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Abstract—Spectral observations of the mesopause airglow at the Zvenigorod Scientific Station have been used
to obtain the midnight emission intensities of molecular oxygen (O,A(0-1) band) and hydroxyl (OH (6-2) band)
for 2000—2019. Spectral analysis of the variations has made it possible to determine the annual variability for
each emission, which is described by the sum of four harmonics. The time lag in seasonal variations of the
hydroxyl emission relative to variations in the emission of molecular oxygen is 5—18 days. Long-term changes
in the average annual emission intensities have been studied. The linear trend (—3.3 *+ 0.3% per year for
0,A(0-1) and —2.6 £ 0.2% per year for OH(6-2)), the dependences on the 11-year solar cycle (response to
changes in the Lyman-alpha solar radiation (18.5 + 3.3% per 10" photons cm~2s~! for 0,A(0-1) and 10.5 +
2.5% per 10" photons cm™2 s~! for OH (6-2)) and the 22-year solar cycle (response to changes in the solar
magnetic field strength (23.2 £ 4.5% per 100 uT for O,A(0-1) and 12.1 + 3.5% per 100 uT for OH (6-2)), as

well as quasi-eight-year oscillations have been found.

DOI: 10.1134/S0016793221040113

1. INTRODUCTION

The variations in the characteristics of the meso-
pause region (80—100 km) are currently addressed in
many studies on the Earth’s upper atmosphere. The
changes can be caused by both heliogeophysical fac-
tors (solar electromagnetic and corpuscular radiation
and dynamic processes in the atmosphere) and the
effect of the anthropogenic impact on the environ-
ment. Observations of the airglow of atmospheric
gases are one of the most efficient methods for the
study of the mesopause region. Measurements of the
intensity and spectral structure of the airglow bands
make it possible to estimate the concentrations of the
gas components and the temperature. Some studies
indicate that the airglow characteristics of the meso-
pause are subjected to significant spatial and temporal
variations. These variations include oscillations span-
ning from several minutes (normally of irregular char-
acter) to several decades. Long-term variations are the
least studied of them, since the observation time series
are limited. In addition, the latitudinal—longitudinal
irregularities and specific features of the altitudinal
distribution of emitting gases create local features of

seasonal (and smaller time-scale) changes in the char-
acteristics of mesopause airglow.

The study is focused on two emissions related to the
intrinsic radiation of the mesopause: the molecular
oxygen (A(0-1) band of the O,(b'Y) atmospheric sys-
tem, 865 nm) and the hydroxyl ((6-2) band of
OH(X?IT), 835 nm). In the daytime, O,(b'Y) airglow
occurs between 40 and 110 km due to the fluorescence,
ionization, and chemical recombination reactions of
atomic oxygen. However, only the latter are the key pro-
cess for the formation of the emitting layer at night,
which is localized between 85 and 105 km with a peak
of ~94 km (Shefov et al., 2006). OH(XII) airglow,
which also results from the chemical recombination of
oxygen atoms, forms a layer in the range of 75—100 km
with a maximum of ~87 km (Shefov et al., 2006).

The goal of the study is to determine the seasonal
variation and long-term changes in the intensity of the
aforementioned emission bands of molecular oxygen
and hydroxyl in the mesopause. To this end, we ana-
lyzed the series of their long-term observations at the
Zvenigorod Scientific Station (56° N, 37° E) of the
A.M. Obukhov Institute of Atmospheric Physics, Rus-
sian Academy of Sciences (Moscow).
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Table 1. Amplitudes and phases of the harmonics of the annual course of O,A(0-1) and OH(6-2) emission intensities

Emission of O,A(0-1) Emission of OH(6-2)
Harmonic
A;, R fi» days A, R [, days
0 2652+ 3.3 710.7 £ 6.2 —
65.6 £4.6 3024 £4.1 53.3£9.8 321.8+94
(24.7 £ 1.7%) (7.5 £ 1.4%)
2 351+44 31.8 £3.9 52.6£9.2 172 +£5.1
(13.2 £ 1.7%) (7.4 £ 1.3%)
3 20.8 £4.6 40.5+4.1 448 +£94 52.3+3.7
(7.7 1.7%) (6.3 £1.3%)
4 36.9+4.2 764+ 1.7 58.1 £8.5 85.8 £ 2.1
(13.9+ 1.6%) (8.2£1.2%)

Hereafter, one standard deviation is indicated as an error of the parameter. The phases are given for the first maximum. The percentage

values are indicated relative to the zero harmonic.

2. OBSERVATIONS

Spectral observations of the mesopause airglow in
the near-infrared region (0.77—1.05 uwm) were con-
ducted at the Zvenigorod station with an SP-50 high-
aperture spectrograph (Gerasimova and Yakovleva,
1956). The instrument is equipped with a recording
camera with a high-sensitivity CCD-matrix cooled to
—50°C. A detailed description of the equipment,
observation technique, spectral processing, and the
determination of the characteristics of molecular oxy-
gen and hydroxyl emissions can be found in the litera-
ture (Pertsev and Perminov, 2008; Semenov et al.,
2002; Shefov et al., 2006).

The observations are conducted on an ongoing
basis in cloudless weather at a zenith angle of 53° in the
northwestern direction (azimuth 23°, measured from
north to west). The spectrum exposure time was 10 min.
The observation conditions and the instrument speci-
fications made it possible to determine the intensities
of the O,A(0-1) and OH(6-2) bands with a measure-
ment error of 5—6 R (1 R = 10° photons cm2s~"). The
obtained emission intensities were reduced to the
zenith conditions.

3. DATA ANALYSIS

This analysis considered the intensities (/) mea-
sured in 2000—2019. Each intensity series consists of
1663 values, the averages from 2100 to 2200 UT, i.e.,
around local midnight. This daily time interval made
it possible to measure the emission intensities in both
winter and summer, when only twilight conditions
persisted at the observation latitude (56° N). Figure 1
shows these series. As can be seen, the emission inten-
sities undergo significant changes over the entire long-
term observation period, from three dozen to 1000 R
for O,A(0-1) and from 200 to 2000 R for OH(6-2).
Among these changes, regular seasonal variations can
be identified. Their spectrum was determined from
LS-periodograms (Lomb, 1976; Scargle, 1982); see

Fig. 2. The first four harmonics are of high signifi-
cance. Their normalized power (5,)) on the periodograms
exceeds the level of statistical significance oo = 0.05. The
harmonic characteristics were estimated with the mul-
tiple-regression method. The series of emission data
were approximated with the expression

2mi
- 1

365.25 (t )) 1)
where A, is the zero harmonic; 4; and f; are the ampli-
tude and phase of the maximum of the ith harmonic;
and 7 is the day number counted from January 1, 2000.
The approximation results are presented in Table 1.
The resulting 4, values indicate that the average inten-
sities of O,A(0-1) and OH(6-2) for 2000—2019 are
265.2 £ 3.3 R and 710.7 £ 6.2 R, respectively. The
amplitudes of the seasonal harmonics are from ~21 to
~66 R for the first emission and from ~45 to ~58 R for
the second.

4
I1=4+ ZA,.COS(
i=1

The interannual changes in emission intensities
can be more clearly considered based on their average
values for 1-year time intervals (/,,,). Since the obser-
vational data for most years are unevenly distributed, a
more accurate estimate of /,, values could be obtained
if 4, is determined from emission data approximated on
the annual time interval with the sum of harmonics (1).
For a better detailing of the interannual behavior of the
emission intensity, the 7, values were determined for
the time intervals from January 1 to December 31 and
from July 1 of one year to June 30 of the following year.
The resulting series are shown in Figs. 3a and 3c. One
can see a significant decrease, which can be expressed
linearly as

=(376.0 £16.7) — (10.7 £ 1.5)(¢ — 2000)

(2)
for O,A(0-1),
1, =920.2 £27.2) — (21.4 £ 2.5)(r — 2000) 3)
for OH(6-2),
GEOMAGNETISM AND AERONOMY  Vol. 61 No. 4 2021
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Fig. 1. Intensities (/) of O,A(0-1) (top) and OH(6-2) (bottom) emissions according to observations at the Zvenigorod station in

2000—2019. The dots are averages for 21—22 UTC.

where 7 is the calendar year. The linear coefficient is
measured in R/year. Expressions (2) and (3) were
obtained with the least squares method. They are
shown in Figs. 3a and 3c as straight solid lines. How-
ever, the calculated LS-periodograms of variations for
these series show (Figs. 3b and 3d) that both the long-
term changes (trend) and the 1l-year oscillation,
which is most likely associated with the 11-year solar
activity cycle, are significant (Shefov et al., 2006). The
region of periods of more than 20 years is shown on the
periodograms by a dashed line, since the values of the
periodic signal power here may be unreliable due to
shorter data series as compared to the determined
periods. The relationship between the emission inten-
sities and solar activity was determined with the multi-
ple-regression method:

I, = (357.2£12.3) = (6.6 £ 1.3)(t — 2000)
+ (73.5+11.8)(F,, —4.5x10"") for O,A(0-]),
1, =(893.0 +21.7) — (15.4 + 2.2)(t — 2000)
+ (106.4 £ 20.9)(F,, — 4.5x10"") for OH(6-2),

where F;, is the annual average Lyman-alpha (L)
radiation flux in units of 10" photons cm™2 s/,
which was taken as an indicator of solar activity. The
unit of the linear coefficient for coupling with F; is

4

(%)
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R/10" photons cm~2 s~!. The F,, values are taken
from the LASP Interactive Solar Irradiance Data
Center (https://lasp.colorado.edu/lisird). Both emis-
sions are characterized by lower values of the negative
linear trend in comparison with the values in (2) and
(3), as well as by a positive response to 11-year changes
in solar activity. In the case of (4) and (5), the determi-
nation coefficient was ~0.8, which shows a significant
fraction of the revealed variations in the total variance
of I,,, values. However, the remaining fraction (~0.2)
of the variance can also be associated with significant
variations. Therefore, it made sense to study them in
the series of residual intensities (Al,,,) of emissions
(Figs. 4a and 4c). AL, is the difference between initial
data series (Figs. 3a and 3c) and their approximations (4)
and (5). Figures 4b and 4d show the LS-periodograms
of the corresponding variations. It can be seen that the
oscillation with periods of ~8 years is statistically sig-
nificant for both emissions. The verification showed
that the quasi-eight-year periodicity appears precisely
in the residual intensities Al,,,, rather than being a
consequence of the subtraction of the solar-condi-
tioned component in (4) and (5) from the initial 7,
series. A significant peak of ~21 years is located near
periods longer than the length of the analyzed series;
therefore, it can only serve as a reference in the deter-
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Fig. 2. LS-periodograms of emission intensity variations in the range of 1—-500 days. S,, is the variation power normalized to the
variance of intensity /. The dashed line is the level of statistical significance (o).

mination of a possible physical basis for the relation-
ship between the emission intensity and atmospheric
processes of the proposed periodicity. Hoppner and
Bittner (2007) and Kalicinsky et al. (2016) linked the
long-term changes in the characteristics of the ther-
modynamic regime of the mesopause region with the
22-year cyclicity of changes in the solar magnetic field
(the Hale cycle). In Figure 5, one can visually com-
pare the interannual changes in A/, with the corre-
sponding changes in the solar magnetic field. The
average strength (B) of the magnetic field at latitudes
above 55° N and S was taken as an indicator of the
solar magnetic field. The values of B are taken in
microteslas (UT) according to observations at the Wil-
cox Solar Observatory of Stanford University
(http://wso.stanford.edu/Polar.html). It can be seen
that the comparison should take into account the time
lag between changes in the solar magnetic field and
mesopause emissions.

The parameters of all emission-intensity relation-
ships were estimated via multiple regression with the
approximation of series /,, as

I, = Ay + A, (t —2000) + A, ,(F,, —4.5%x10"'")

Binn 21
+ cos t— R
100 AQOO TQOO ( fQOO)

(6)

MFS
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where A, is a constant; A,, is the linear trend coefficient
(R/year); A, is the response of emissions to changes
in the flux F;,, (R/10" photons cm™2s7'); B, _ ,, is the
annual average value of the strength of the polar magnetic
field of the Sun for the year corresponding to # — A7 (At is
the time lag between changes in the solar magnetic
field and the intensity of emissions at the mesopause);
Ayprs is the response of emissions to changes in the
strength of the polar magnetic field of the Sun (R/uT);
and Tqo0, Agoo> and fooo are the period, amplitude,
and phase of the maximum of the quasi-eight-year
oscillation (QOO). Table 2 gives the resulting esti-
mates for the parameters of the regression model (6).
The best correlation between its dependent variables is
found at a lag of 2.5 years. A positive lag shows that the
variations in the emission intensity lag behind the vari-
ations in the solar magnetic field. Regression analysis
allowed the quasi-eight-year oscillation period to be
refined from the condition of the highest multiple cor-
relation coefficient. This period was 7.7 years for
0,A(0-1) and 8.2 years for OH(6-2). In view of the
coefTicient of determination (see R? in Table 2), more
than 92% of the variance of intensity /,,, in 2000—2019
was due to the constraints and variations taken into
account in (6).

No. 4 2021
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Fig. 3. (a) Long-term changes in the intensity (/,,,) of emissions. The dots show the annual averages. The solid line is the trend
according to expressions (2) and (3). (b) LS-periodograms of variations. .S, is the variation power normalized to the variance of
1,1, values. The domain of S, values in the range of periods of 20—25 years is shown by the dashed curve line, since the values of
the periodic signal power may be unreliable due to the shorter length of the data series as compared to the determined periods.

The dashed straight lines show the levels of statistical significance (o).
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Fig. 5. Interannual changes in the residual intensity (Al,,,) of O,A(0-1) (top) and OH(6-2) (bottom) emissions and the solar
magnetic field. Dark circles show the values of emission intensity. Light circles show the average annual values of strength (B) of

the polar magnetic field of the Sun.

4. DISCUSSION
4.1. Seasonal Variations

According to Fig. 1, the emission intensity can vary
significantly between nights. However, a certain regu-
lar course is retained within each year; it can be repre-
sented as a superposition of four relative harmonics as
in Fig. 6a (the graphs were obtained from data of
Table 1). It can be seen that both emissions are not
only similar but also have some specific features that
can be described as follows.

Table 2. Estimated parameters of multiple regression (6)

(1) The emissions have a similar, four-peak sea-
sonal pattern. However, the variations in intensity of
0,A(0-1) are ahead of the corresponding variations in
the intensity of OH(6-2) by 5—18 days.

(2) The highest relative seasonal variations are
observed in the intensity of O,A(0-1). The amplitudes
of its harmonics are 8—25% of the annual average
intensity. During the spring minimum (late April—
early May), its values decrease to 40% of the annual
average. The highest values are found in the vicinity of
the fall equinox (exceeding the annual average by
35%). The amplitudes of the harmonics of seasonal

Emissions Ao, R Atra R/yeal” AL(X’ R/]OH photon Cm_2 S_1 AMFS’ R/IOO MT AQOOJ R FQOO’ year R2
0,A(0-1) 378.3+9.0 | -8.7+0.9 49.1 £ 8.8 61.5+ 11.8 17.7£5.9 |2002.3 0.4 0.93
OH(6-2) 921.0 £ 17.8| —18.2 £ 1.7 75.0 £ 18.0 85.7+25.1 33.3+12.9(2000.8 £0.4| 0.92
R%is the square of multiple correlation (determination coefficient).

GEOMAGNETISM AND AERONOMY  Vol. 61 No.4 2021
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variations in OH(6-2) are more weakly expressed: 6—
8% of the average intensity.

There are a sufficiently large number of experimen-
tal studies of seasonal variations in the emissions of
molecular oxygen and hydroxyl (Fishkova, 1983; Per-
minov and Pertsev, 2010; Pertsev and Perminov, 2008;
Teiser and von Savigny, 2017; Wiens and Weill, 1973;
Gao et al., 2010; Liu et al., 2008; Lopez-Gonzalez
et al., 2004; Perminov et al., 2007; Reid et al., 2014;
Scheer et al., 2005; Shefov et al., 2006). Shefov et al.
(2006) analyzed observations up to the mid-2000s to
determine the parameters of the first three seasonal
harmonics of O, airglow and two harmonics of OH
airglow. It was also established that the harmonics of
the first emission depend on the latitude. Figure 6b
shows the seasonal variation of emission intensities for
latitude 56° N according to Shefov et al. (2006). It can
be seen in this case that the variations of both emis-
sions are not as similar as in our study; therefore, one
cannot speak about any delay between them.

GEOMAGNETISM AND AERONOMY Vol. 61 No.4

Attention should be drawn to the results of studies
by Lopez-Gonzalez et al. (2004) and Scheer et al.
(2005). They describe seasonal changes in the present
emissions for latitudes 37° N and 32° S, which were
obtained via averaging of the data with a 1-month win-
dow. At each latitude, the emission intensities have a
similar annual course with a 1- to 1.5-month lag in
hydroxyl-emission variations. Obviously, the delay in
this case cannot be estimated more accurately,
because the measurements were strongly smoothed.

The features of the annual variation of hydroxyl
airglow with latitude (from 50° S to 50° N) are shown
based on global measurements with the TIMED radi-
ometer from the SABER satellite (Gao et al., 2010).
This study gives evidence of the dominance of the
semiannual harmonic at the equator and a gradual
increase in the annual harmonic with increasing lati-
tude. Gao et al. (2010) did not find the fourth har-
monic of the annual course (only the first three har-
monics were found); however, Teiser and von Savigny
(2017) used data from other satellite observations of
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hydroxyl emission (SCIAMACHY/Envisat) to find
the fourth and fifth harmonics in the spectrum of sea-
sonal variations at low latitudes. However, Teiser and
von Savigny (2017) did not analyze these harmonics;
they used them only to improve the estimates of
annual and semiannual oscillations. In this study, the
annual course of the hydroxyl-emission intensity is
more complex: it is described by four equivalent har-
monics (without dominance of the first harmonic).

Perminov and Pertsev (2010) showed that the sea-
sonal variations in the intensity of the present emis-
sions are a reflection of combined seasonal variations
in the temperature and the concentrations of the main
atmospheric gases (O, and N,) and atomic oxygen;
here, positive changes in the concentrations of the gas-
eous components cause an increase in the emission
intensity, and the corresponding changes in tempera-
ture cause a decrease (due to the slowing of chemical
reactions, which leads to the excitation of oxygen and
hydroxyl molecules). A number of studies suggest a
decisive role in the seasonal behavior of mesopause
emissions to temperature changes and the dynamics of
atomic oxygen, or they emphasize the role of only the
latter process (Grygalashvyly et al., 2014, 2015; Liu
et al., 2008; Sonnemann et al., 2015).

4.2. Long-Term Changes
4.2.1. Trend

Our analysis revealed a negative linear trend in
emission intensity in 2000—2019. Due to all of the
long-term processes in the mesopause region, its val-
ues are —10.7 = 1.5 R/year (—4.0 £ 0.6% per year) for
0,A(0-1) and —21.4 £ 2.5 R/year (—3.0 = 0.4% per
year) for OH(6-2). When the effect of long-term solar
activity cycles and quasi-eight-year oscillations are
taken into account, the trend values decrease to —8.7 &+
0.9 R/year (—3.3 + 0.3% per year) for O,A(0-1) and
—18.2 £ 1.7 R/year (—2.6 £ 0.2% per year) for OH(6-2).
The percentage values are taken relative to the average
intensities for the entire observation period (which
corresponds to A, in Table 1). This is in good agree-
ment with the previous recent study of long-term
observations at the Zvenigorod station, which ana-
lyzed the trends in the emission intensity with allow-
ance for the seasons of the year for 2000—2018 (Dalin
et al., 2020).

The number of studies of the long-term trend is
extremely small, and most of them analyze the inten-
sity of hydroxyl emissions (Fishkova, 1983; Dalin et al.,
2020; Shefov et al., 2006; Sonnemann et al., 2015;
Teiser and von Savigny, 2017). The earliest and longest
observations (1948—1980) of hydroxyl emission were
conducted by Fishkova (1983). Analysis of these data,
as well as the measurements at the Zvenigorod station
and in Haute Provence in the 1950s—1960s (Shefov,
1969; Wiens and Weill, 1973), allowed Shefov et al.
(2006) to conclude that there was a nonlinear increase
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in the intensity of hydroxyl emissions at midlatitudes
up to the 1980s. As a result, the total intensity of all
hydroxyl-emission bands increased by ~80% (from
~550 kR (1948) to ~1 MR (1980)). Modern data for
2000—2019 indicate that the long-term course of
hydroxyl emission now involves a phase of intensity
decrease. It can be noted here that the rate of decline
in magnitude is the same as that observed during the
growth in the 1950s.

Sonnemann et al. (2015) used long-term monitor-
ing of anthropogenic greenhouse gases (1961—2009)
and their application in the LIMA model to calculate
the interannual changes and the trend in the concen-
tration of vibrationally excited hydroxyl (OH*) in the
region of its maximum airglow. At the midlatitudes,
the model showed a small positive linear trend over the
entire time interval (1961—2009). However, the inter-
annual changes in 2000—2009 tend to decrease the
OH* concentration, which is consistent with the
results of this study. Also, a negative trend in changes
in the hydroxyl-emission intensity for the midlatitudes
was obtained by Teiser and von Savigny (2017) based
onthe SCIAMACHY/Envisat satellite observations in
2002—-2012.

Sonnemann et al. (2015) showed that the trend is
largely caused by changes in the activity of planetary
waves, tides, and internal gravity waves, rather than by
long-term changes in the content of atmospheric
greenhouse gases. Most likely, changes in the dynam-
ics in the mesosphere and lower thermosphere are
responsible for significant changes in the content of
atomic oxygen in the emitting layers of hydroxyl and
molecular oxygen.

4.2.2. Link to the 11-year solar cycle

The response of emissions to changes in the solar-
radiation flux in the Lyman-alpha line, which is taken
as an indicator of solar activity, is positive during the
11-year cycle and, by magnitude, is one of the most
substantial of interannual variations. Its values are
49.1 + 8.8 R/10" photons cm™2 s~! (18.5 + 3.3% per
10" photons ¢cm~2 s7') for O,A(0-1) and 75.0 =+
18.0 R/10" photons cm~2s~! (10.5 %+ 2.5% per 10" pho-
tons cm—2s~!) for OH(6-2).

Earlier, Pertsev and Perminov (2008) and Dalin
et al. (2020) analyzed data from emission observations
at the Zvenigorod scientific station. The response of
emissions to changes in the flux of solar radio emission
(10.7 cm) recalculated into units of response to
Lyman-alpha radiation (Pertsev and Perminov, 2008)
gives overestimated values in comparison with real values
by 1.4—1.7 times (68.1 = 12.4 R/10" photons cm~2s~! for
0,A(0-1) and 130.0 + 19.6 R/10" photons cm~?s~! for
OH(6-2)); however, they are in good agreement with the
response values according to regressions (4) and (5). The
response shown by Dalin et al. (2020) was specified
separately for winter and summer. Their average values
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(67.5 R/10" photons cm~? s~! for O,A(0-1) and
103.5 R/10" photons cm~2 s~! for OH(6-2)) are also
quite consistent with the response values obtained in
expressions (4) and (5).

One of the most detailed studies of the response of
emissions from the mesopause region to changes in
solar activity was performed by Gao et al. (2016).
Based on the TIMED/SABER satellite data for
hydroxyl emission, these authors showed the depen-
dence of the solar response on latitude with a strong
hemispheric asymmetry; the response peaks in the
southern hemisphere. Both hemispheres are charac-
terized by the fact that the greatest response values are
observed at the boundaries of the given latitudinal
zone: 50° S (10—11% per 10" Lo-photons cm=2 s71)
and 50° N (8—9% per 10" Lo-photons cm=2s~!). The
indicated response values result from the recalculation
of the linear regression coefficients for the depen-
dence on solar radio emission (10.7 cm). The response
of hydroxyl emission to solar activity obtained in our
study (10.5% per 10" photons cm~2 s7!) indicates that
it further slightly increases with increasing latitude.
However, this increase seems to differ by season and
may have the opposite sign. Indeed, some studies
using the LIMA model for low, middle, and high lati-
tudes showed a decrease in the solar response of
hydroxyl emission with increasing latitude for winter
conditions and an increase for spring and summer
conditions (Sonnemann et al., 2015). In this case, at a
latitude of ~51° N, the response is predicted to be
maximal for summer and minimal for winter. This
could be explained by the fact that the change in the
emission intensity is largely caused by the change in the
content of atomic oxygen in the mesopause region. The
summer conditions are favorable for the formation of
oxygen atoms due to the longer photolysis of molecular
oxygen under the influence of solar UV radiation. How-
ever, the results obtained by Sonnemann et al. (2015)
contradict the observations at the Zvenigorod station;
this means that the winter response exceeds the sum-
mer value by 40% (Dalin et al., 2020). Most likely, the
primary reason for the seasonality of the solar
response of mesopause emissions is possibly associ-
ated with changes in the processes controlling the
atmospheric dynamics (which, in turn, are associated
with the level of solar activity) rather than with the
direct effect of solar UV radiation. Thus, studies of the
long-term course of the activity of waves of various
time and spatial scales are important (Perminov et al.,
2014a, 2014b; Popov et al., 2020; Reisin et al., 2014).

4.2.3. Dependence on the solar magnetic field

In this study, we obtained not only the response of
the emissions of the mesopause region airglow to the
11-year solar-activity cycle but also its dependence on
the solar magnetic field, which has a 22-year periodic-
ity (the Hale cycle). The solar magnetic field was char-
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acterized by its power characteristic—the strength of
the polar magnetic field. The coefficients of this linear
dependence are 61.5 = 11.8 R/100 uT (23.2 + 4.5% per
100 uT) for O,A(0-1) and 85.7 = 25.1 R/100 uT
(12.1 £ 3.5% per 100 uT) for OH(6-2). Here, these
coefficients become statistically significant only when
the changes in the intensity of mesopause emissions
lag changes in the solar magnetic field by 2.5 years. It
should be noted that the dependence of the solar mag-
netic field used in the regression model (6) signifi-
cantly refines the emission response to changes in the
Lyman-alpha radiation. This makes it difficult to
compare the results obtained here and earlier in other
studies, which tended to consider only the dependence
on the 11-year cycle of solar activity.

Earlier, the dependence of the characteristics of the
mesopause region on the level of the solar magnetic
field was considered by Hoppner and Bittner (2007)
and Kalicinsky et al. (2016). Hoppner and Bittner
(2007) analyzed the planetary wave activity in the tem-
perature of hydroxyl emission in Wuppertal (Ger-
many) according to spectral observations in 1981—
2005. As a result, there was good agreement with long-
term changes in the solar magnetic field. Later, Kali-
cinsky et al. (2016) analyzed a longer series of the same
temperature measurement data for Wuppertal to show
that the long-term temperature trend in the meso-
pause region evolved, which may be due to the 22-year
cyclicity of the solar magnetic field. Hoppner and Bit-
tner (2007) proposed a possible mechanism of the
influence of the solar magnetic field on the mesopause
region via its influence on the Earth’s rotation. How-
ever, this mechanism requires experimental verifica-
tion and model validation.

4.2.4. Quasi-eight-year oscillation

The amplitude of the revealed quasi-eight-year
oscillation is 17.7 = 5.9 R (6.7 + 2.2%) for O,A(0-1)
and 33.3+ 129 R (4.7 £ 1.8%) for OH(6-2). A similar
variation was noted by Reid et al. (2014), who analyzed
15-year observations of the emission intensity of
atomic oxygen (557.7 nm) and hydroxyl (OH(8-3)
band, 730 nm) near Adelaide (Australia). A statisti-
cally significant oscillation with a period of ~3000 days
(~8.2 years) was found on the spectra of hydroxyl-
emission variations. This oscillation was not identified
on similar spectra for the emission of atomic oxygen.
This was apparently due to the powerful signal caused
by the emission response to the 11-year oscillation in
solar activity. Reid et al. (2014) found no physical basis
for the oscillation with that period in the mesopause
region and performed no analysis. However, variations
with periods close to 8 years were identified in various
climatic data associated with observations of tempera-
ture and pressure near the Earth’s surface. Specifi-
cally, Plaut et al. (1995) analyzed a 335-year tempera-
ture series for central England to identify oscillations
with a period of 7—8 years. Later, variations with a
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similar period were identified in various climatic data
for the regions of Europe, the North Atlantic and the
Mediterranean (Palu§ and Novotna, 1998, 2004;
Feliks et al., 2010; Gamiz-Fortis et al., 2002; Kondra-
shov et al., 2005). Jajcay et al. (2016) recently showed
that oscillations with a period of 7—8 years can have a
modulating effect on the amplitudes of higher-fre-
quency variations. This effect on tides may have been
responsible for the 8-year oscillations of the emission
intensity of the upper atmosphere observed in this
study.

5. CONCLUSIONS

Spectral observations of the intrinsic radiation of
the mesopause region at the Zvenigorod Scientific
Station were used to obtain the intensities of the
0,A(0-1) and OH(6-2) bands for midnight conditions
in 2000—2019. We can conclude the following.

(1) The seasonal variability of emissions is charac-
terized by the sum of four harmonics; their amplitudes
are the largest for the emission of molecular oxygen.
The variations in the intensity of molecular-oxygen
emission are 5—18 days ahead of the corresponding
variations in the intensity of hydroxyl emission. The
amplitudes of the harmonics are 8—25% for O,A(0-1)
and 6—8% for OH(6-2) of the average values of emis-
sion intensity for the observed time period.

(2) The linear trend of the emission intensity for
2000—2019 has negative values and is —3.3 £ 0.3% per
year for molecular oxygen and —2.6 + 0.2% per year
for hydroxyl, which is indicative of opposite processes
in the dynamics and energetics in the mesopause
region as compared to 1948—1980, when a positive
hydroxyl emission trend was observed.

(3) Along with the association with the 11-year
cycle of solar activity (the indicator is the solar radia-
tion flux in the Lyman-alpha line), the mesopause
emissions depend on the solar polar magnetic strength
(22-year cycle of the solar magnetic field reversal). In the
first case, the response is 18.5 + 3.3% for 10" Lo-pho-
tons cm~2 s~! for O,A(0-1) and 10.5 *+ 2.5% for

10" Lo-photons cm=2 s7! for OH(6-2). In the second
case, the response values are 23.2 &+ 4.5% per 100 uT
and 12.1 £ 3.5% per 100 UT, respectively.

(4) The intensities of the mesopause emissions
undergo statistically significant oscillations with peri-
ods of ~8 years. Their amplitudes are 6.7 + 2.2% for
0,A(0-1) and 4.7 £ 1.8% for OH(6-2). These oscilla-
tions in the mesopause region may be associated with
corresponding climatic oscillations in the state of the
atmospheric surface layer.
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