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Abstract. The present study aims to illustrate the work in real time and in the condi-
tions of geomagnetic storm of the developed empirical model for forecasting the crit-
ical frequencies of the ionosphere for the territory of Bulgaria. The task of creating
a methodology for determining the critical frequencies is the main activity after the
completion of the work of the “Plana” ionospheric station for the vertical sounding.
For this purpose, a team from Department of Geophysics at the National Institute of
Geophysics, Geodesy and Geography (NIGGG) — Bulgarian Academy of Sciences
developed a method for determining the critical frequencies of the ionosphere based
on Total Electron Content (TEC) data. The methodology allows continuing the prepa-
ration and publication of forecasts for the radio wave propagation on the territory
of Bulgaria, which are used by governmental institutions and are freely available to
radio amateurs through the website of the NIGGG. In the present work, a compari-
son is made between the critical frequencies of the ionosphere obtained by TEC for
Bulgaria and the data from the vertical sounding at Rome station (RO041, 41.9°N,
12.5°E). The choice of this ionospheric station is related to the fact that this station
is located at the geographic latitude coinciding with the latitude of Sofia, which sug-
gests similar characteristics of the ionosphere. The difference in local time is also
reported. The comparison between the data of the Rome ionospheric station in and
those determined according to the TEC data for Bulgaria shows that the deviations
are close to those obtained in the comparison with the data of Plana ionospheric sta-
tion for the period 1995-2014. The described results show that the created empirical
model for reconstruction of the critical frequencies by TEC data on the basis of a
previous period allows predicting the current state of the ionosphere even in the con-
ditions of geomagnetic disturbances.

Key words: Geomagnetic activity, lonosphere, Critical frequencies, Total Electron
Content, Forecasting.

28



P. Mukhtarov et al.: Forecasting the critical frequencies of the ionosphere over Bulgaria in 2022

Introduction

One of the main tasks related to determining the parameters of a given radio path
requires the knowledge of the most essential ionospheric characteristics obtained from the
ionospheric stations by the vertical sounding of the ionosphere. Due to the absence of a
station for vertical sounding of the ionosphere, an empirical model has been developed
(Bojilova and Mukhtarov, 2021; Mukhtarov and Bojilova, 2021a), which allows to calculate
estimated values of the critical frequency of the ionospheric F region (foF2) by TEC data
(Mukhtarov et al., 2021b). The method published in (Bojilova and Mukhtarov, 2021) for
determining the critical frequency of the ionosphere foF2 from TEC data is based on the
linear-quadratic relationship between the two ionospheric characteristics established by re-
gression analysis. The values of TEC (which is an integral of the electron concentration by
height above a certain point on the Earth’s surface) are formed predominantly at heights
close to the height of the maximum electron density, which uniquely determines the critical
frequency. This is the maximum radio frequency that is reflected by the ionosphere during
vertical propagation of radio waves. For this reason, the relationship between TEC and foF2
values turns out to be sufficiently stable and allows the critical frequency of the F region to
be calculated from the TEC data with accuracy acceptable for practical purposes. The fea-
tures of the diurnal and seasonal variability of the values are reflected in the model.

By comparing the measured and modeled values for the period 1995-2014, it was
found that the Root Mean Square Error (RMSE) of the model foF2 values is about
0.5 MHz (Mukhtarov and Bojilova, 2021a). It is well known that the main changes in
the ionosphere are related to changes in solar extreme ultraviolet, ultraviolet radiation
and geomagnetic activity. It is geomagnetic activity and geomagnetic storms that cause
anomalies in the variations of the elements of the Earth‘s magnetic field (Metodiev and
Trifonova, 2021). Also these effects cause anomalies both in the ULF RANGE (Chamati,
2020; Chamati 202 1a; Chamati, 2021b) and not least in the ionosphere and the radio com-
munication frequency range (Mukhtarov et al., 2011; Mukhtarov and Pancheva, 2012,
Bojilova and Mukhtarov, 2020).

Everything described so far gives reason to make a comparative analysis, illustrating
the reliability of the proposed methodology for reconstructing foF2 based on TEC data
for Sofia and data from the vertical sounding of the ionosphere based on Rome data. The
obtained results confirm that the proposed dependency sufficiently accurately manages to
solve the tasks set by the Ministry of Defense and the practical needs of environmental
technologies (Lakov et al., 2018; Ivanova et al., 2018, Syrakov et al., 2013; Gadzhev et
al., 2015).

Data and methods

Due to the lack of vertical sounding data on the territory of Bulgaria, in the present
study a comparison was made between the modeled values of foF2 over Bulgaria with
those measured at the Rome station (RO041, 41.9°N, 12.5°E). A comparison of the coor-
dinates of this station with the coordinates of the Plana station (SQ143, 42.6°N, 23.4°E)
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shows that the two stations have practically the same geographic latitude with a difference
in longitude 10.9°. This means that the local times at these two stations differ by 44 min-
utes. When comparing hourly values, this difference can be taken as one hour. The data
for the ionospheric station Rome (Station Code: RO041, 41.9°N, 12.5°E) are taken from
the GLOBAL IONOSPHERE RADIO OBSERVATORY (GIRO) freely available to users
at the following link: https://giro.uml.edu/didbase/scaled.php. Data from GPS satellite
navigation has wide application in geophysics and geodesy (Vassileva and Atanasova,
2016; BacuneBa u Aranacoa, 2016; Atanasova et al., 2021). The data for the critical
frequencies over Bulgaria are calculated by an empirical model from TEC (Bojilova and
Mukhtarov, 2021; Mukhtarov and Bojilova, 2021a). To solve the task of forecasting foF2
according to TEC were used data from Center for Orbit Determination in Europe (CODE)
- ftp://ftp.unibe.ch/aiub/CODE/. In the examples of geomagnetic storms shown, the Kp-
index is received from: Goddard Space Flight Center: https://omniweb.gsfc.nasa.gov/.

Results

In the next few examples, various comparisons are made between the data for Rome
and the reconstructed data for Sofia. The purpose of this analysis is to show that the pro-
posed methodology for reconstructing critical frequencies based on TEC data for a given
past period is sufficiently good and reliable for forecasting the ionosphere over Bulgaria
in real time and during geomagnetic storms.
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Fig. 1. Monthly medians of the critical frequency foF2 at sta-
tions SQ143 and RO041 for 2012.

Fig. 1 shows a comparison between the monthly hourly medians of the two stations
for 2012. For the selected year, there are measured values from Rome- Italy and Sofia-
Bulgaria. In the figure the data from Rome has been shifted by one hour, which approxi-
mately compensates for the difference in local times.
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The year 2012 occupies approximately the same place in 24" Solar Cycle as 2022
occupies in the next one. As can be seen from Fig.1 the medians of the two stations are
sufficiently close in value to justify the use of the Rome station data to estimate the pre-
diction during 2022.
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Fig. 2. Means and standard deviations between the data of sta-
tions SQ143 and RO041 for 2012.

Fig. 2 shows the mean deviation and RMSE between the SQ143 data and RO041
for each calendar month for 2012. It can be seen from Fig.2 that the mean deviation of the
data from Bulgaria compared to the data from Rome for 2012 is 0.068 MHz and RMSE
is 0.742 MHz. These deviations are calculated based on all hourly values for that year.
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Fig. 3. Monthly medians of reconstructed critical frequency
foF2 for Bulgaria and RO041 data for 2022.
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Fig. 3 shows the behavior of the monthly hourly medians from the Rome iono-
spheric station and the reconstructed values for Sofia in 2012. The figure shows the good
coincidence between the two data types. The monthly medians also show a distinct sea-
sonal variability of foF2 characterized by lower values of critical frequencies in summer
and their increase in winter conditions. The physical explanation of the obtained result is
due to the so-call winter anomaly in the ionosphere. In particular, the winter anomaly is a
phenomenon consisting in the fact that mid-latitude hourly median daytime foF2 value is
greater in winter than in summer conditions at approximately the same solar activity level
(Yasyukevich, et al., 2018).
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Fig. 4. Means and standard deviations between reconstructed crit-
ical frequency foF2 for Bulgaria and the measured data of RO041
for 2022.

Fig. 4 shows the behavior of the mean deviations and RMSE for each calendar
month from 2022 for data from Rome and Sofia. The data for Sofia are model values
derived from TEC. The mean deviation calculated on the basis of the hourly values is
0.06OMHz, and RMSE is 0.741MHz. These values practically coincide with the analo-
gous ones in 2012, which means that the deviations between the foF2 values for the two
stations in both cases are dominated by the natural heterogeneity of the ionosphere and
not by the inaccuracy of the reconstruction. The obtained acceptable errors give reason
to analyze cases of geomagnetic storms as an additional conformation about the validity
and significance of the proposed methodology for reconstructing the critical frequencies
based on TEC data for the territory of Bulgaria.

The behavior of the reconstructed critical frequencies for Bulgaria compared to the
critical frequencies measured in Rome during ionospheric disturbances from geomagnet-
ic origin is shown in Fig. 5 and Fig. 6. The two disturbances in March 2022 (see Fig. 5)
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Fig. 5. Course of the reconstructed critical frequencies for Bulgaria and
measured in Rome station from 7 to 15 March 2022.

and May 2022 (see Fig. 6) are relatively weak. During the first geomagnetic storm, the
geomagnetic activity index Kp reaches 4 on 11 March and reached to 6 on 13 March (see
Fig. 5 top panel). All this indicates that the considered geomagnetic storm is of Minor
type. From Fig. 5 it follows that during the anomalies the deviation between the two
types of ionospheric data increased. This phenomenon is explained in the first place by
the different character of the variations in TEC and foF2 during such type of anomalies.
As an integral quantity, TEC also depends on the behavior of the electron density above
the maximum, which is inaccessible for vertical sounding of the ionosphere and where
physical processes differ from those at lower heights (Mukhtarov and Pancheva, 2012).
The different local time has an additional influence on the differences. It is well known
that the ionospheric response to geomagnetic disturbances has a significant dependence
on the local time (Mukhtarov et al., 2013).
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Fig. 6. Course of the reconstructed critical frequencies for Bulgaria and
measured in Rome station from 25 to 30 May 2022.

In Fig. 6 shows a comparison of the behavior of the ionosphere based on data from
Rome and reconstructed values for Sofia. The one shown in Fig. 6 critical frequency
response illustrates the behavior of the two types of ionospheric data during the weak
geomagnetic disturbance in summer conditions. From the top panel of Fig 6 it can be seen
that the Kp index reaches to 5 on 27 and 28 May 2022. At the moment of the first max-
imum during 27 May, the critical frequencies begin to increase relative to the average,
but subsequently there is a sharp decrease, which is essential for radio communications.
In general, the response is predominantly negative, which is characteristic of the season
during which the storm occurs. Analogous to Fig. 5 during the anomalies the deviations
of both types of data increase.
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Summary

In the present investigation, a comparison of the obtained model values of the crit-
ical frequency of the ionospheric F region for Bulgaria and the data of vertical sounding
from the Rome ionospheric station is presented. The use of data from the Rome iono-
spheric station for control the forecasting of the ionosphere over Bulgaria is due to the
fact that Rome station is the only nearby working station at geographic latitude coinciding
with the territory of Bulgaria. The detailed analysis presented in the article of the values
of the critical frequency foF2 reconstructed by TEC data for Bulgaria in 2022 shows that
in the absence of data from vertical sounding of the ionosphere, the use of the empirical
model for preparing radio wave propagation forecasts by TEC data is justified due to the
accuracy sufficient for practical needs. A comparison of the resulting mean and RMSE
errors shows that the values are of sufficiently good accuracy for practical purposes. From
the comparison of the reconstructed data in 2022 with the data from the same type (by
geographic location) station Rome. It is found that the differences are the same compared
to the differences between the data from the vertical sounding in Sofia and Rome in 2012.
The created model based on regression analysis between data from the vertical sounding
and TEC for the period 1995-2014 turns out to be sufficiently accurate during the next
11-year cycle of solar activity. In addition, the behavior of foF2 during two geomagnetic
storms in 2022 is considered. The presented comparison between the Rome data and the
reconstructed Sofia data shows the good similarity and the clearly expressed seasonal re-
sponse of the ionosphere under conditions of geomagnetic disturbances. All the obtained
results show that the model created and published on the website of the National Institute
of Geophysics, Geodesy and Geography for forecasting the critical frequencies based on
TEC data for the territory of Bulgaria sufficiently accurately and satisfactorily manages to
reconstruct and describe the behavior of the ionosphere above the country.
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IIporuo3upaneTro HAa KPUTHYHUTE YeCTOTH HA HoHOCcpepaTa
Hajg bbarapus npe3s 2022

II. Myxrapos, P. boxxuinosa

Pe3rome: Hacrosimara pabora nma 3a el Aa WIoCTpupa padorara B peaHo BpEME U B
YCIIOBHUSITA HA TEOMArHUTHU Oypy Ha pa3paboTeHHs: eMITMPUUCH MOJIEJ 3a IIPOTHO3HUpPAHE
Ha KPUTHYHNTE YECTOTH Ha HoHOC(epara 3a TepuropusaTa Ha bearapus. 3anadara 3a cb3-
JlaBaHe HAa METO/IMKA 3a ONpeJIeNITHE Ha KPUTHYHUTE YECTOTH € IOCTaBeHa CIie]] IIpeKpars-
BaHETO Ha paboTara Ha HOHOC(epHaTa CTaHIHA ,,[ [Tana™ 3a BepTUKAITHOTO COHAUpPAHE Ha
HoHOC(epaTa. 3a Ta3u el KOJEKTHB OT JemapTaMeHT ,,J eodmsuka“ npu HannonamHus
uHCTUTYT 10 [eodusmka, ['eonesms u ['eorpadus (HUI'TT) xem Bbearapckara akagemus
Ha HAayKUTE Pa3poO0TH METO[ 3a OIPEAEIIHE Ha KPUTHYHUTE YECTOTH Ha HoHOoc(epara
M0 JTaHHW Ha TOTAaTHOTO enekTpoHHO chabpikanue (TEC). MeTtonukara mo3BoinsiBa ma
Ob/1e TPOABIKEHO M3TOTBSIHETO M MyOIMKYBaHETO Ha MPOTHO3HM 32 PA3MpPOCTPAHEHNE Ha
PaaMOBBIHUTE Ha TEPUTOPUATA HA BbIrapus KOUTO ce MON3BaT OT IbP)KaBHH OpPTaHU
W ca JOCTBITHU 33 PaguoMo0uTenH mocpenctsoM MHTepHeT cTpanumara Ha HUITT. B
HacTosiara paboTa € HalpaBeHO CpaBHEHHE MEXIy omnpeneneHnute nocpeactsom TEC
KPUTHUYHH YECTOTH Ha HOHOC(epara 3a bearapust n JaHHUTE OT BEPTHKAIHUS COHJIAX B
crarnusg Rome (RO041, 41.9°N, 12.5°E). 300pbT Ha Ta3u HOHOC(EpHA CTAHIIUS € CBBP-
3aH C TOBA, Ue TsI C€ HaMupa Ha reorpad)cka IHUPUHA ChBIAJAIIA ¢ Teorpad)ckara MmupruHa
Ha Codust, KoeTo mpearmonara OJIM3KA XapaKTepUCTHKH Ha HoHOcdepara. OTueTeHa €
pasnuKara B JJOKQJIHOTO BpeMe. CpaBHEHHETO MEX/y JaHHHUTE HA HOHOC(EepHA CTaHIH
Pum u onpenenennte mo TEC nanam 3a brirapus mokas3sa, 4e OTKIIOHEHUATA ca OIMH3KH
JI0 TE€3H, OJIyYeHU TIPH CPABHEHMETO ¢ JaHHHUTE Ha HoHoc(epHa cranuus [lnana 3a me-
puoma 1995-2014 r. OnmcanuTe pe3yaATaTH IMOKa3Bar, Y€ Ch3AaCHUAT CMITMPHICH MOIET
3a PEeKOHCTpyHpaHe Ha KpUTHUHKUTE YecToTH 1o naHHu Ha TEC Ha Ga3ara Ha mpeaxoJieH
MIepHO]I TIO3BOJISIBA /1A CE MIPOTHO3UPA M aKTYaJIHOTO ChCTOSIHME Ha HoHOC(epara 10pu 1
B YCJIOBHSITA HA TEOMarHUTHH CMYILEHHS.
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