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1. Abstract

The project describes the analysis of sensitivity of in-situ electron density (ED) measurements collected
onboard Swarm mission satellites by Langmuir Probes (LP). The ED data are analyzed with respect to
2-year record of strong seismic activity in the Aegean Sea region. The magnitudes of the earthquakes
(EQs) in 2020-2021 reached 7.0, and this was the strongest seismic activity in this region in time of
Swarm mission. However, this 2-year period includes also a relatively quiet time spans, which are also
compared to Swarm signals. The ED data are analyzed with the use of Fourier-based high-pass filtering
and short-term Fourier transform (STFT), in order to obtain the evolutionary spectra from the along-
track ED signal. These evolutionary power spectral densities (PSD) of ED indicate the frequencies that
are sensitive to seismic ionospheric disturbances, and this way PSD can be sampled from the selected
periods. The second type of analyzed data are ionospheric parameters determined from Athens
ionosonde observations. The ionosonde 2-year data series were processed with the use of band-pass
Fourier-based filtering for the entire period, in order to remove these frequencies of time series that
are the most sensitive to solar conditions. The 2-year series of PSD of ED signals derived from Swarm
are analyzed together with the seismicity record. The corresponding 2-year series of selected band-
pass filtered ionospheric parameters from Athens ionosonde are similarly compared to the same
seismic activity in the Aegean region. The correlation between the seismically-driven ionospheric
disturbances detected by Swarm and the EQs in the Aegean region revealed as higher than the
correlation of Swarm with geomagnetic index and solar radio flux. The selected frequency band of
ionosonde-derived parameters is also much more correlated with the seismic activity than with F10.7
or Kp index.

2. Objective

The main objective of the PITHIA-NRF 2022/2_09 SIDSEA project was to continue the research on
ionospheric responses to continuous changing level of seismic activity at the edges of tectonic plate
boundaries, which can be observed in satellite data (e.g. in-situ electron densities, topside total-
electron content (TEC) ), or in ground-based data (TEC from ground GNSS, ionosonde measurements).
Different satellite and ground data have shown a sensitivity to changing seismic activity at the edges
of tectonic plates. The examples of lithosphere-ionosphere coupling detected by satellite data can be
found in Athansiou et al. (2014), Marchetti et al. (2020), Jarmotowski et al. (2021) or Yang et al. (2022).
The examples of corresponding observations in the parameters determined from ionosondes are given
in Belehaki et al. (2022) or Maruyama et al. (2017). In this study, a particular focus was put on the EQ
series sometimes accompanied with large EQs and relatively calm periods. The analyzed phenomena
is the correlation of these two opposite lithosphere states with ionospheric parameter change. The
specific objectives of the project are:

e Spectral analysis of along-track ED observations made by Swarm LP instruments and
approximate determination of the short-time along-track frequencies that are most
representative for co-seismic ionospheric responses

e Sampling of PSD of Swarm signal at selected frequencies, collecting sampled PSD in long 2-
year period (2020-2021), averaging them in longer periods, and comparing with seismic
activity changes in the 2-year period.

e Spectral decomposition of ionosonde-derived ionospheric parameter time series, in order to
analyze specific periods of time series with respect to changing seismic activity in the same 2-
year period.



e Comparison of Swarm and ionosonde correlations with seismicity, and the respective
Swarm/ionosonde correlations with selected geomagnetic indices and solar activity
parameters, in order to determine dominating causes of disturbed signals.

3. Project process

A preliminary assumption of the project was to study 2-month Swarm data together with 2-month
seismicity record, and focus on the largest EQ in the region with Mw=7.0 together and related
aftershocks (Oct.-Nov. 2021). However, the early studies have shown that ionospheric disturbances
observed by Swarm are not exactly correlated in short time with individual EQs, but rather generally
correlated with increasing or decreasing seismicity power. Moreover, individual EQs have not always
their individual specific responses, which are explicitly visible in Swarm observations. Additionally,
there are also suspected relations of ED disturbances with solar and geomagnetic activity changes.
Therefore, preliminary studies of 2-month observations became a subject of discussion during the
meeting in NOA in Athens in October, 2022 (10-14.10.2022). The results of 2-month study revealed
significant longer-term correlation of Swarm ED disturbances with seismicity in the region. However,
as the results were based on only one timespan of increased seismic activity, UWM together with NOA
decided that several periods of increased seismicity can be particularly interesting. Thus, it is worth
and possible to extend the study to 2-year period, during which the seismicity increases and decreases
several times. The NOA team introduced UWM to the process of ionosonde observations and data
generation. NOA have decided that they will produce and provide to UWM a 2-year record of a set of
ionospheric parameters, corresponding to the sets of Swarm and seismic activity data. The UWM were
committed to process selected ionosonde-derived ionospheric parameters under the assistance of
NOA, and analyze it together with the remaining data. The ionosonde data had strong signal
components depending on the solar activity, so the Fourier-based spectral tools have been found as
appropriate also in these data preprocessing. The 2-year period of observations provided interesting
observations from Swarm and ionosonde data, and proved that the observation of ionospheric
disturbances in a longer time period brings much more than short-time studies.

4. Data selection and preprocessing

4.1 Seismic data record

The study is focused on data analysis from Swarm in-situ ED measurements at the altitudes of three
Swarm satellites. The studies are based on the data from the area of Aegean Sea, collected during two
years (2020-2021), which included a time of the Mw=7.0 EQ. This event happened close to the Samos
island in October 2020, but several composed series of slightly smaller EQs, which were however
stronger or equal to Mw=4.5 also happened in Aegean region in years 2020-2021, and were analyzed
in this work. The small depth of the analyzed EQs was important and contributed to the finding of
interesting Swarm signal responses to seismic ionospheric disturbances. The primarily suggested two-
month time of observations was extended to two-year period due to interesting temporal behavior of
Swarm signal, which turned out to be more long-term than expected.

The investigated EQs were located in the Aegean Sea area and surrounding countries, i.e. Greece,
Turkey, Albania, North Macedonia, Bulgaria etc. The sequences of seismic events are extracted from
United States Gravity Survey (USGS) seismic record database, and the information of primary interest



are the time, location, magnitude and depth. The selection is limited to close vicinity of Hellenic
Tectonic Plate, which approximately overlays with the selection of Swarm tracks (Fig. 1-3).
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Fig. 1 Geographical range of EQs above Mw>=4.5, which is from 33°N to 43°N and from 10°E to 30°E.

4.2 Swarm B and C data

The tracks of two Swam satellites that pass the area of EQs (B and C) have been selected, because the
data from Swarm A were incomplete. On the other hand, the observations from A and C are similar to
the large extent, which was observed in the previous works (Yang et al, 2022). Depending on the phase
of the Swarm constellation, consecutive orbital tracks of one satellite will repeat at approximate
longitudes at least two times daily, which will give every day one track closer to the noon time, and
the second one closer to the midnight. The nocturnal observations are theoretically the less affected
by the solar activity. Therefore, in this analysis only nighttime half of the tracks is selected, which
means that Swarm passes are much closer to the midnight, than to the noon. However, it will be shown
that sometimes the observations refer to the late evening or early morning, and this extension of time
is inescapable if we need to select Swarm passes almost every day, during the entire year, and closely
to the Hellenic Plate. The tracks were selected using division of the data into four quarters of the year
(2020 and 2021). Firstly some reference track is selected, which is close to the center of the region.
Typically, this Swarm pass took place on the middle of the quarter of the year (day 45" or 46™), but
there are some exceptions and occasionally the reference track is selected on some day distant from
the middle of the period (say 65™). This was necessary to find Swarm pass possibly close to the center
of the region, and at in the nighttime. Once such reference track was selected, around 90 tracks (one
pass daily) were adjoined, and they had longitude separation from the reference track smaller than
20° and time separation smaller than 4.6 h. These thresholds are required to observe the ionosphere
over the region approximately at the same time and similar place. These apparently large thresholds
were necessary to assure tracks almost every day, having only minor gaps from time to time.



Summarizing, two years of Swarm passes over the boundary between African and Eurasian tectonic
plates (in the close vicinity of Hellenic Plate) have been selected — one track daily during the nighttime.
The selection has minor gaps due to variable longitudes of Swarm orbit footprint, but these gaps do
not affect overall findings. The example selections of Swarm trajectories in the last quarter of 2020 are
shown in Fig. 2-3, together with selected EQs at that time. The selection from the other quarters of
2020 and 2021 followed the same rules, and respective locations of the tracks depend only on the
current Swarm constellation geometry. The longitudinal location of the tracks can differ by 40°, but all
the passes cross tectonic plate connection orthogonally, which is an important assumption in the
study.
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Fig. 2 The selection of Swarm B tracks in the last quarter of 2020, with the EQs that happened at that
time.
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Fig. 3 The selection of Swarm C tracks in the last quarter of 2020, with the EQs that happened at that
time.



Swarm satellite data are dense only along the orbital tracks, and ionospheric disturbances can be
observed in fact in one dimension, which is along the track. However, the spectral analysis enables a
better insight into one-dimensional nature of Swarm along-track observations. The examples of
spectral analysis applied in the investigation of SID can be already found in the literature, but refer
more often to ground GNSS observations (see: Rolland et al. 2011, Occhipinti et al. 2013). Although
the spatial approach dominates in the existing analyses of low-Earth orbit (LEO) data, there are a few
examples of spectral approach applied to LEO data (see: Balasis et al. 2013, 2015, Jarmotowski et al.
2020). We followed this way and Swarm along-track ED data from LPs have been analyzed by one-
dimensional short-term Fourier transform (STFT). Prior to this, the ED signal were high-pass filtered by
DFT-based filter. The threshold of filtering was set to 50 sec. (~380 km).

The spectral STFT analysis of seismic ionospheric disturbances in ED data will enable the search of ED
signal frequencies/periods, at which the seismically-driven disturbances are best detectable. However,
it is noticeable in the spectrogram that the disturbances occupy different wavelengths, and it is hard
to find a very narrow frequency band that is most frequently affected by co-seismic perturbations of
ED (Fig. 4). Therefore the selection of one specific sensitive frequency can be only approximately done
at this stage of the research. In this work, we selected the period 35 sec., which is equivalent to around
270 km wavelength, as this wavelength includes often the signal that is apparently correlated with
increased seismic activity. The power spectral density (PSD) at this frequency is selected to characterize
disturbance power onboard Swarm satellite, and to provide data for the temporal analysis of this
power with respect to variable seismic activity during 2-year period.
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Fig. 4 Example spectrogram of suspected co-seismic disturbance of ED detected by Swarm B.

4.3 lonosonde data — Athens

The two-year time series of three parameters: the F2 virtual scale height (hF2), the critical frequency
of sporadic E-layer (foEs) and ionospheric spread F (ff), were determined from the Athens ionosonde
observations. The time series of different parameters derived from the ionosonde is however



composed of different frequencies. Some of these frequencies, and in particular these dependent on
the solar conditions, adversely affect the recognition of sensitivity of ionospheric parameters to the
seismic activity. The main unwanted effects come from the seasonal influence of the Sun, as well as
from diurnal solar condition change. The former effect belongs to the lowest-wavelength effect in the
analyzed series, whereas the latter one represents the highest-frequencies. Therefore the signal had
to be band-filtered, and selected middle frequency band was assessed as the only useful for the
analysis of Earth-dependent ionospheric disturbances coupled with internal lithospheric activity. The
seasonal low frequency signal, which is to be removed is very clearly noticeable in the foEs parameter

(Fig. 5)
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Fig. 5 The critical frequency of sporadic E-layer from Athens ionosonde (black) and its 90-day
seasonal trend (red) in 2020 and 2021.

The assessment of the ionosphere parameter signal components was performed with the use of STFT
and the spectrograms. However, Fourier analysis requires continuous data series and therefore the
gaps in the observations had to be filled with simple interpolation. This technique is approximate but
assessed as quite safe, because such interpolation between short breaks can at most generate
artificially the long-wavelength signal parts. These long-wavelengths are not shorter than the lengths
of breaks, so we cannot generate shorter periods than the breaks. So, in practice we can only confirm
the signals, which are already observable as incomplete variations in data record. In other words we
do not generate any short-term signal, which is unavailable in the data, but only confirm not full signals.
After filling the series the data were detrended by the subtraction of 90-day trend (Fig. 5), and the
spectrograms have been made to recognize these parts of the signal, which are less disturbed by
diurnal period and some other remaining frequencies of seasonal Sun activity (Fig. 6).

The spectrograms clearly indicate a strong signal of diurnal period, and this frequency is the second
most unwanted that aside from the seasonal trend must be filtered out from the entire signal of hF2,
foEs and ff. The PSD of the parameters between the periods approximately 3 days to 14 days, especially
in Fig. 6a-b, indicates remaining strong signal component occurring around the Summer in both
analyzed years. Therefore the spectrograms of hF2 and foEs suggest that we can deal with the seasonal
component also at these, quite high frequencies. Therefore the most interesting part of the time series
was selected as located between 90-day and 40-day periods, and this band was filtered out by the
Fourier analysis, and compared with the EQ record in 2020 (Fig. 13) and in 2021 (Fig. 14).
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Fig. 6 The spectrograms of ionospheric parameters from the Athens ionosonde after low-pass
filtering (90-day trend).



5. Results

5.1 Swarm results

Approximate selection of the period of 35 sec. in Swarm along-track ED data was based on the review
of calculated spectrograms, where the chosen period appeared as one of the most strongly occupied
by the disturbances during large EQs and EQ series. On the other hand, this period equivalent to the
wavelength around 270 km along the orbital track is one out of the probable set that can represent
the co-seismic wave in the ionosphere. This sampling period was selected as a compromise to calculate
maximum PSD, which was assumed as representative for respective time epoch (day), and which was
used as an indicator of ionospheric response to increased seismicity observed by Swarm. However,
these PSD maxima have shown a day-by-day variability that cannot be compared to individual EQs, as
probable other factors also disturb these signals. Therefore Swarm PSD were averaged using 11-day
window to analyze longer-term effects. Additionally, due to the same reason a kind of seismicity
indicator was calculated, as based on 11-day averaging of the ratio between the magnitudes and
depths.

The selected 2-year period includes various seismic events, and also relatively quiet moments, which
constitutes a good test of sensitivity for Swarm LP measurements. Therefore the series of PSD maxima
calculated at approximately selected period of 35 sec. for ED, are used to characterize Swarm LP
sensitivity of LPs to ED disturbances. Thus, one selected nocturnal track from each day is represented
by maximum PSD, as the quantity indicating the power of disturbances and Swarm sensitivity to
increased number of EQs at that time. The temporal evolution of PSD maxima is presented separately
for Swarm B and C and for two subsequent years in Figs. 7-8 and 10-11. These summary figures present
maxima of ED PSD and their 11-day moving averages used to better reveal longer-term character of
the disturbances in time unit (blue bold lines). This averaging is done after preliminary preview of PSD
maxima, and the conclusion that temporal evolution of ED disturbances is dynamic, and not so
straightway related to the largest EQs, but rather sensitive to EQ series and continuous processes in
the Earth crust, at the edges of tectonic plates. The EQs in Fig. 7-8 and Fig. 10-11 are represented by
the magnitudes multiplied by 10, to draw them together with the same axis scale as e.g. their depths
and F10.7. Their depths are expressed in km by the stems directed to the bottom of Figs. 7-8 and 10-
11. Based on the EQ magnitude and depth, and knowing that the shallowest EQs are the most
suspected as affecting the ionosphere (Le et al. 2011), we calculated a kind of seismic intensity
indicator, by the use of a simple rule of 11-day window. The magnitudes of EQs occurred within this
window are divided by their depths, and then summed up and divided by the number of the days. The
guantity calculated this way reveals more long-term variation of seismicity, and similarly to moving
average referred to Swarm PSD maxima, it is drawn using bold lines of the same color than the input
quantity, i.e. magenta bold line. These two 11-day averages (of Swarm PSD and occurred EQs) can be
more adequate to visually analyze the correlation of their two base quantities. Additionally, to assess
potential influences and correlations of geomagnetic field and solar activity with Swarm PSD maxima,
the geomagnetic Kp-index and solar radio flux (F10.7) were added to Fig. 7-8 and Fig. 10-11. Their
contribution to the compound Swarm signals was also assessed by the comparison of their series to
Swarm PSD. The external ED disturbances, like critical Sun activity or geomagnetic storms can be often
mixed with seismically triggered internal ones, and observed by LEO satellites like Swarm.

Looking for the first time at bold magenta lines indicating seismic power in the entire year of 2020 or
2021, we can divide the year into longer-term key periods of increased or decreased seismic activity in
the Aegean region, which apparently occur 2-3 times annually. These roughly selected periods are
indicated by green bold lines in Fig. 7-8 and Fig. 10-11. Fig. 7-8 show that in 2020 we can roughly



indicate three periods of higher seismic activity, and we can indicate that increased number of EQs and
their series cover: Jan 15 — Mar 01, Apr 30 — Jun 31 and Sep 20 — Nov 20. When looking similarly for
such periods in 2021 (Fig. 10-11), we can find more shorter increases and decreases. However, we can
also distinguish two groups of stronger activity in the region which are: Jan 05 — Apr 25, and Jul 15 —
Oct 31. Referring now back to 2020, we can say that two of three listed periods (Jan 15 — Feb 28 and
Apr 25 — Jun 31) include the strongest disturbances of Swarm ED signals of the year, which last for
most of the period, whereas the last period of seismicity enhance (Sep 20 — Nov 20) is affected by
moderate, but also noticeable ED perturbations (Fig. 7-8). The latter year 2021, where two longer
periods of stronger activity are indicated, has also two strongest portions of Swarm ED disturbances
(Fig. 10-11). The first occurred between Jan 15 and Feb 28 is located in the middle of the stronger EQ
series, at least for Swarm B. The second group of strong and long-lasting disturbances starts with the
beginning of the second period i.e. Jul 15 — Oct 31. We should also note that solar radio flux is low at
least for the entire two first periods of EQ series in 2020 (Fig. 7-8). Kp-index varies, but it can be noticed
that at least for the second period its value is moderate or low. The solar radio flux varies more in 2021,
but its highest values occur, as well as in 2020, at the end of the year, much after the strongest EQ
series (Fig. 10-11). The whole temporal spectrum of Kp-index varies more frequently than seismic
activity change and Swarm disturbances, so it can require Fourier decomposition and calculation of
longer-term changes in the future research, to compare in more details with seismicity and Swarm ED.

The red lines in Fig. 7-8 and Fig. 10-11 indicate interesting selected shorter parts of EQ series, which
can be potentially assessed as closely related with the same increase of tectonic activity, at least at
first look, as they are surrounded by more calm periods in the region. It should be reminded that the
EQs selected for this study in the region indicated in Fig. 1 are equal or stronger than Mw=4.5, so the
2-week breaks does not mean that no seismic activity took place in the Aegean Sea Plate
neighborhood. On the contrary, tectonic processes are continuous, and that is why time unit and its
quite long period is used in this work, instead of spatial analysis of the phenomena. Figs. 7-8 have
indicated 6 shorter periods of 2020, where we can check the correlation between the EQ series and
increased PSD observed in-situ by LP instruments. The beginning of 2020 and longer EQ series that are
most intensive in the end of January (s2020/1), have some potential precursory EQs at the beginning
of January. Swarm ED disturbances start rapidly in the middle of January, indicating precursory signals
to the most frequent series at the end of January. In the February, seismic activity remains increased,
Swarm B perturbations decrease a bit but are still large, as well as those from Swarm C. The second
selected series of less frequent EQs are denoted as s2020/2 in Figs. 7-8, and it brings a moderate
seismic activity increase, which is however preceded and followed by 1-2 weeks of calm time (Mw=4.5
threshold). This is well reflected in moderate disturbance power sensed by Swarm B (Fig. 7) and rapid
precursory increase of PSD maximum for Swarm C (Fig. 8). The period s2020/3 covers two very
intensive EQ series, one after another, which constitute the largest seismicity increase in 2020. The
response of ionosphere measured by Swarm B was immediate and strong (Fig. 7), whereas very strong
rise in case of Swarm C occurred at the end of these series, when some less frequent series appeared
after the strongest ones (Fig. 8). The period s2020/4 includes sparse series of light EQs, which generate
moderate seismic activity (similarly to s2020/2). Both Swarms sense also this moderate activity
increase as moderate raise of PSD maxima. The last very dense (in time) series of EQs start in the period
$2020/5. Swarm B collects disturbed ED observation at that time. The increased PSD, although smaller
than e.g. in case of s2020/3, persists until the largest Mw=7.0 EQ located at the edge of Aegean Sea
Plate (Hellenic Plate) and Anatolia Plate (location can be viewed in Fig. 2-3). The increase of Swarm C
PSD starts a bit later, but before the strongest EQs in the year (Fig. 8), and is also smaller with respect
to disturbances in the first half of the year 2020. The last significant PSD maxima increase coincide for
both Swarms in the end of the year (s2020/6), where a moderate seismicity increase took place, similar



in magnitude and number to say s2020/4, but it is worth noting that s2020/6 happened after large
F10.7 increase.
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Fig. 7 Maxima of PSD of ED disturbances in 2020 (relative units blue narrow line) detected by Swarm B
together with EQs in this region (magnitude-10 — magenta stems, depth — brown stems). PSD have
calculated 11-day moving average (blue bold line). The EQs have calculated indicator of seismicity
(magenta bold line). The Kp-idex is plotted as black narrow line. The solar radio flux is shown as orange
line. The periods indicated with red lines cover EQ series presented geographically in Fig. 9.
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Fig. 8 The same as in Fig. 7 but for Swarm C.

Fig. 9 presents the location of EQs occurred in short periods denoted by red lines in Fig. 7-8, from
$2020/1 to s2020/6, together with orbital footprints of Swarm passes used in the study. Fig. 9d shows
the EQs having low magnitude up to Mw=5.0 occurred during s2020/4. These EQs are located along
one tectonic plate boundary, and at the same time arranged in one direction. A limited geographic
range of s2020/4 series in combination with their low magnitudes can justify small responses in
ionospheric ED sensed by Swarm satellites (Fig. 7-8). The series of similar time extent s2020/3 includes
larger magnitudes located around the entire Aegean Tectonic Plate (Fig. 9c), and the responses in ED
measured by Swarms are much larger, especially in Fig. 7, but also in Fig. 8.
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Fig. 9 Geographical location of EQs occurred in selected periods (EQ series) indicated in Fig. 5-6,
together with Swarm B (green) and Swarm C (red) tracks at the same time.

The start of the year 2021 is also full of EQs. The sparse series in January (s2021/1) trigger the the
largest ED disturbances in the first half of 2021, recorded both by Swarm B (Fig. 10) and Swarm C (Fig.
11). The second dense series (s2021/2) coincide with smaller but also large ionospheric disturbances
detected by Swarm B, and relatively small disturbances found by Swarm C. However, it should be
pointed out that the disturbances during s2021/1 and s2021/2 can be related to the same longer-term
increased lithospheric activity. Thus the ionospheric ED is strongly disturbed at the Swarm orbital
altitudes until the end of the April 2021. The series s2021/3, which are less dense than the former
ones, appear as affecting the ionosphere least of all, at the altitude of Swarm. Fig. 12c informs that the
largest EQ during s2021/3 was small and had Mw=5.3, but on the other hand, the geographic range of
series covers entire Aegean Plate and even more distant places. The rough conclusion related with
small disturbances in Swarm ED can be such that strong emission of energy during two previous series
(s2021/1 and s2021/2) released most of the energy to the ionosphere, and the third not so strong
series cannot release significantly more. The fourth series s2021/4 occur much later in 2021 than
Spring series in 2020 (s2020/3), and are more sparse in time than many other series. Nevertheless,
both Swarm B and C detected the largest disturbances at that time, and they have even shown
precursory signals before the first Mw>4.5 EQ. The end of the year 2021 is similar to the end of 2020,
i.e. moderate EQ series (s2021/6) correlated in time with moderate Swarm B disturbance, and large



Swarm C signal variations (there was a larger Swarm B disturbance in 2020). The apparently most
surprising series are very dense in time EQ series in timespan s2021/5, which have no correlated
significant Swarm detection of ionospheric response. There is however some preliminary explanation,
which of course should be confirmed more. Namely, Fig. 12e explains that these frequent EQs started
with the strong Mw=6.0 EQ are very local in geographic location, and have no correlated EQs at the
opposite edges of Aegean Tectonic Plate. The case from Fig. 12e can have some similarity with the case
shown in Fig. 9d.

Swarm B - 2021 nights
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Fig. 11 The same as in Fig. 10 but for Swarm C.
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Fig. 12 Geographical location of EQs occurred in selected periods (EQ series) indicated in Fig. 10-11,
together with Swarm B (green) and Swarm C (red) tracks at the same time.

At the end of the descriptions related to increased seismicity periods, it should be noticed that
relatively calm months of seismic activity in both years coincide with the smallest disturbances of
Swarm ED, and both satellites indicated quiet state of the ionosphere at that time. The examples can
be July of 2020 or May of 2021. The averaging of Swarm PSD samples, as well as calculated average
seismic intensity turned to be very helpful in the comparisons of Swarm and seismic activity, because
the detected responses in the ionosphere are not exactly coinciding with the strongest EQs, start of
the series or the most dense EQ series. The strongest detected responses in the ionosphere coincide
with seismic activity increase with the accuracy of several days. There are also potential precursory ED
signals often related with some EQ that has a precursory character.

5.2 lonosonde Results

The ionospheric parameters determined by NOA from Athens ionosonde observations required band
pass filtering, as the solar activity was present in the composed time series of many parameters. At
least two periods were found, as significantly disturbing the observations of seismically driven
disturbances. One of them was annual and the second was diurnal component, and both were of solar
origin. The band-pass filtered series of ionosonde-derived parameters are subject of similar



comparisons to seismic records, as those in case of Swarm in Fig. 7-8 and Fig. 10-11. The variations of
ionospheric parameters are presented using arbitrary scale, adjusted to be well presented with the
other (solar, geomagnetic, seismic) parameters in Fig. 13-14. Band-pass filtered time series of hF2, foEs
and ff show good coincidence with seismic intensity calculated in the same way as in Sec. 5.1. We see
4 coincidences of increased hF2 and increased seismicity in 2020 in Fig. 134, i.e. in January, in May, at
the end of August and in October. The foEs parameter gives common increases at the end of January,
in May, small increase in August, large in September before the EQ series, and light peaks in November
and December (Fig. 13b). Fig. 13c reveals 5 maxima of ff parameter series, which are consistent with
seismic activity increase. i.e. in January, where ff is a little precursory, in May, at the end of June, small
increase in August, and a big increase that started before the end of September, when a significant EQ
series have occurred. This increase of ff lasts until the late October, when the largest Mw=7.0 EQ has
occurred.
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Fig. 13 Band-filtered time series of selected ionospheric parameters determined from Athens
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The EQs have calculated indicator of seismicity (magenta bold line). The Kp-idex is plotted as black
narrow line. The solar radio flux is shown as orange line.



The coincidences of the same parameters with the seismicity increase in 2021 also exist, but is slightly
less evident than in case of 2020. Fig 14a reveals coherent increases of hF2 and seismic intensity at the
beginning of March (small increase but corresponding well to seismicity), in April, at the end of
September, and a slight increase in December. The increases of hF2 in June and August can be
compared only to small increases of seismicity. In Fig. 14b the most evident coincidence can be found
in March, April, and at the end of May. A moderate increase of foEs from August to the end of
November is consistent with moderate seismicity increase, but the increase foEs in the end of June is
ambiguous, and the explanation can need more insightful research. On the other hand, there is rapid
growth of solar radio flux variations, which starts around the June of 2021 and lasts until the end of
the year. Fig 14c presents continuous ff increase from January to May, which converges with
seismically active period at the same time. There is also increase of ff at the end of November that
corresponds to small EQ series. However, the increase of foEs at the beginning of July known from Fig.
14b can be similarly found in ff in Fig. 14c, and as previously, this increase can be potentially related
with F10.7 increase.
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Fig. 14. The same as in Fig. 13 but in year 2021.



6. The added value gained from the TNA

NOA has presented their engagement in PITHIA project, as well as their capabilities and resources that
are potentially interesting to SIDSEA project. The six people from NOA took part in the discussion on
the preliminary results of SIDSEA presented in October in Athens. They referred to the results and
provided many useful remarks, which helped in the further modifications of the objectives and data
used in the study. UWM together with NOA discussed details of the further studies and applied
extended data sets in the study and validation. NOA have generated and provided several ionospheric
parameters from Athens ionosonde i.e.: foF2, hF2, hF, foEs, mufD, ff, gf, bOIRI, scHgtF2pk. After
preprocessing and filtering of all data, three parameters were selected for the validation of Swarm
observations. The validation of satellite data by ionosonde data was successful and confirmed Swarm
observations. The draft report was also proofread by NOA and many useful improvements and remarks
from NOA have been implemented.

7. Summary

This study proves that analysis of continuous seismic activity together with ionospheric responses
measured from the satellite or ground instruments provides a very useful observation of the temporal
behavior of lithosphere-ionosphere coupling. The results from two observational techniques in one
year are more comparable than respective results of one technique between two years. In 2020, the
average PSD of ED from Swarm B almost perfectly fits to three increases and two decreases of
calculated approximate seismic intensity. The respective average PSD from Swarm C also corresponds
to these three increases and two decreases much, and evidently more than to F10.7 and Kp-index. The
band-filtered parameters hF2, foEs and ff from Athens ionosonde show also three maxima at the same
time as Swarm B, in 2020. Summarizing the year 2021, it should be noticed that solar radio flux in 2021
has more variable and disturbed nature than in 2020, when it was very stable as far as until the
October. In 2021, F10.7 varies slightly from the beginning of the year and starts to vary rapidly in May.
The increases of PSD of ED from Swarm B and Swarm C are surprisingly more coincident in 2021.
Compared to seismic records, three seismicity increases and one long calm period are well reflected in
Swarm ED observations, but there are also two seismic increases than do not correspond to Swarm B
ED, and 3 seismic increases that are not evident in Swarm C PSD of ED. The correlation of ff parameter
with the seismicity is evident at the beginning of 2021, but the second part of the year do not
correspond to calculated seismic intensity index well. In case of hF2 and foEs we can also find two
increases for each parameter that coincide with EQ series, but there are also several places less
correlated, especially in the second part of 2021.

Summarizing, Swarm ED disturbance PSD maxima, as well as the filtered selected ionospheric
parameters from ionosonde are significantly temporally correlated with the increase of seismicity in
the region of Aegean Sea Plate. The variability must be however analyzed in longer time periods than
single days. Namely, it is useful to average seismic power, Swarm ED disturbance power and
ionosonde-derived parameters in the periods of several days. The external factors, like critical Sun
activity or geomagnetic activity changes can be mixed with seismically triggered disturbances, or can
affect the ionosphere additionally, but this study reveals more correlation of ionospheric disturbances
with with seismic records, than with Kp-index or solar radio flux.
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