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Abstract. The present work investigates the seasonal dependence of the geomagnetic
activity influences on the diurnal variability of the maximum electron concentration of
the ionosphere over Bulgaria. Data from the ionosonde station Sofia for the period of
1995-2014 are used. The geomagnetic activity is described by the planetary Kp-index.
The ionospheric response to the geomagnetic storms is studied by considering the rel-
ative deviation of the diurnal variability from its median course for the two ionospher-
ic characteristics foF2 (critical frequency of the ionospheric F-region) and MUF3000
(maximum usable frequency for a distance of 3000 km). It is found that the ionospheric
reaction in summer is stronger than that in winter and the time delay of the ionospheric
response in winter is longer than that in summer.
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Introduction

Ionospheric storm is a common term that describes the entirety of ionospheric
variations induced by geomagnetic disturbances. The ionospheric storms primarily
occur as a consequence of a sudden input of solar wind energy into the magneto-
sphere-ionosphere-thermosphere system (Astafyeva et al., 2015). The energy inputs
during the geomagnetic disturbances lead to substantial effects in the upper atmos-
phere and the significant perturbation of the ’quiet-time” ionosphere (Mukhtarov and
Bojilova, 2017). Three main mechanisms of storm effects have been suggested to ex-
plain the positive and negative phases of ionospheric storms: (i) thermospheric com-
position changes, (ii) neutral wind perturbations, and (iii) the appearance of electric
fields of magnetospheric origin. The negative phase of ionospheric storms is mainly
due to the composition changes (Rishbeth, 1991), i.e. the thermosphere becomes rich-
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er in molecular nitrogen (N,) and oxygen (O,) and poorer in atomic oxygen (O). The
molecular species, however, determine the loss rate of ions hence their enhancement
leads to an increase of the loss rate. The auroral heating can alter the mean global
circulation of the thermosphere. Whereas for quiet conditions there is a general up-
welling in the summer hemisphere flow toward the winter hemisphere at higher levels,
and down-welling in the winter hemisphere, the storm-time heating adds a polar up-
welling and equatorward flow in both hemispheres. The increased equatorward wind
at middle latitudes tends to push the ionosphere higher up along magnetic field lines,
where the loss rate is lower. The reasons of the positive ionospheric storms are the
combined effects of disturbed thermospheric wind and electric fields (Balan et al.,
2010 and Tanaka, 1979). Kelley et al. (2004) suggested that, in the presence of day-
time ionization an eastward prompt penetration electric field (PPEF) can strengthen
the equatorial plasma fountain to a super plasma fountain, which, in turn, can lead
to positive ionospheric storms at sub-tropical and mid-latitudes. However, modelling
studies later showed that an equatorward neutral wind is required also to produce pos-
itive ionospheric storms (Balan et al., 2010).

The present study investigates the seasonal dependence of the geomagnetic ac-
tivity influences on the diurnal variability of the maximum electron concentration of
the ionosphere over Bulgaria. The ionospheric response to the geomagnetic storms is
studied by considering the deviation of the diurnal variability from its steady (median)
course. It is found that the ionospheric reaction in summer is stronger than that in win-
ter. Using the correlation analysis the seasonal dependence of the ionospheric response
time delay for two ionospheric characteristics, foF2 and MUF3000, was determined.
It is found that the time delay of the ionospheric response in winter is longer than that
in summer.

Data

The geomagnetic activity is described by the planetary Kp-index and the values of
the Kp-index are obtained from NOAA website: https://www.ngdc.noaa.gov. The data
for foF2 and MUF3000 are taken from the ionosonde station Sofia- SQ143 (42.4°N,
23.2°E) at the NIGGG-BAS for the period of 1995-2014. This study is based on the
representation suggested by (Muhtarov et al., 2002 and Mukhtarov et al., 2013) about
the reaction of the relative deviation of ionospheric quantities to geomagnetic distur-
bances in an inertial model, described by a linear differential equation of first order with
a given time constant. For this purpose, the Kp-index has been integrated with different
time constants from 1 to 72 hours. For each time constant, the cross-correlation func-
tion between the integrated Kp-index and the relative deviation of foF2 and MUF3000
is calculated and the time constant with the highest correlation (positive or negative) is
selected. It is assumed that this time constant characterizes the real inertness of the ion-
osphere. In order to get information about the seasonal differences, cross-correlation is
calculated for each calendar month. The day and night-time conditions are considered
separately.
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Experimental results

The results of the cross-correlation analysis between the ionospheric characteris-
tics foF2 and MUF3000 and geomagnetic activity will be illustrated and explained in
detail by considering the presented below examples. The obtained results will be used
to justify later the development of an empirical model for predicting the ionosphere
state over Bulgaria.

Fig. 1 shows the seasonal courses of the negative correlations (left panel) and the
optimal time constants (right panel) during daytime conditions for both parameters foF2
(full line) and MUF3000 (dash line). The left panel of Fig. 1 reveals that a significant
negative correlation of 28-30% occurs in the summer and equinoctial months for both
characteristics foF2 and MUF3000 oppositely to the winter months when the correlation
is very small, only 3-8%. The right panel of Fig. 1 shows small time constants of the or-
der of 2-15 hours for the months from February to September (we note that January and
December are not shown because the response is always positive).
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Fig. 1. Seasonal variability of the negative cross-correlation (left panel) and time constant (right
panel) during daytime conditions.

Fig. 2 demonstrates the cross-correlation functions for two typical summer months,
June and July, for the considered parameters foF2 (left panel) and MUF3000 (right panel)
in daytime conditions. The figure shows a good negative cross-correlation during the
months under consideration for both parameters, reaching in some cases 30%. The delay
corresponding to the maximum negative cross-correlation for daytime conditions in the
months June and July, presented in Fig. 2, is around 7 hours.

Fig. 3 is similar to Fig. 1 but for nighttime conditions. Again, we can see well-
expressed negative cross-correlations valid for the two quantities foF2 and MUF3000
during the summer months, reaching about 30%. The winter months, shown in Fig. 3, are
again characterized by a smaller negative cross-correlation (Fig. 3, left panel). The time
constants, shown on the right panel of Fig. 3, demonstrate the smallest values (about 15
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Fig. 2. Optimal negative cross-correlation functions for two months June and July for foF2 (left
panel) and MUF3000 (right panel) during daytime conditions.
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Fig. 3. Seasonal variability of the negative cross-correlation (left panel) and time constant (right
panel) during nighttime conditions.

hours) in the summer months again while in the winter months the time constants begin
to increase and reach about 66 hours.

Fig. 4 is analogous to Fig. 2 and presents the cross-correlation functions for two
typical summer months, June and July, for the considered parameters foF2 (left pan-
el) and MUF3000 (right panel), but this time for nighttime conditions. A good nega-
tive cross-correlation during the considered months for both quantities is observed; it
reaches almost 30% for foF2 (left panel) and exceeds 32% for MUF3000 (right panel).
The delay corresponding to the maximum negative cross-correlation for the nighttime
conditions in June and July is presented in Fig. 4 (left and right panel), ranges from 6
to 11 hours.
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Fig. 4. Optimal negative cross-correlation functions for two months June and July for foF2 (left
panel) and MUF3000 (right panel) during nighttime conditions.

Fig. 5 shows the cross-correlation functions in daytime conditions for two typical
winter months December and January for the considered parameters foF2 (left panel)
and MUF3000 (right panel). The presentation of these months in a separate figure was
done because of the positive cross-correlation obtained at the practically zero value of
the integrated time constant. The values of the time delay for both critical frequencies
are around 2-9 hours for January and 6 and 11 hours for December. The maximum pos-
itive cross-correlation for foF2 (left panel) during these winter months is about 24%,
whereas for MUF3000 it is approximately 15% (right panel). The delay corresponding
to the maximum positive cross-correlation during the daytime conditions in December
and January for foF2, presented in Fig. 5 (left panel), is between 3 and 9 hours. The same
time delay corresponding to the maximum positive cross-correlation for MUF3000,
shown in Fig. 5 (right panel), is about 10-11 hours, which is similar to the summer
months presented in Fig. 4.
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Fig. 5. Optimal positive cross-correlation functions for two winter months December and January
for foF2 (left panel) and MUF3000 (right panel) during daytime conditions

Bulgarian Geophysical Journal, 2019, Vol. 42 7



R. Bojilova: Influence of geomagnetic activity on the ionosphere critical frequencies

Comments and conclusions

This study investigates the seasonal variability of the ionospheric response to ge-
omagnetic activity over ionosonde station Sofia. For this purpose the cross-correlation
analysis between the integrated Kp-index and the relative deviation of the parameters
foF2 and MUF3000 is performed. It is well known that the values of the cross-correlation
function, i.e. the cross-correlation coefficients, to a large extent determine the coefficients
of linear regression between the studied quantities, as the negative/positive cross-corre-
lation defines the inverse/direct relationship. The values themselves indicate the strength
of the investigated relationship.

The analyses revealed that the negative reaction of the ionospheric parameters to
the geomagnetic activity is stronger during summer and equinoctial months than that in
winter. This is due to the thermospheric composition changes related to the Joule heating
and particle precipitations during the geomagnetic storms which are moved to the middle
latitude by the disturbed and ‘quiet-time’ seasonal circulations in summer. The increase
in time constants, i.e. the delay of the negative reaction during the winter is caused by the
need of extra time for strengthening of the disturbed circulation. Negative nighttime reac-
tion turns out to be more significant than in daytime conditions. A positive reaction prac-
tically without delay is observed only in the winter months during daytime conditions.

The results obtained might prove useful in the development of an empirical model
for predicting the ionosphere response to geomagnetic storms over Sofia.
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Biusinue HAa reOMArHUTHATA AKTHBHOCT BbPXY KPUTHYHHUTE Y€CTOTH
Ha HoHoc(epara

P. boxxuiosa

Pe3ome: B HacTosIeTo niciieiBaHe € NpeAcTaBeHa Ce30HHATA 3aBHCUMOCT Ha BIIHSHHC-
TO Ha TEOMarHUTHATa aKTHBHOCT BBEPXY OTKJIOHEHHETO OT CTAIl[MOHApHUS (CpeeH) JeHO-
HOILICH X0/ Ha MAaKCUMAaJIHATa eJICKTPOHHA KOHIIEHTpAalys Ha HoHocdepara 3a brirapust.
U3nom3Banu ca qaHan ot Monocdepua cranmms Codus 3a nepuona 1995-2014 r, kakto
U MHACKCHT, XapaKTepU3Npall reoMarHuiTHaTa akTHBHOCT Kp, 3a chIus mepHox BpeMe.
VYcraHOBSsIBa ce, 4e MONMyYeHaTa PeaKiys ce yBeJlMyaBa Ipe3 JCTHUS CE30H B CPaBHCHHUE
ChC 3UMHHMS. Upe3 M3M0I3BaHeTO HA KOPETAl[MOHeH aHAIU3 € OIPeJIeNIeH CE30HHHSAT X0
Ha BPEeMEKOHCTaHTaTa Ha 3aKbCHEHHE Ha PeaklusATa Ha HoHocgepaTa 3a aABeTe HOHOC-
tepun xapaxrepuctuku — foF2 1 MUF3000. [Ipemnoxkero e o0sicHeHHE 32 TIOTy9ICHUTE
pe3ynTarH, KOUTO ITOKa3BaT, Ye ChbOTBETHATA BPEMEKOHCTAHTA € I0-IIbJra Mpe3 3UMHHTE
MeCeLH 1 HACKa TPe3 JIATOTO.
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