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Abstract. We have obtained seasonal variations in
relative values of the main thermospheric gas compo-
nents [O]/[N] and [O,)/[O] during solar maximum. We
have used our method and measurements made with the
Norilsk digisonde (69.4° N, 88.1° E) at heights of the
ionospheric layer F1 (120-200 km) in quiet and dis-
turbed geomagnetic conditions. We have compared
[OJIN2] and [02]/[O] ratios during solar maximum
with the corresponding values for the long period of
solar minimum (2007—-2009) in Norilsk. The relative

content of atomic oxygen particles has been found to
increase during solar maximum by more than 35 % in
winter and autumn on quiet and disturbed days. In
spring and summer, the atmosphere is enriched with
molecular oxygen particles by 20 % both on quiet and
disturbed days of solar maximum as compared to the
conditions of solar minimum.

Keywords: gas component ratios, geomagnetic dis-
turbances.

INTRODUCTION

The problem of determining the neutral gas compo-
nents of the thermosphere for different heliogeophysical
conditions through ionospheric measurements is still rele-
vant today. The use of regular measurements in our meth-
od, which are made by a vertical sounding method, enables
us to monitor thermospheric conditions at a given time.

The gas composition at F1-region heights is charac-
terized mainly by the ratio of oxygen atoms to oxygen
and nitrogen molecules. The effect of the gas composi-
tion on N, and N(h) is most pronounced at heights below
200 km, where the photochemical equilibrium condition
holds usually during daylight hours. This allows us,
through the use of the semi-empirical model (SEM)
[Shchepkin et al., 1997], to describe the relation of N
with the thermospheric gas compaosition, its tempera-
ture, and solar flux. From regular measurements and
with the help SEM, we have obtained the ratios
[OJ/[N,] and [O,]/[O] at heights between 120 and 200
km during the long solar minimum in 2007-2009, us-
ing the well-known proprietary technique [Kushnaren-
ko et al., 2011, 2014; Yakovleva et al., 2015]. Accu-
mulation of necessary data from digisonde measurements
at the station Norilsk allows us to make calculations for
other solar activity conditions as well. Let us present our
estimates of [O]/[N,] and [O,)/[O] at 120-200 km for solar
maximum. The ratios were obtained for the daylight hours
(718 LT) under different geomagnetic conditions. We
compared them with the corresponding values for solar
minimum.

METHOD AND DATA

The semi-empirical model is based on a regression
equation:

N, /N, =X, +X,[n/(5n, + n3)]“’ +

+X,(n /0y )0'5 (cosx)o‘5 +

@)
+X, exp[ —(T,, —600)/600 |+ X (E/ E,).

Here, N is the electron density; N, is the average value
of N, for the entire data set separately for each height; X;
is the coefficients of the model equation; n;, n,, ns are
concentrations of atomic oxygen and molecular oxygen
and nitrogen respectively; y is the solar zenith angle; Te
is the exospheric temperature; Ey is the energy of ioniz-
ing radiation E at solar maximum. Equation (1) can be
written as follows:

N, /N, =X, +X,RVRW +

+X4vR (cosy)” + )
+X, exp| —(T,, —600)/600 |+
+X5 (E/Ep).

Here, R=[OVINz]; W=[L/(1+5R))]"% R,=[O.J/[N:];

R,/R=[O,]/[O], where [Q], [O,] and [N,] are concentra-
tions of oxygen atoms and oxygen and nitrogen mole-
cules respectively. In the calculations, we have used
thermospheric models [Hedin, 1987; Picone et al., 2002]
and a model [Tobiska, Eparvier, 1998] of determining
ionizing radiation energy. We took N, values from meas-
urements made with the Norilsk digisonde at 120-200
km during daylight hours. From these N, values, we cal-
culated SEM coefficients for each of the heights and for
each period of interest (minimum, maximum, and medi-
um solar activity). As an example, we present Table 1
that lists the coefficients for solar minimum used in the
calculations (Table 1).

In Table 1, Re is the correlation coefficients between
calculated and experimental N arrays for this period (in the
calculation procedure for SEM coefficients).

The calculated coefficients of the model for different
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Table 1
Coefficients of the semi-empirical model (SEM) for solar minimum
hEight X1 X5 X3 Xy X5 Reorr Nay
120 —0.1844 | —7.403 | 4.842 | 0.0000 | 0.9708 | 0.935 | 751
130 —0.4140 | —7.960 | 5.459 | 0.2335 | 0.9473 | 0.904 | 857
140 -0.3128 | -8.238 | 5.310 | 0.2341 | 0.7888 | 0.941 | 10.25
150 -0.3352 | —7.917 | 5.106 | 0.4142 | 0.7005 | 0.950 | 12.07
160 -0.3521 | —7.048 | 4688 | 0.5798 | 0.7009 | 0.958 | 13.80
170 -0.3646 | -5.463 | 4.130 | 0.7145 | 0.7496 | 0.960 | 15.39
180 —0.3462 | —2.644 | 3430 | 0.7984 | 0.7455 | 0.936 | 17.16
190 -0.3267 | 1.388 | 2.659 | 0.8516 | 0.7008 | 0.832 | 19.49
200 -0.3604 | 5.298 1983 | 0.9051 | 0.7580 | 0.697 | 22.32

periods allow us to say that there is a connection between
the results we obtained from them and the height range
120-200 km. From Equation (2) and from this data, we can
find R, Ry, Ro/R.

RESULTS AND DISCUSSION

The method we describe enables us to estimate the ra-
tios of gas components [O)/[N] and [O,]/[O] at 120-200
km during daylight hours (7-18 LT). The calculations are
based on data on the electron density at these heights,
obtained from measurements with the Norilsk digisonde
(69.4° N, 88.1° E). For the study, we have selected days
with quiet and disturbed geomagnetic conditions in all
seasons of 2014 — a year of solar maximum. Disturbed
days were considered those with the geomagnetic index
Ay>10. The F10.7, A,, and Dst indices were taken from
the WDC-C2 database in Kyoto [http://wdc.kugi.kyoto-
u.ac.jp]. For each day, we calculated average [O]/[N] and
[O.)/[O] for near-noon hours (10-14 LT) and found aver-
age values for each season, and then we determined the
mean square deviation o for them.

The results are presented in Table 2. By comparison,

we give here the estimated [O]/[N.] and [O,])/[O] for
2008, one of the three years of long solar minimum.

The estimated ratios are shown more clearly in the
Figure, based on data from Table 2.

THE [OJ/[N;] RATIO

The [O]/[N,] ratio in all seasons of solar minimum
shows a slight (6-12%) decrease when passing from
quiet to disturbed conditions. A reason perhaps is that
weak geomagnetic disturbances were analyzed because
the period of the last solar minimum exhibited unusually
quiet geomagnetic conditions [Belov, Gaidash, 2009].
The [O]/[N;] ratio is maximum in winter and minimum
in summer: a decrease from one season to the next one
is ~25 % on both disturbed and quiet days in all the
three years of solar minimum.

During solar maximum, as during solar minimum,
[OV[N,] is the highest in winter and the lowest in sum-
mer. At solar maximum during the transition from winter
to summer and vice versa, [O])/[N,] changes, however,
2.7 times on both quiet and disturbed days, which is
much greater than that at solar minimum. The reason is

Table 2
Average [O)/[N;] and [0,)/[O] at solar maximum and minimum (Norilsk)

[O/N.]

Year | F10.7 winter spring summer fall
disturb. | quiet | disturb. | quiet | disturb. | quiet | disturb. | quiet

2008 | 69 0.223 | 0.231 | 0.180 | 0.190 | 0.168 | 0.179 | 0.189 | 0.215
o, 0.035 | 0.029 | 0.013 | 0.012 | 0.016 | 0.019 | 0.021 | 0.022
2008
2014 | 146 0.467 | 0.496 | 0.193 | 0.274 | 0.162 | 0.178 | 0.370 | 0.490
o, 0.083 | 0.121 | 0.029 | 0.090 | 0.033 | 0.041 | 0.109 | 0.153
2014

[O.)/[0O]
2008 | 69 0.630 | 0.590 | 0.541 | 0.495 | 0.512 | 0.468 | 0.450 | 0.432
o, 0.111 | 0.094 | 0.028 | 0.025 | 0.050 | 0.039 | 0.051 | 0.057
2008
2014 | 146 0.456 | 0.379 | 0.637 | 0.534 | 0.678 | 0.536 | 0.397 | 0.288
o, 0.103 | 0.109 | 0.071 | 0.079 | 0.217 | 0.204 | 0.179 | 0.119
2014
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Average [OJ/[N,] and [O,J/[O] at solar minimum (left panel,
2008) and maximum (right panel, 2014). Dashed curves show
variations under quiet conditions

presumably the abnormally low level of solar EUV radia-
tion in the last minimum: measurements have shown an
energy reduction by 15 % as compared to the previous
two solar minima [Solomon et al., 2010]. Since the solar
EUV radiation controls temperature and density of the
thermosphere, during minimum of the last solar cycle the
thermosphere was unusually cold, and the ionosphere was
lower and cooler than that under the same conditions in
the past, as confirmed by satellite measurements [Emmert
etal,. 2010].

Comparison between quiet and disturbed geomag-
netic conditions at solar maximum shows that in winter
and summer [O]/[N,] changes little (3-6 %), whereas in
spring and fall it can change by 35 and 25 % respectively.
This may be due to the more disturbed geomagnetic
conditions during equinoctial periods. The [O]/[N,] ratio
in spring increases by 25 % on geomagnetically quiet
days, but remains almost unchanged on disturbed days,
as in summer. A significant increase in [O]/[N;] occurs
in fall: by 56 % on quiet days and by 50 % on disturbed
days. In winter, the increase is ~50 % under both quiet
and disturbed conditions.

THE [0,)/[O] RATIO

During solar minimum, the highest [O,])/[O] is in
winter under both quiet and disturbed conditions; the
lowest, in fall. During solar maximum, the highest
[O.]/[O] is in summer and spring; the lowest, in fall. As
compared to quiet days, [O,]/[O] increases during geo-
magnetic disturbances in all seasons at both solar max-

imum and minimum, by 10 % during solar minimum.
During solar maximum, [O,]/[O] increases greater on
disturbed days: by 17 % in winter and spring, by 28 %
in fall, by 10 % in summer. This is presumably due to
more disturbed geomagnetic conditions during solar
maximum.

Note that at solar maximum, as compared to its mini-
mum, [O,]/[O] in winter under quiet and disturbed condi-
tions, as well as on geomagnetically quiet days in fall
may decrease by 35 %. Under quiet and disturbed condi-
tions, [O,J/[O] increases to 15 % in spring, to 20 % in
summer, as compared to solar minimum.

COMPARISON
OF THE ESTIMATED RATIOS

Comparison with model values

Using a large bulk of data on N, obtained from ex-
perimental material on vertical ionospheric sounding
(Norilsk), we have calculated [O]/[N,] and [0,]/[O] for
daylight hours (7-18 LT) for all available days (quiet
and disturbed) from 2003 to 2013 [Kushnarenko et al.,
2016]. We compared them with [O]/[N,] obtained by
the MSIS model for several years.

As an example, we take the summer season for a
year of solar minimum and present an element of Table 3,
which compares r;=([O)/[N2])cac/([O)/[N2])msis for sev-
eral summer days of 2007 [Kushnarenko et al., 2016].

In most cases, for quiet summer days there is rela-
tively good agreement between MSIS values — the dif-
ference is within +10 %. For disturbed days, the differ-
ence may be as great as £10-20 %; and in some cases,
even greater. These results are also true for other years
involved in the comparison. We can conclude that the
working model fairly well describes the thermosphere
over Norilsk under geomagnetically quiet conditions in
summer and not always correctly during geomagnetic
disturbances, especially during severe ones.

Comparison with experimental values from
GUVI measurements

Calculated [O]/[N,] values were compared with
those obtained from maps based on GUVI UV spec-
trometer measurements [http://guvitimed.jhuapl.edul].
These maps provide global coverage of Earth’s meso-
sphere and lower thermosphere (60-180 km) during the
daylight hours. For solar minimum, our estimates of
[OJ/[N,] (Table 2) are reasonably comparable to GUVI
ones for spring and summer seasons, which are 0.1-0.3.

In fall and winter, this correspondence is observed
only in some cases. It seems that the thermospheric
models used in our method describe the gas composition

Table 3

=[O}/ [N2])caic/([OV[N2Dwmsis

days 2007 (summer days)
disturb. | 0.95 | 1.00 | 1.01 | 1.12 | 1.01 | 0.95 | 1.01 | 1.04 | 1.01 | 1.12 | 1.07 | 1.07
quiet 1.01 | 1.06 | 0.99 | 1.00 | 1.07 | 0.98 | 0.95 | 1.09 | 1.08 | 1.04 | 1.01 | 1.10
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in the Norilsk region correctly not in all seasons. For
solar maximum, the comparison is consistent with our
estimates: GUVI values in spring and summer range
from 0.2 to 0.3. The GUVI fall values of 0.5 also corre-
late with our values of [O]/[N;] (Table 2).

CONCLUSION

1. During solar minimum in all seasons, [O}/[N,]
decreases slightly (6-12 %) during the transition from
geomagnetically quiet to disturbed conditions.

2. During solar minimum and maximum, [O)/[N,]
is maximum in winter and minimum in summer. During
solar maximum on both quiet and disturbed days,
[OJ/[N2] may change 2.7 times from one season to an-
other, which is much greater than that during solar min-
imum.

3. During solar maximum, the transition from quiet
to disturbed conditions in winter and summer exhibits a
slight decrease (3-6 %) in [O]/[N.], whereas in spring
and fall this decrease can be as large as 35 % and 25 %
respectively.

4. During solar maximum, [O,]/[O] is the highest in
summer and spring, the lowest in fall. During geomagnet-
ic disturbances, [0,])/[O] increases in all seasons during
both solar maximum and minimum. During solar mini-
mum, this change is within 10 % in all seasons; during
solar maximum, the increase is more significant: by 17 %
in winter and spring, by 28 % in fall, but in summer it is
still within 10 %.

5. Seasonal variations in [O]/[N;] and [O.J/[O] at
heights below 200 km during solar maximum as com-
pared to solar minimum are as follows:

5.1. On quiet and disturbed days, [O]/[N.] increases
by more than 50 % in winter and fall and changes
slightly in spring and summer.

5.2. The ratio [O,)/[O] in winter and fall decreases
by 35 %, whereas in spring and summer it increases by
15-20 % on both quiet and disturbed days.

6. The use of experimental data on the electron den-
sity, obtained from results of the method of vertical iono-
spheric sounding over Norilsk, and quite reasonable
agreement with GUVI data improve the reliability of the
estimates discussed.

The work was performed with budgetary funding of
Basic Research program IL.16 (Project I1.16.1.1 «Re-
search into the influence of solar activity and processes
in the lower atmosphere on thermodynamic characteris-
tics of the atmosphere, World Ocean, and climatey).
The results were obtained using the equipment of Center
for Common Use «Angaray [http://ckp-rf.ru/ckp/3056].
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