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Abstract. This paper considers ionospheric anomalies over the territory of Bulgaria
during geomagnetic storms - the storm on 5 April 2010 and the event on 9 March 2012.
The response of the ionosphere over Bulgaria is represented by data, collected by the
ionospheric station in Sofia at NIGGG- BAS. The values of the Total Electron Content
(TEC) have been provided by the Center for Orbit Determination of Europe (CODE).
The data for variations on Earth magnetic field are received from INTERMAGNET.
It was used the station Panagyurishte (PAG) located on the territory of Bulgaria. The
impact of ionospheric anomalies on radio communication on frequencies in shortwave
and satellite navigation is also analyzed.
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Introduction

Geomagnetic storms is the common name of the physical processes in the Earth’s
atmosphere and ionosphere, caused by large increases in plasma streams discharged into
interplanetary space during Coronal mass ejections from the sun. Historically, they were
first seen as anomalies in the values of Earth’s magnetic field, which is one of the visible
manifestations, with the help of ground-based measuring devices (magnetometers), of
processes that accompany the entering of flows of charged particles (electrons and ions)
discharged from solar corona into Earth’s atmosphere. Because of the constant Earth
magnetic field, the flows of particles penetrate deep into the Earth’s atmosphere only
in polar regions where the geomagnetic field lines are highly inclined (near vertical).
Abnormal changes in the readings of magnetometers are due to the electric currents
(generated by streams of charged particles) whose magnetic field is summed with the
constant Earth magnetic field. The values of the variations in the magnetic field near
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the Earth’s surface are used to create geomagnetic indices that characterize the intensity
of storms. One of the most commonly used is the index Kp, which is obtained by
summarizing the variation of a sufficient number of geomagnetic stations. Values of the
Kp index vary between 0 and 9. Kp <4 is reported calm state, 4 <= Kp <5 — active state
and when Kp>= 5 - geomagnetic storm. The intensity of magnetic storms is denoted by
numbers (Scale) from G1 (Kp=5) to G5 (Kp=9). Storms with number G5 are considered
extreme (NOAA Space Weather Scales).

Anomalous variations of the Earth’s magnetic field are not the only result of the
penetration of solar plasma flows into the Earth’s atmosphere. Geomagnetic storms
are accompanied by the so-called ionospheric storms, which are anomalous variations
of the electronic concentration in the ionosphere (increase or decrease). Entering the
atmosphere in the polar regions, the flows of charged particles cause further ionization,
as well as an increase in the temperature of the neutral air, which changes the general
atmospheric circulation at heights above 100 km. A change occurs in the ratio of oxygen
to nitrogen and as a consequence the coefficients of recombination in the ionosphere
change, which in turn causes anomalies in the electron concentration (Mukhtarov et
al., 2013).These anomalies propagate from the polar regions to the equator through the
processes of atmospheric dynamic (presence of neutral wind) (Kutiev & Mukhtarov,
2003).

The ability of the ionosphere (the area of the atmosphere, in which free electrons
are present in addition to neutral gas molecules) is used to carry out the distant radio
connection that are based on the ability of the ionized air to reflect radio waves with
a certain frequency transmitted from terrestrial stations. Single and multiple reflection
of radio waves from the ionosphere makes possible, under certain conditions, the
implementation of communications between widely separated points on Earth with
minimal energy consumption.

The ability of the ionosphere to reflect radio waves is directly related to the
maximum of electron concentration, formed at altitudes between approximately 200 and
400 kilometers. The height and the value of this maximum vary depending on diurnal and
seasonal variations. This two parameters depending also of 11-year solar cycle.

Two variables are used to characterize the possibility of radio communication,
their values being derived from the data, gathered by ground- based ionosondes - critical
frequency vertical distribution foF2 and maximum applicable frequency in 3000 km
distance MUF3000. The critical frequency is actually the maximum applicable frequency
for ionospheric radio communication at distances below 100 km.

Total electron content (TEC) is the total amount of free electrons in a vertical
column with height limits of the ionosphere (about 1000 km). This ionosphere
characteristic is important for determining the so-called ionosphere correction using
GNSS (Global Navigation Satellite Systems). Radio waves, used for satellite navigation
have a very high frequency and are not reflected by the ionosphere, but as they pass
through it, they receive additional delay, which introduces errors in determining the
coordinates of the receiver. Knowing the values of TEC allows for correction of the
readings (Hansen et al., 1997).
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Data

This study uses values of the planetary index of geomagnetic activity Kp, published
in NOAA- https://www.ngdc.noaa.gov. Data from the vertical probing of the ionosphere
with radio waves (foF2 and MUF3000) are provided by the Ionospheric station at
NIGGG-BAS. Data for the variations of the Earth’s magnetic field are provided by
INTERMAGNET- http://www.intermagnet.org/. To present the magnetic field course,
data from the Panagyurishte (PAG) station with coordinates 42.5 ° N, 24.2 E° was
taken. The TEC values were obtained by the Center for Orbit Determination of Europe
(CODE) - ftp:/ftp.unibe.ch/aiub/CODE/. Because the data are in grid with a 2.5° step
in latitude and 5° in longitude, the point nearest to Sofia was selected, namely 42.5°N,
25°E.

Experimental results

This work examines two geomagnetic storms - the storm on 5 April 2010 and the
other storm on 9 March 2012. Both of them are Severe (G4, Kp =8), according to NOAA
Space Weather Scales. The first storm to be explored on April 5, 2010 is a typical storm
with a sudden start. The sharp increase of Kp to value (~ 8) occurs at noon (local time)
on 5 April of practically calm or slightly disturbed conditions. The subsequent response
of Kp is a gradual decrease in value, on 6 April - the index ranges around 5, which is
considered a (Minor) disturbed state. Normalization of the geomagnetic activity occurs at
7 April - when the value of Kp is about 4.

The path of the X component of the magnetic field on the graphic (Figure 1),
measured at Panagyurishte station, is typical for geomagnetic stations at middle latitudes.
During the storm an overall decrease in the value of the X component around 80nT
(about 0.34%) is observed. In geomagnetic storms middle latitude stations show effects
such as an increase of the equatorial circular current (Dst- variations) and the currents,
that are induced in the polar regions (chaotic variations). Anomalies in the ionosphere
(ionospheric storm) obviously come with some delay. It is noted that at 5 April the values
of foF2 and MUF3000 do not differ significantly from those in the calm state. A significant
negative anomaly occurs on 6 April, with a half-day delay from the onset of the storm.
This phenomenon is due to the inertia of the ionosphere. The decrease in MUF300 is
about 10-12 MHz, which is the narrowing of the range of frequencies at which radio
communication is possible at a distance of 3000 km.

TEC anomalies are fundamentally different from the anomalies in the critical
frequencies. The sharp rise in TEC values at around 5 TECU at noon by around 15
TECU indicates that the response is entirely positive and the delay to the storm is
minimal. The presence of positive and negative phases in TEC response is due
to different mechanisms of change of the electron concentration in the areas of the
ionosphere (Pancheva et al, 2016).

The other storm, this paper considers, occurred on 9 March 2012. Unlike the first
storm examined this one doesn't have a sudden onset, and its manifestation affects
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reviewed charts on the previous date as early as 7 March. There is a disturbance at
midday (Moderate; G2, Kp = 6), which may indicate an upcoming geomagnetic activity.
In the coming days, Kp switches, with a maximum loan amount of 9 March. Then the
index becomes 8, which is classified as a severely disturbed state (Severe; G4, Kp = 8).
Normalization of geomagnetic activity occurs the next day -10 of March.

For magnetic storm tracking, the same station (PAG) from Mid-Range
Geomagnetic Observatories was again selected for this storm. Storm variations in the
X-component of the magnetic field are about 140 nT (about 0.6%). The ionospheric
storm is expressed by anomalies in foF2 and MUF3000. It can be seen from the graph
that the values of the two values for the period 9-10 March 2012 have a very low
negative anomaly. Again, the delay in the response is minimal [Kutiev, Mukhtarov,
2001]. The MUF3000 is about 5 MHz. The increase in critical frequencies does not
affect radio links. The sudden rise above the TEC by 15 TECU at the end of 7 March
shows both the positive response of this magnitude, the first phase of the storm, and
the absence of any apparent delay. The second (major phase) of the storm does not
produce a visible positive response in the TEC, but in the late hours of 9 and 10 there
is a pronounced negative response.

The behavior of the ionosphere over Bulgaria during the geomagnetic storm on
5 April 2010 and 9 March 2012 is shown on Fig. 1 and Fig. 2.
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Fig. 1. Variations of Kp-index (upper left plot), the horizontal geomagnetic field (bottom left plot),
critical frequencies (upper right plot) and TEC (bottom right plot) during the geomagnetic storm 5
April 2010.
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Fig. 2. Variations of Kp-index (upper left plot), the horizontal geomagnetic field (bottom left plot),
critical frequencies (upper right plot) and TEC (bottom right plot) during the geomagnetic storm 9

March 2012.
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Fig. 3. Relative values of ionospheric quantities during two geomagnetic storms. Upper panel -
shows the status of the ionosphere during the storm of April 5, 2010. Bottom panel - shows the
status of the ionosphere during the storm of March 9, 2012.

The idea of presenting the relative values (Kutiev & Muhtarov, 2003, Pancheva et
al., 2016) of the variables shown in this study is to eliminate the 24-hour diurnal course in
each component and to eliminate the impact of different measurement units. As shown in
Fig. 3 the relative shift path shows that in TEC the positive response is much stronger than
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in foF2 and MUF3000. Due to the fact that foF2 and MUF3000 characterize the area of
the ionosphere around its maximum, and the TEC is also formed from the upper F-region,
this means that the increase in electronic concentration in the initial phase of the storms
occurs predominantly at heights above the maximum.

Comments and conclusions

The geomagnetic and ionospheric anomalies during two geomagnetic storms,
discussed in this article illustrate their impact on communications and navigation.
Changes in the geomagnetic field itself are insignificant. The analysis shows that the
horizontal component of the magnetic field varies only around 0.34% - 0.6% and can't be
expected to have a noticeable effect on the navigation compass.

Geomagnetic storms impact is strongest on shortwave radio communications.
During extreme events the range of frequencies at which radio communication is possible
at a certain distance may be reduced nearly twice. This may lead to disintegration of many
of the existing radio communications which are based on ionospheric reflection.

The impact of changes of the electron concentration in the ionosphere during the
storm on GNSS navigation has a range of several meters, which is significant for precise
positioning.

The correct determination of the ionosphere correction on GNSS receivers is
essential to improvement the accuracy of satellite navigation. The determination of this
ionospheric correction depends on the precision of the estimated value of TEC, which
makes the TEC prediction (especially in the case of geomagnetic anomalies) particularly
relevant. Forecasting of TEC in case of geomagnetic anomalies requires the determination
on the general patterns of ionosphere response during geomagnetic storms.

The present paper analyzes the ionospheric anomalies over Bulgaria during two
geomagnetic storms. This article is part of the empirical analysis that is needed to create
a prognostic model for the ionospheric characteristics during anomalies of geomagnetic
origin. This method can be used by users work with short wave radio communications
and GNSS navigations.
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ﬁOHOC(])epHH aHoMaJyiuM HaJ bbarapust no Bpeme Ha 1Be reOMarHUTHHU Oypu
P. boxxuiosa

Pe3tome: B HacTosmiara pabora ce pasmiexaar HoHochepHUTe aHOMAIIUU HaJl TEPUTO-
pusita Ha bearapus mo BpeMe Ha T€OMarHUTHH OypH OT CITBHYEB NMPOU3XON — OypsTa
ot 5 anpwi 2010 . u Ta3u ot 9 mapt 2012 1. Peakiusita Ha iioHocdepara Hax bearapus
¢ mpejcTaBeHa upes naHHHTE Ha Monocdepna crammms Codms mpn HUTTT — BAH.
Croiinoctute Ha Total Electron Content (TEC) ca momyuenu ot Center for Orbit
Determination of Europe (CODE). J/lanHuTE 3a BapraniuuTe Ha 36MHOTO MarHUTHO TOJIe
ca mony4yenu o INTERMAGNET. Pasmiexna ce crannus Panagyurishte (PAG), nHamu-
pama ce Ha TepUTOpHUATa Ha bearapus. AHanu3upaHO € BIUSHHUETO Ha HOHOC(hepHHUTE
AQHOMAJINU BBPXY PATUOBPB3KUTE HA YECTOTH OT KHCOBBIHOBHUS IHANA30H M CITBTHHUKO-
BaTa HABUTAIHSL.
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