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Abstract. We report the results of approximation of
electron density N, array obtained with a digisonde at
the high-latitude station Norilsk (69.40° N, 88.10° E)
during years of declining solar activity (2003-2006).
The calculations are made using the author's semi-
empirical model with new coefficients calculated specif-
ically for the station Norilsk. We obtain altitudinal
changes of annual variations in daily N, at heights of the
ionospheric layer F1 (120-200 km). Approximation of
experimental data describes N, quite satisfactorily at
these heights. Nevertheless, there are periods with quite

pronounced deviations of model values from the exper-
iment. The presence of significant geomagnetic disturb-
ances during these periods is probably one of the rea-
sons for such deviations.

Keywords: electron density, annual variation, semi-
empirical model (SEM).

INTRODUCTION

Geomagnetic storms are driven by the solar wind
energy captured by the magnetosphere, transformed,
and scattered in the high-latitude ionosphere and in the
atmosphere. These periods of increased energy during
disturbances cause changes in the complex morphology
of electric fields, temperature, wind, and gas composi-
tion and affect all parameters of the high-latitude iono-
sphere. One of the main characteristics of the disturbed
ionosphere is its strong variability [Buresova, Lastov-
icka, 2001]. There are numerous methods, including
satellite, of exploration of this complex region — the
high-latitude ionosphere. This paper is a sequel to arti-
cles that study the high-latitude ionosphere by our
unique method [Kushnarenko et al., 2019; Yakovleva et
al., 2020]. Numerous calculations carried out using the
semi-empirical model (SEM) [Shepkin et al., 2008]
have shown good agreement with experiments. Note
that it is the general nature of the electron density N,
dependence on the gas composition and temperature of
the thermosphere that enables us to apply SEM to de-
scription of the N, behavior at 120-200 km heights un-
der different solar and geomagnetic conditions at geo-
graphical points located at middle and partially at high
latitudes.

Collecting an array of regular data on N, with the
Norilsk digisonde allowed us to approximate experi-
mental data at F1-layer heights for a high-latitude sta-
tion, using vertical sounding results and our method.

The work is based on daily hourly values of N, at the
120-200 km height range, where in most cases during
daylight hours the photochemical balance condition is
met. The model calculations have been made with the
coefficients obtained for given conditions of Norilsk. As
a result, we obtained variations of the midday electron

density in the annual cycle in the years preceding the
solar minimum at fixed heights from 150 to 200 km, i.e.
at the F-region heights where the F1 layer is formed
under certain conditions.

We compared the electron density values calculated
by SEM N with experimental values Ng. Notice that
the results are valid within the frameworks of the at-
mospheric model NRLMSISE-00 [Picone et al., 2002]
for respective neutral gas variations.

MODEL CALCULATIONS

At Fl-layer heights, N, values can be described by
the analytical relation [Shepkin et al., 2008]:

N /Ny, = X, + X, [0 7(5n, +0,)] " +
+X3(n1/na)o's(cosx)o'5 + (1)
+X, exp[ —(T,, —600)/600 ]+ X4 (E/E,).

Here, N,y is the average value of N, for the entire data
volume separately for each height; X; are the coeffi-
cients of Equation (1); ny, n,, nz are concentrations of
[O], [O,], and [Ny]; Te is the exospheric temperature
derived from a thermospheric model [Picone et al.,
2002], y, is the solar zenith angle; E is the ionizing radi-
ation energy E at solar maximum [Tobiska, Eparvier,
1998]. To calculate the coefficients X; of Equation (1),
we have selected an array of daily hourly N, values (7—
18 LT), obtained by the Norilsk digisonde at heights of
120, 130, ..., 190, 200 km in 2003-2006. The F10.7, A,
and Dst indices were taken from the database at the
WDC Kyoto [http://wdc.kugi.kyoto-u.ac.jp].

These calculations yielded coefficients of approxi-
mating equation (1) for the period of declining solar
activity, thereby contributing to the existing SEM ver-
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sion. As an example we present coefficients for the sta-
tion Norilsk (Table 1). The last column shows correla-
tion coefficients R, between arrays of calculated and
experimental N, for the given period.

DISCUSSION

We have obtained annual variations of midday N,
at heights of 150, 180, and 200 km for a period of de-
clining solar activity (2003-2006) at the station
Norilsk. To illustrate the results, Figure plots annual
electron density variations for 2003. For comparison,
for each height we show experimental midday values
averaged over 21 days throughout the dataset (+ 10
days centered on a given day). At all the heights, there
is a reasonable agreement between N [Shchepkin,
2008] and Ny.
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Annual variation of calculated midday electron density
values N (solid thick line) in 2003 at heights of 150 km (1),
180 km (2), and 200 km (3). Dashed lines are Ngy values at
each height; curve (4) indicates N, values from IRI [Bilitza et
al., 2017] at a height of 200 km

Table 1
Coefficients of fitted equation (1)

h, km N,.,10%cm™ X, X, X, X, Xs Reorr
120 7.51 —0.1844 —7.403 4.842 0.0000 0.9708 0.935
130 8.57 —0.4140 —7.960 5.459 0.2335 0.9473 0.904
140 10.25 —0.3128 —8.238 5.310 0.2341 0.7888 0.941
150 12.07 —0.3352 —7.917 5.106 0.4142 0.7005 0.950
160 13.80 —0.3521 —7.048 4.688 0.5798 0.7009 0.958
170 15.39 —0.3646 —5.463 4.130 0.7145 0.7496 0.960
180 17.16 —0.3462 —2.644 3.430 0.7984 0.7455 0.936
190 19.19 —0.3267 1.388 2.659 0.8516 0.7008 0.832
200 22.32 —0.3604 5.298 1.983 0.9051 0.7580 0.697

The similarity between the Ng, and N, curves lies
in the fact that there is a summer maximum in both
cases at 150 and 180 km. At high latitudes during this
period, there is no phase change in the annual electron
density variation at 190 and 200 km. At the height of
200 km, the annual variation in N has unigue fea-
tures: there are two increases in N on the curve dur-
ing equinox periods, which is also confirmed by exper-
iment. The curves obtained for the three heights of
other years (2004-2006) differ slightly from those for
2003.

To compare with our results, we have used IRI
[Bilitza et al, 2017] to calculate annual variations in
midday N, for these heights for the years under study.
The N, values from IRI are much lower than N, and
our Ng at all the heights of interest. In Figure, the
curve obtained from IRI for 200 km is far below the
curves of N¢c and N, for this height.

The similarity between the IRl and SEM curves is
attributed to the presence of increased N, values near
equinox periods. Such a shape of IRI curves is also
typical for the heights of 150 and 180 km.

CHANGE OF THE RELATION
1= Ngxa/Neie IN 2003-2006

To identify deviations of Ng from N, we have
found N, values for all the years under study, from
which we have compiled Table 2 showing the ratios of
Nex 10 Ngic (ri=Nc/N¢ic) for the height of 200 km, where
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diurnal and seasonal variations of N. under different
conditions are most pronounced.

Let us delve into ry variations during the period of
interest. In 2003 and 2004, Ng/Ng. vary around 1,
showing a good fitting of the experimental array by our
model. There are, however, days when Ng values ex-
ceed Ng by 20-35 % in 2003. We may assume that the
extremely high geomagnetic activity observed in 2003
[Panasyuk et al., 2004] is likely to be the main reason
for the increase in ry. In the annual variations that oc-
curred in 2005 and 2006, also noticeable are summer
periods — from the 150th to 250th day when Ng is
higher than Ng. by 15-30 %. These days were marked
by fairly significant geomagnetic disturbances with dai-
ly average A,=27, 33, 34, 45, 47, 90. We may assume
that they are somewhat responsible for the increases in r;.

In Table 2 and Figure, we omit the electron densi-
ty values at the beginning and end of the annual peri-
ods because in winter at the heights of interest the
experimental electron density values are small and
unreliable, which is typical for a high-latitude iono-
spheric station. Also worth noting is that the numer-
ous gaps and absence of data in the tested N, arrays at
the station Norilsk in these years lead to the fact that
the correlation coefficients between the arrays of cal-
culated and experimental data on N, for this period
were obtained within 0.94-0.70, with the highest val-
ue at 120 km, and the smallest at 200 km (Table 1).
The result is a difference between N¢c and Ngy at 190
and 200 km.
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Table 2
r1=Nex/N ¢ie, 200 km, 12 LT

Days
of year 2003 2004 2005 2006
30 0.87 0.85 1.14 0.90
40 0.74 0.70 0.96 0.98
50 0.89 0.88 0.93 0.96
60 0.83 1.09 1.16 0.90
65 0.90 0.86 1.43 0.98
70 0.83 1.09 0.88 1.04
75 1.04 1.10 0.85 0.88
80 1.34 0.88 1.02 1.00
85 0.78 0.81 1.28 0.95
90 0.76 0.98 1.15 0.80
95 0.85 1.06 1.34 1.00
100 1.08 1.21 0.97 0.96
105 1.13 0.95 1.09 1.15
110 0.90 0.87 1.32 0.96
130 1.34 1.04 0.82 1.10
150 1.17 1.16 1.36 1.25
170 1.08 1.12 1.25 1.28
190 0.99 1.32 1.25 1.26
210 1.38 1.15 1.09 1.28
230 1.26 0.92 1.15 112
250 1.05 1.05 0.99 1.03
255 1.15 0.91 1.01 1.04
260 1.31 1.10 0.97 1.23
265 0.98 1.05 0.94 1.02
270 0.85 0.99 111 0.98
275 0.93 1.06 1.16 0.98
280 1.05 1.07 1.00 1.01
285 0.99 1.27 0.83 0.95
290 1.19 1.08 1.06 0.86
295 0.89 0.98 0.93 1.10
300 0.57 0.67 0.90 0.81
320 0.99 0.73 0.70 0.74

In general, we can speak of reasonable accuracy of ap-

monthly averages Ne, as wWell as Ne/Nee for April and
June 2006.

The Ny values exceed Ny, by 10-20 % in the second
half of the day in April 2006 at all the heights. At another
point of time, there is quite close agreement between these
values.

CONCLUSION

The semi-empirical model SEM employed in the
paper can describe the behavior of the ionosphere, us-
ing measurement data obtained by the vertical sound-
ing method for the high-latitude station Norilsk. We
have considered heights below 200 km during declin-
ing solar activity (2003—2006).

1. Approximation of the N, array for these years al-
lows us to examine the annual variation in N.. We have
found that at all heights below 200 km maximum N,
values are observed in summer; and minimum ones, in
winter.

2. Comparison between arrays of experimental val-
ues Nex and those calculated by SEM N for all the
years and heights considered has revealed fairly good
agreement between them both in values and in shapes of
annual curves.

3. Comparison between arrays of N, and electron
density values derived by IRI has shown a divergence
between results: IRl N, are significantly lower at respec-
tive heights in the years under study.

4. Further collection of experimental material
(digisonde) will enable us to improve the existing semi-
empirical model for different heliogeophysical condi-
tions. This model is particularly important in evaluating
the thermospheric gas composition at heights of the
middle ionosphere from vertical sounding data.

The work was financially supported by the Ministry
of Science and Higher Education of the Russian Federa-
tion (project "Study of the state and dynamics of Earth's
atmosphere at different time scales under the influence
of geophysical, cosmic, and human impacts"). The re-
sults were obtained using the equipment of Shared

proximation of most experimental material. Table 3 lists ~Equipment Center «Angaray [https://ckp-
the calculated values Ny, (daytime) and experimental  f.ru/ckp/3056].
Table 3
Neie» Nex(¥10?) and Ney/N¢; at 150, 190, and 200 km
Parameter April 2006 June 2006
8LT [10LT [12LT [24LT | 16LT [ 18LT [ 8LT |10LT [12LT [14LT [16LT [18LT
150 km
Nex 108 | 14.2 15.8 16.6 135 10.0 | 155 | 18.0 17.3 17.9 16.3 13.3
Neie 123 | 151 16.1 15.2 12.5 740 | 143 | 16.3 17.2 16.8 15.0 12.2
Nex/Noje 09 | 09 1.0 1.1 1.1 13 | 11 | 11 1.0 1.1 1.1 1.1
190 km
Nex 18.1 | 20.9 23.8 27.0 25.5 176 | 20.3 | 22.8 22.0 23.8 22.1 20.7
Neie 19.2 | 22.0 23.0 22.5 20.2 157 | 19.1 | 210 22.0 21.8 20.4 17.9
Nex/Noje 1.0 | 1.0 1.0 1.2 1.2 1.1 | 11 | 11 1.0 1.1 1.1 1.1
200 km
Nex 185 | 21.7 25.2 29.5 28.5 208 | 199 | 22.6 26.0 23.6 22.3 21.2
Neie 218 | 244 25.5 25.2 23.2 19.3 | 20.0 | 21.9 22.9 22.8 21.7 19.5
Nex/Noie 09 | 09 1 1.1 1.2 10 | 1.0 [ 10 1.1 1.0 1.0 1.1
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