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Abstract. The hydrogen Lya radiation emitted from the Sun is the main
source of photo-ionization processes and, consequently, of the free electron pro-
duction in the ionospheric D-region. Variations in the intensity of the incoming
Lya radiation affect changes in the electron density and they show up as peri-
odic daily and seasonal changes, and changes during a solar cycle. The Quiet
Ionospheric D-Region (QlonDR) model describes these periodic changes. In
this study, we analyse how changes during a year and changes in the smoothed
daily sunspot number (both processes affect the intensity of incoming radiation
in the D-region) affect the electron density changes related to quiet conditions.
The presented modelling is based on the results of the QlonDR model obtained
for the part of Europe defined by the positions of the very low frequency (VLF)
signal transmitters ICV (Sardinia, Italy) and DHO (Lower Saxony, Germany),
and the AWESOME (Atmospheric Weather Electromagnetic System for Ob-
servation Modeling and Education) receiver position (Belgrade, Serbia) in ap-
plication of the QlonDR model on real signals.
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1. Introduction

Study of the electron density dynamics in the ionosphere is of crucial importance
for scientific research of many plasma parameters, and physical and chemical
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processes in this atmospheric layer, as well as for modelling of the ionospheric in-
fluence on different kinds of electromagnetic waves. Variations in the ionospheric
electron density occur as a result of numerous permanent influences coming from
the outer space (Basak & Chakrabarti, 2013; Chakraborty & Basak, 2020; Nina,
2022) and terrestrial layers (Kumar et al., 2017; Nina et al., 2020), and their in-
fluence can be both periodical and aperiodical.

The most important source of the free electron production in the ionosphere
is the solar radiation. Depending on the wavelength of the photons of this ra-
diation, the efficiency in the considered photo-ionization processes depends on
the altitude. Thus, the most significant parts of the spectrum that ionize the
ionospheric D-region are the Lya (121.6 nm) during quiet conditions and X-
radiation generated by solar X-ray flares.

In this paper we analyse periodical variations of the ionospheric D-region
electron density induced by local variations in the intensity of the solar hydrogen
Lya radiation at the considered area. We perform calculations based on Wait’s
model (Wait & Spies, 1964) by considering the ionosphere as a horizontally
uniform medium with the electron density increasing exponentially with height
according to an expression described by two independent, the so-cold Wait’s,
parameters: the ”sharpness”, and the signal reflection height.

There are several procedures for the quiet ionosphere parameters determina-
tion. Generally, they are based on the broad-band detection of radio atmospher-
ics in periods of lightning activities (Han et al., 2011; Ammar & Ghalila, 2020)
and detection of the narrow-band very low frequency (VLF) signals (Thomson,
1993; McRae & Thomson, 2000; Thomson et al., 2011; Nina et al., 2021). In this
paper, we analyse variations of the D-region electron density N depending on
the smoothed daily sunspot number, o, and on its variations in time (¢) and
on the day of year (DOY). We apply the Quiet ionospheric D-region (QlonDR)
model (Nina et al., 2021) that provides dependencies of Wait’s parameters on
o and DOY for the part of Europe defined by the positions of the VLF sig-
nal transmitters ICV (Sardinia, Italy) and DHO (Lower Saxony, Germany),
and the AWESOME (Atmospheric Weather Electromagnetic System for Ob-
servation Modeling and Education) receiver (Belgrade, Serbia) which are used
to develop this model. The mentioned dependences of these parameters in the
QIonDR model were obtained by fitting relevant values calculated in process-
ing of observational data during perturbations caused by 9 solar X-ray flares
that occurred during all four seasons in the midday periods from 2009 to 2016.
The application of the obtained functions enables the modelling of White’s pa-
rameters and, consequently, the electron density in the D-region during quiet
midday conditions without observational data only by DOY and o (it can be
obtained based on the appropriate data available on the Internet) entering into
the calculations for the considered day.
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2. Modelling

The electron density modelling is based on Wait’s model of the ionosphere,
which involves a horizontally uniform ionosphere described by two independent
Wait’s parameters, the ”sharpness” () and the signal reflection height (H')
and the expression from Thomson (1993):

N(O‘,x, h) —1.43 - 10136*5(U7X)H'(G’X)e[ﬁ(c,x)*ﬁm]h, (1)

where N, 8 and H' are given in m~3, km~! and km, respectively.

The dependencies of Wait’s parameters on ¢ and the seasonal parameter x
are calculated using the QIonDR model (Nina et al., 2021):

Bo = 0.263540.002573 - 0 — 9.024 - 10~%0? 4+ 0.005351 - cos(2m(x — 0.4712)), (2)

and
H} = 74.74 — 0.02984 - 0 + 0.5705 - cos(27t(x — 0.4712) + 7). (3)

These equations were obtained in the aforementioned study based on observa-
tional data of the DHO and ICV signals emitted in Germany (53.08 N, 7.61E)
and Ttaly (40.92 N, 9.73 E), respectively, and recorded in Serbia (44.8 N, 20.4
E). For this reason, they are relevant for the area between these transmitters
and receivers, i.e. approximately for the D-region above Central Europe.

Here, we point out that the uncertainties of the mentioned procedure are
caused both by the approximations related to the White model of the ionosphere
and by the approximations applied in the QlonDR model. These approximations
primarily refer to considering the D-region as a horizontally uniform medium
and the electron density distribution as an exponential function of height. In
addition, the functional dependences of Wait’s parameters on DOY and ¢ in the
QIonDR model were obtained by fitting the relevant values of observational data
for 9 analysed cases that met the analysis criteria. In specific cases, deviations
of the relevant values from those given by these fitted functions are expected
due to the constant influence of a large number of events and processes on the
ionosphere.

The absolute variations of electron density due to changes in the observed o
and DOY are calculated based on the expressions:

AN (o(i),x(4), h)
Ac

(N(G(Z+1)7X7h) _N(O—(i_ 1)7X7h))7 (4)

DN | =

and

AN(o(i),x(j), h) _
Ad

(N(a(@),x(G +1),h) = N(o(i),x(5 = 1),h))  (5)

DN =
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where the i-th value of o(i) is calculated using the expression o(i) = 19 + i
(i =1,2,3,...,101 ), and the value of x(j) = j/NDY (j=1,2,3,...,.NDY, where
NDY is the number of days in a year).

In this paper, the relative changes of the electron density with ¢ and DOY
are analysed. They are calculated by dividing Eqgs. (4) and (5) with the corre-
sponding value of the electron density, respectively.

3. Results and discussion

In this Section, we present the results of modelling the electron density changes
with o (Section 3.1) and with DOY (Section 3.2). In both cases, we observe
absolute and relative changes in the electron density at heights H= 60 km, 70
km, 80 km and 90 km for all combinations of DOY and o ranging between 20
to 120.

3.1. Solar cycle variations

The electron density changes during a year and solar cycle. Consequently, vari-
ations in the solar hydrogen Ly« radiation do not have the same effect on the
D-region characteristics at different periods. To examine how changes in o affect
changes in electron density under different conditions, we study the dependen-
cies of the derivatives % versus DOY and o. The results of this modelling,
based on the expressions given in Section 2, are shown in Fig. 1. Based on the

obtained panels we can conclude the following:

— The tendencies of the absolute changes of N are the same for all D-region
heights.

— The intensity of these changes increases with altitude. For observed heights
that differ by 10 km, the values on the scales differ by more than one order
of magnitude.

For small values of o at 70 km, the obtained values of AA—J: are below 1076
m 3. Because of approximations taken in the QlonDR model, these values
can be considered approximately equal to 0. By decreasing the height, the
maximum values of ¢ to which this approximation is applied increase (the
exact value depends on DOY).

— Changes in the electron density for the same DOY increase with o.

— The most pronounced changes in % for all values of o occur in the period
around the summer solstice.

Bearing in mind that the electron density changes with height, we analyse
its relative changes with sigma to determine the local significance of changes in
emitted solar hydrogen Ly« radiation. For this reason, we apply the procedure
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Figure 1. Ratio of variations AN and Ao %, versus DOY and o at heights h= 60,
70, 80 and 90 km.

shown in the previous case to determine the dependencies A%;%' Based on
the obtained results visualized in Fig. 2, the following characteristics of ﬁAN—N
changes can be observed:

— The maximum values of ﬁATN at all D-region heights are within one order

of magnitude for the observed values of o, and they increase with height;

— The maximum considered relative changes occur in the summer solstice pe-
riod.

— The maximum relative changes of NV with the smoothed daily sunspot num-
ber occur at smaller values of o with increasing height.

— As a consequence of the small values of i—lj in the lower part of the D-region
for lower values of o, it can be concluded that the relative changes in these
parameters are negligible.
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Figure 2. Dependencies of the relative changes in the electron density with the
changes of the smoothed daily sunspot number, %, on DOY and o at h = 60,
70, 80 and 90 km.

3.2. Seasonal variations

The analysis of the electron density absolute and relative changes with DOY is
shown in a similar way as in the previous case.

Based on the obtained 3D dependencies of the electron density absolute
changes shown in Fig. 3, the following conclusions can be drawn:

— The intensity of these changes increases with the height, and their maxima
at the lower and upper boundaries of the D-region differ by about 4 orders
of magnitude.

— From the winter to summer solstice AA—]C\{ is positive, while going from a sum-

mer to a winter solstice, this parameter is negative. Changes in the electron
density with DOY are most pronounced during equinoxes.

AN(a(i),x(4),h)
Ad

— The influence of ¢ on increases with height.

The relative changes of the electron density (presented in Fig. 4) show the
following characteristics:
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Figure 3. Dependencies of the absolute changes in the electron density with the day

AA—IZ, versus DOY and o.

— The values of ﬁATN for the same o and for the same day are within one

order of magnitude in the entire D-region.

— The influence of ¢ on the observed changes is not expressed. It is most
pronounced during the summer and winter solstices.

— As in the case of absolute changes, AidATN is positive in the period between

the winter solstice and summer solstice, while going from the summer to
winter solstice it is negative.

4. Conclusions

In this paper, the absolute and relative changes of the mid-day D-region electron
density during a year and a solar cycle were analysed. The analyses are based
on modelling the undisturbed ionospheric D-region by the QlonDR model. The
obtained results show the following:
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Figure 4. Dependencies of the relative changes in the electron density with the day
%, versus DOY and o.

— Both, the absolute and relative changes in the electron density with the

smoothed daily sunspot number and with the day of year increase with
altitude.

— The maximum absolute changes at the upper and lower limits differ by about
four orders of magnitude, while the corresponding maximum relative changes
differ by about 2 times.

— Due to the small values of changes in the electron density with the smoothed
daily sunspot number at the lower altitudes of the D-region, it can be consid-

ered that they are negligible for smaller values of the smoothed daily sunspot
number.

— The maximum values of the observed changes in the electron density with the
smoothed daily sunspot number are in the period of the solstices, while those
changes with the day of year are most intense in the periods of equinoxes.
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— The resulting assessment of the influence of the smoothed daily sunspot
number on the observed changes in the electron density based on the QlonDR
model has more complex characteristics than in the case of seasonal changes:

— The absolute changes in the electron density with the smoothed daily
sunspot number increase with this number at all altitudes throughout a
year.

— The maximum relative changes of the electron density with the smoothed
daily sunspot number occur during the period of the summer solstice.
The smoothed daily sunspot number corresponding to these maximum
changes decrease with the D-region heights.

— At higher altitudes, the absolute changes in the electron density with days
at higher altitudes increase with the smoothed daily sunspot number.

— The relative changes in the electron density with days increase with the
smoothed daily sunspot number at all altitudes.

Finally, it should be emphasized that it is not possible to check the ob-
tained dependencies on the basis of other models. Namely, some of the other
existing models do not give dependences on both observed parameters, while
some expressions use dependences on the Ziirich sunspot number, which has
been replaced by the international sunspot numbers since 1980. Therefore, it is
necessary to verify the obtained conclusions in the future.
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