x-axis) for
different daily increase in the volcanic radiative power (VRP) value: (a) 5%, (b) 15%, (c) 25%, (d)
35%, (e) 45% of daily VRP increase, respectively. Described TEC pattern is visible in all plots with
slight differences, as discussed in text.
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Figure 7. Mean values of minimum night-time TEC at IGS San Fernando (a) and Nicosia (b).

These changes seem to result from noise rather than from a recognizable pattern, es-
pecially in the case of IGS Nicosia where the pattern resembles uniform across the whole

period.

2.250

2.225¢

Mean minimal night TEC (TECu)
N N N N N
= = = = N
o N w ~ o
& wu o u o
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T
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-10 0
Days from VAI

Figure 8. TEC patterns on IGS Noto, IGS San Fernando and IGS Nicosia during index days for the

Criteria C. The vertical line denotes the day of defined volcanic activity increase (VAI).
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The median night TEC values were calculated further. According to the similarity of
derived time-series (Figure 9), we strengthen our confidence that the possible outlier ef-
fects are not a prevalent cause of observed patterns within the analysed datasets.

2.250

2.225F !

| —— Criteria A
2.075 F —e— Criteria B
—— Criteria C

Mean minimal night TEC (TECu)

-30 =20 -10 0 10 20
Days from VAI

Figure 9. Median values of minimum night TEC at IGS Noto.

The results of median calculation arguably show similar TEC pattern around the VAI
compared to the mean calculation pattern, with the prominent peak more than +3 stand-
ard deviations from the median value for the Criteria C.

Before the observed peak, TEC oscillations (enhancements and depletions during
several days before the VAI) at IGS Noto can be also seen. Such a pattern seems to cease
with VAL Applying the FFT method, two prominent peaks were found (Figure 10). The
largest oscillation is found to have a period of 12.5 days (half-period of 6.25 days), with
the second largest oscillation of 8.5 days (half-period of 4.25 days). This corresponds to
the two most prominent peaks in the frequency-domain data. The observed peaks are
consistent within all criteria.

0.5 T T T :

—e— Criteria C
—— Criteria B
—— Criteria A

0.0

L

0 5 10 15 20 25
Period (days)

Figure 10. Fast Fourier Transform of mean night TEC values during index days at IGS Noto.

When compared to distant locations, mean TEC values at IGS Noto show increased
amplitude and standard deviation. The most prominent anomalous TEC values were
found during the activity of Criteria C around the fifth day before the VAL It can also
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indicate that the major volcanic activity caused larger deviations in the ionospheric TEC
values, when compared to minor- or no-activity periods.

Distribution of minimal night TEC values for IGS Noto (Criteria C) is presented in
Figure 11. The majority of data distribution is similar between two datasets: during the
day of VAI (11a) and 5 days before (11b). The lack of large histogram values additionally
suggests that the outlier values have not significantly influenced the datasets.
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Figure 11. Minimal night TEC values distribution for IGS Noto, criteria C, for the day of VAI (a)
and 5 days before VAI (b).

Basic statistical indicators of minimal night TEC values for all stations are presented
in Table 2. Data are shown for the whole dataset, as well as compared to the same indica-
tors for VAI and 5 days before VAL

Table 2. Statistical indicators of minimal night-time TEC values during all criteria (Crit) as calculated for IGS San Fernando
(5), IGS Nicosia (NI) and IGS Noto (NO) for the whole dataset (All), the day of VAI and 5 days before VAL

Crit

Mean Median St dev Max Min

Station

S NI NO S NI NO S NI NO S NI NO S NI NO

All

2.112 2.099 2.139 2.110 2.110 2.160 0.232 0.240 0.441 3.330 3.480 4.580 0.120 0.110 0.020

VAI

2.097 2.099 2.142 2.090 2.110 2.170 0.191 0.207 0.492 3.070 2.810 3.700 1.050 1.030 0.020
2.113 2.097 2.134 2.100 2.110 2.170 0.205 0.216 0.503 3.700 2.810 3.700 1.050 1.030 0.020
2.122 2.071 2.140 2.105 2.110 2.180 0.147 0.240 0.501 2.680 2.810 3.700 1.570 1.030 0.020

5 days before VAI

NP NP

2.102 2.094 2.161 2.100 2.100 2.180 0.154 0.247 0.438 2.670 3.120 3.320 1.480 0.230 0.090
2.112 2.100 2.188 2.100 2.120 2.195 0.161 0.293 0.441 2.670 3.120 3.320 1.610 0.230 0.090
2.113 2.082 2.243 2.115 2.120 2.230 0.163 0.280 0.346 2.670 2.770 3.320 1.610 0.230 0.780

The main difference between criteria, in relation to the whole dataset, was the notable
increase in mean and median TEC value for Criteria C, 5 days before VAI at IGS Noto
solely. The increase is present both compared to Criteria A and B at the same day, as well
as compared to Criteria C on VAIL Furthermore, the standard deviation at station Noto is
significantly larger when compared to other corresponding values. Absolute minimum
values for IGS Noto are significantly smaller than for other two stations. This might indi-
cate the possibility of almost complete temporary removal of free electrons from the at-
mospheric column during certain stages of volcanic activity.

The space weather indices were calculated employing the same methodology of av-
eraging values over the index days (Figure 12).
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Figure 12. Mean values of 10.7 cm solar flux (a), proton density (b), Kp index (c) and VRP (d) dur-
ing index days for Criteria A (green), B (blue) and C (red).

There is no visible increase in solar flux and solar wind proton density, as well as in
the Kp index around the IGS Noto TEC peak days. In Figure 12¢, magnitude of geomag-
netic disturbance on a 0-9 scale is presented in terms of planetary Kp index. Kp index is
an integer value, but here the mean value of respective integers over index days around
VAl is presented, yielding results as a float type. Both 10.7 cm sfu and Kp index, with the
proton density in a lesser amount (Figure 12b), indicate that the days that enter into Cri-
teria B and C, display increased solar activity compared to those of Criteria A. However,
there are no visible anomalies that could explain the peak in the night TEC values over
IGS Noto.

The TEC pattern over IGS San Fernando follows 10.7 cm sfu and Kp values to a certain
extent. Given the dependence of TEC, it was expected to have a possible effect. Therefore,
it might be accredited to the remains of the day-time solar influence and geomagnetic
processes. Patterns derived from IGS Nicosia show a less similar shape compared to solar
parameters. Any remaining similarity between space weather indices and night TEC val-
ues is absent in the pattern derived from IGS Noto.

The results of TEC pattern analysis during quiet volcanic periods are presented in
Figure 13. The patterns were compared using reverse criterion, i.e., non-active days
(NAD), with VRP<1-10° W. The Figure scale was set as previously described.
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Figure 13. Comparison of minimum night TEC patterns for IGS Noto, IGS San Fernando and IGS
Nicosia during non-active days (NAD).

The TEC patterns are similar, with the IGS Noto mean value being slightly lower than
that at San Fernando, and very similar to the case of IGS Nicosia and again, more variable
from day to day around NAD than patterns from both control stations. It should be noted
that, although these patterns represent generally quieter conditions, the volcano is never
absolutely inactive.

The correlation coefficients were calculated for VRP and TEC for all locations. As the
most prominent TEC peak was present 5 days before volcano activity increase, the lagged
correlation was performed with TEC time-series, shifted for 5 days before correlating with
the VRP (Table 3). The time lag of 5 days VAI increase after the TEC peak was verified
using the cross-correlation technique (Figure 14).
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Figure 14. Normalised cross-correlation between VRP and TEC mean values for Criteria C, IGS
Noto. The lag with maximum correlation value is equal to 5 days.
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Table 3. Five-day lagged Pearson correlation coefficients between time-series of VRP and TEC for
all locations, including whole datasets and defined criteria.

Station Whole series Criteria A  CriteriaB  Criteria C
Noto 0.005 0.181 0.231 0.251
5-day lag  San Fernando -0.026 -0.029 -0.098 -0.161

Nicosia -0.035 -0.037 -0.068 -0.052
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The largest correlation took place when a lagged correlation was performed for sta-
tion Noto, with increasing strength in pace with increasing activity criteria from lower to
higher levels. The higher correlation values at IGS Noto strengthen the confidence in the
conclusion that the observed TEC peak 5 days before VAI does represent a cause—effect
relationship between volcanic activity and the TEC values in nearby ionospheric areas.

5. Brief Overview of the Results’ Specifics

The presented results show larger night TEC deviations from the mean dataset value
for IGS Noto than those for IGS San Fernando. A general upward and oscillating trend in
TEC pattern with a half-period of 6.25 days is notable until the time reaches the day of
VAI, with maximum values generally found around 5 days before. The periodicity analy-
sis also suggests that the pattern oscillation is further modulated with somewhat higher
frequency, having a half-period of 4.25 days and a smaller magnitude. Afterwards, a de-
crease in night TEC values was observed and the pattern loses its wave-like features. The
described pattern seems to generally exist for all three activity criteria; however, it is most
prominent for the Criteria C, reaching the maximal enhancement at +3 standard devia-
tions from the mean value.

As the Criteria C contains a total of 131 days and is therefore considered to be a rep-
resentative sample, our argument is that the night TEC increase of +3 standard deviations
from the mean value cannot be explained by the random variability. As we could not ex-
plain it in this way, or by examining various metrics of solar influence, by comparing with
two distant control stations, by considering possible data outlier influence on mean val-
ues, or any other way, we conclude that the ionospheric TEC peak located at 5 days before
VALI has to be associated with the Etna volcano activity, and moreover, is caused by the
same activity. The mentioned enhancement was preceded with oscillatory behaviour of
ionospheric TEC; however, the peak was the most prominent observation. As the TEC
values increase with tightening criteria definition for the Etna activity level, it follows that
the TEC response is also dependent on the amount of the volcanic forcing. Most of the
TEC patterns’ variations were found within periods of the highest volcano activity.

The results suggest that the observed TEC variations are related to the volcano seis-
mic activity before the active phase of VRP increase. The observed increase in TEC values
perhaps can be explained with an increase in the available endogenous energy which
firstly produced an increase in air—earth currents. We propose a hypothesis that radon
emanation or other seismic-related pre-eruption factors modified the electrical conductiv-
ity of the column of air by increasing the charge of boundary layer, leading to a change of
vertical electrical air—earth currents and subsequent local modification of GEC properties,
detectable as observed oscillations and peaks of the ionospheric TEC. Further investiga-
tion of this phenomena, together with an explanation of possible causes and mechanisms
of action, remain a matter for future work.

6. Conclusions

The presented results suggest a causal correlation between the Etna volcano activity
and the surrounding ionospheric behaviour, providing insights referring to the mutual
relation between the two phenomena. Temporal coupling processes and the respective
ionospheric total electron content patterns as a consequent dependent variable were in-
vestigated. The volcanic influence was found to be present during the peak activity peri-
ods, as well as before the actual increase in VRP. The conclusions are based on the analyses
of 19 years of ionospheric and volcanic activity data. The specific volcanic activity scenar-
ios were distinguished and correlated with ionospheric TEC values.

The results suggest that 5 days before the commencement of a significant rise in ac-
tivity, ionospheric TEC within the volcano region sharply increases, followed by the ab-
rupt decline in values towards the day of VAL The oscillatory pattern of TEC behaviour
is found to be present with a main oscillation half-period of 6.25 days. Larger variations
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in TEC values were observed near the volcano site. A special care was taken in order to
exclude possible external influences in terms of the space weather activity, overall solar
influence, and possible outliers. Finally, we compared the TEC behaviour during volcano
activity with behaviours during non-active periods. The intensity of the TEC anomalous
behaviour was found to be positively related to the amount of forcing from the Etna vol-
cano activity and we have not been able to associate observed TEC behaviour prior to
volcanic activity increase to the solar forcing.

The proposed approach and presented findings represent a means of generalization
of the TEC behaviour pattern during phases before and at the instance of increased vol-
canic activity and eruptions, with the possibility of separation of the ionospheric activity
as a prognostic parameter.
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