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Abstract. Numerical simulation has been used to
examine the effect of changes in solar activity (SA) in
the thermosphere on amplitudes of long-period
planetary waves (PW) for the winter period in the
Northern Hemisphere. The model of the middle and
upper atmosphere (MUAM) is wused. It allows
simulations of general atmospheric circulation at
altitudes 0-300 km. In order to reproduce SA changes,
different values of the solar radio flux at a wavelength
of 10.7 cm at an altitude of more than 100 km are set in
the MUAM radiation block. To take into account the
effect of charged particles in the ionosphere on the
neutral gas dynamics, ionospheric conductivities for
different SA levels are included in MUAM. To improve
the statistical reliability of the results, two ensembles of
model simulations consisting of 16 runs corresponding

to the minimum and maximum SA have been obtained.
The statistical confidence of average differences in PW
amplitudes between high and low SA has been
calculated. The results are shown to be reliable in
almost the entire altitude range 0-300 km. Results of the
simulations have shown for the first time that
statistically significant differences in amplitudes of
long-period PWs can reach 10-15 % in the middle
atmosphere of the Northern Hemisphere, depending on
the zonal wave number. At the same time, reflection of
PWs at altitudes of lower thermosphere has a significant
effect on the PW structure in the middle atmosphere.

Keywords: general circulation, planetary waves,
numerical simulation, solar activity.

INTRODUCTION

Development of computer technology and improve-
ment of numerical algorithms of general atmospheric
circulation models promote a more detailed and com-
prehensive study of various aspects of dynamic and
thermal processes in the atmosphere driven by wave
motions, in particular by planetary waves (PWSs), in
different layers of the atmosphere. According to [Hol-
ton, 1975], large-scale wave processes in the atmosphere
play an important role in forming the dynamic and tem-
perature regimes of the atmosphere, as well as its compo-
sition. Much research (e.g., [Liu et al., 2004; Chang et al.,
2014; Wang et al., 2017]) has dealt with numerical simu-
lation of PWs having different periods and zonal wave
numbers in different layers of the atmosphere. The spatial
distribution of wave structures in the atmosphere is signifi-
cantly affected by the reflection of PWs in the upper at-
mosphere [Lu et al., 2017], induced by great temperature
and wind velocity gradients in the lower thermosphere.

The incoming solar radiation and, as a consequence,
the atmosphere heating depend on solar activity (SA),
which undergoes cyclic changes with a period of ~11
years (e.g., [Hathaway, 2010]). SA changes may affect
energy and dynamics of the upper atmosphere, causing
PW propagation and reflection conditions to change
[Geller, Alpert, 1980; Arnold, Robinson, 1998]. The
relationship between changes in solar flux and wave
activity with periods 3-20 days has been found when
analyzing observations of wind velocity at mesosphere—
lower thermosphere (MLT) heights [Jacobi et al., 2008].
Simulation of the influence of SA cyclicity on tempera-
ture and zonal wind variations at altitudes from 0 to 135

km has demonstrated an important role of PWs connect-
ing the upper atmosphere with underlying layers
[Krivolutsky et al., 2015].

We employ a numerical model of the middle and
upper atmosphere (MUAM) [Pogoreltsev et al., 2007]
capable of calculating the general atmospheric circula-
tion at altitudes from the ground to 300-400 km. In re-
cent years, MUAM has yielded significant results, in
particular it has shown that SA greatly affects propaga-
tion and reflection of both westward PWs [Koval et al.,
2018a] and stationary planetary waves (SPW) [Koval et
al., 2018b]. This paper examines the influence of chang-
es in the thermosphere caused by SA changes on ampli-
tudes of geopotential height variations generated by
long-period PWs (with periods of more than 15 days) in
the middle atmosphere of the Northern Hemisphere.
MUAM took into account the SA changes only at alti-
tudes above 100 km. At lower altitudes, all calculations
were based on identical conditions corresponding to the
mean level of SA. This approach was applied to the
study of the thermosphere effect alone, without regard
to the direct effects of solar radiation on chemical com-
position, thermal and dynamical characteristics of the
middle atmosphere.

METHODS AND APPROACHES
MUAM
MUAM is a modification of the Cologne Model of
the Middle Atmosphere developed at the Leipzig Institute

for Meteorology COMMA-LIM [Frohlich et al., 2003].
The main characteristics and physical processes consid-
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ered by MUAM have been described in [Gavrilov et al.,
2005; Koval et al., 2018a]. In particular, MUAM in-
volves parameterizing dynamical and thermal effects of
internal gravity waves [Gavrilov, 1997] and orographic
waves [Gavrilov, Koval, 2013]. At the lower boundary,
SPW amplitudes were set based on the geopotential
heights in the lower atmosphere for January averaged
over 2005-2014 from the Japanese 55-year Reanalysis
(JRA-55) [Kobayashi et al., 2015]. The horizontal grid of
MUAM has 36 nodes in latitude and 64 nodes in longi-
tude. The vertical grid has 56 levels corresponding to
altitudes to 300 km. In addition to the standard radiation
scheme used in the original model COMMA-LIM [Froh-
lich et al., 2003], MUAM involves parameterizing the
thermosphere heating due to EUV. Solar fluxes and ab-
sorption coefficients for each spectral interval were calcu-
lated by the model [Richards et al., 1994].

The main stages of MUAM initialization are described
in [Pogoreltsev et al., 2007; Koval et al., 2018a]. During
the first 120 days, the model uses only daily average heat-
ing rates. Then it employs daily variations in solar heating
and an additional prognostic equation for geopotential at
the lower boundary. This prognostic equation should meet
the lower boundary condition for waves generated by in-
ternal sources. Starting from the 300th model day, MUAM
takes into account seasonal variations in solar heating, and
the next 90 days are considered as peculiar to conditions in
December—February. A change in the initial day of the dai-
ly variations in solar heating in MUAM leads to a change
in phase of stratospheric vacillations of the zonal-mean
zonal wind and PW characteristics [Pogoreltsev, 2007].
Two ensembles of 16 runs of MUAM each (for high and
low SA levels respectively) were derived from the change
in the initial day of daily variations in solar heating and
prognostic equation for geopotential between the 120th and
135th days with a step of one model day [Koval et al.,
2018a, b]. Background conditions for all the model runs
were identical. Besides increasing the statistical signifi-
cance of the results, the averaging over 16 model runs al-
lows us to smooth out such extreme dynamical effects as
sudden stratospheric warming events, obtained from indi-
vidual runs.

Consideration of SA in the model

MUAM involves parameterizing the thermosphere
heating in EUV. The solar radio emission flux with a
wavelength of 10.7 cm (F 10.7) is utilized as an indica-
tor of SA in the MUAM radiation block. F10.7 features
the cyclicity with a period of the main 11-year solar
cycle [Tapping, 1987; Bruevich, Yakunina, 2015].
Changes in F10.7 correlate well with changes in Wolf
numbers [Vitinsky et al., 1986]. From observations
made during the last six solar cycles [http://sidc.be/silso/
datafiles] to characterize low, medium, and high levels
of SA, F 10.7 values equal to 70, 130, and 220 sfu (1
sfu = 10" 2 W/(m?® Hz)) respectively have been selected.
To study the thermospheric effects of SA, different
F10.7 values were specified in MUAM only above 100
km. Below 100 km, the calculations used a constant
value F10.7=130 sfu corresponding to the mean SA
level. This approach was used to isolate the thermo-
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spheric effect on dynamical processes in the atmos-
phere. To account for the impact of charged particles on
the neutral gas motion at ionospheric heights at different
SA levels, MUAM interpreted the geomagnetic torque
and ion drag indices, calculated for January in terms of
diurnal variations for all latitudes, longitudes, and 23
vertical levels above 100 km [Shevchuk et al., 2018].

Estimated statistical significance

To examine the statistical significance of the SA ef-
fect on amplitudes of long-period PWs, a paired Stu-
dent's t-test [Rice, 2006; Kobzar, 2006] applied to two
sets of amplitude values corresponding to high and low
SA was used. At each point of the latitude-height ampli-
tude distribution, a hypothesis was tested that the mean
values of the two datasets corresponding to high and
low SA differ. Note that the paired Student's t-test is
valid only if the datasets under study have a normal
distribution. To verify this, the goodness of fit x*, modi-
fied to check the normality of distribution [Kobzar,
2006], was applied.

RESULTS
Amplitudes of long-period PWs

Characteristics of PWs were calculated from geopoten-
tial height fields simulated in MUAM, with each model
run covering the same interval from mid-December to the
end of February being divided into five 15-day subinter-
vals. For each subinterval, PW amplitudes and phases were
computed using a Fourier series expansion in longitude.
This allowed us to estimate amplitudes and phases of PWs
with different zonal wave numbers and periods exceeding
15 days, referred to as long-period PWs in this paper. The
PW parameters were averaged over height-latitude clusters
containing nine adjacent points of the model grid, i.e. PW
amplitudes were calculated from 720 individual values at
each point in latitude and height (16 (runs) x 5 (subinter-
vals) x 9 (grid points)). This approach yielded statistically
significant differences of mean PW characteristics due to
SA effect.

Figure 1 (left panels) depicts latitude-height distribu-
tions of amplitudes of geopotential height variations (in
geopotential meters [gpm]), caused by long-period PWs
with zonal wave numbers m=1+4 (PW1-4, a—d respec-
tively) at high SA, which are averaged over 720 values
for an altitude range 0-270 km.

The structure of the distribution of the simulated PW
amplitudes is generally consistent both with satellite
observations (e.g., [Forbes et al., 2002; Mukhtarov et al.,
2010]) and with our previous calculations [Koval et al.,
2018b]. Some deviations from the observed distribu-
tions of PW amplitudes in the high-latitude lower ther-
mosphere may be attributed to the absence of parame-
terization of the auroral thermosphere heating in
MUAM due to dissipation of energy, released during
solar wind — Earth’s magnetosphere interaction. The
long-term PWs are generated in the lower atmosphere
and propagate upward. Figure 1 (left) shows that below
90 km PW amplitudes are higher in middle and high
latitudes of the Northern Hemisphere. This is due to the
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Figure 1. Latitude-height distribution of amplitudes of ge-
opotential height (gpm) variations caused by long-period PWs
with zonal wave numbers 1-4 (a—d respectively) at high SA
(left), and mean differences between PW amplitudes at high
and low SA (right) at 0-300 km. Solid contours indicate zero
values. Shaded areas are statistically insignificant differences
according to the paired Student's t-test

fact that in the Northern Hemisphere atmospheric circu-
lation flows in the winter stratomesosphere are east-
ward, whereas in the Southern Hemisphere the zonal
circulation changes its direction with height, thus creat-
ing barriers to PW propagation at heights, where the
wind changes sign [Charney, Drazin, 1961]. Above 80—
90 km, PWs can penetrate into the Southern Hemi-
sphere, propagating along waveguides [Koval et al.,
2018a, b]. With increasing wave number, the wave-
guides become narrow and PW propagation areas re-
spectively decrease, as PW amplitudes do. The SA-
driven changes to dynamical and thermal conditions in
the thermosphere cause PW amplitudes to change. The
mean differences between PW amplitudes at high and
low SA are shown in right panels in Figure 1. The most
significant differences between PW amplitudes are ob-
served above 100 km: SA increase generally leads to
their decrease to 50-60 %. The areas with statistically
significant data at the 5 % significance level are indicat-
ed by hatching. As we can see, these areas appear at
heights below 100 km. The statistical significance cal-
culation is described in the next section.
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Since this paper examines changes in characteristics
of long-period PWs in the middle atmosphere, caused
by SA changes at altitudes above 100 km, and the high
PW amplitudes in the middle atmosphere take place in
the Northern Hemisphere, in the following we will ana-
lyze PW characteristics in the Northern Hemisphere.

Estimated statistical significance

The statistical significance of the differences be-
tween simulated PW amplitudes at different SA levels
was calculated using the Student's t-test [Rice, 2006;
Kobzar, 2006]. Its correct application is, however, pos-
sible only if the datasets considered have a normal dis-
tribution. To check the normality of the amplitude sets,
the modified goodness of fit x*> was applied to each
point [Dahiya, Gurland, 1973; Kobzar, 2006].

By way of example, let us check the normality of the
PW amplitude set with m=1 at one point of the latitude-
height distribution (¢=62.5° N, h=8.4 km) during high SA.
We have a set of 720 amplitudes: 16 (MUAM runs) x 5
(time intervals from the mid-December to the end of Feb-
ruary) x 9 (adjacent points of the MUAM grid).

The mean of the dataset X and standard deviation s
are calculated from the formulas [Kobzar, 2006]:

1

s=4/d :J
(n-1)

where n=720 is the amount of the dataset under study;
d is the distribution variance; x; is the PW amplitude at
each point. In our case, X =171.04 gpm, $=74.63
gpm, d=5570 gpm?.

The dataset is divided into k=10 equiprobable inter-
vals, limits of the intervals are defined as

X+c¢s(i=0, .., 10),

> (% %),

i=1

M

)

and the coefficients c¢;, symmetric about zero, are taken
from Table [Dahiya, Gurland, 1973] for k=10.

Figure 2 presents histograms of all 720 PW ampli-
tudes of the set considered: for regular intervals (left)
and equiprobable intervals (right) calculated from For-
mula (2). In the left panel of Figure 2 is a well-defined
bell-like shape of the distribution corresponding to the
normal distribution, centered at X. The goodness of fit
% is calculated from the formula [Kobzar, 2006]

k
=53 me o, ®)
ni;

where m; is the number of members of the dataset,
which falls into the ith equiprobable interval. If

x> <d, of the critical value of the test statistics at the
given significance level, the hypothesis of normality of
the distribution of the dataset considered is accepted.
Table of critical values dg; is given in [Kobzar, 2006].
Calculate ¥ from Formula (3), obtain 3> =5.25.
According to the Table of critical values d;; [Kobzar,
2006], at the significance level a=5 %d_, =14.438.

Since x2<dcm, the distribution of amplitudes of long-
period PWs can be considered as normal.
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Figure 2. Histograms of 720 PW amplitudes at one point of
latitude-height distribution (¢p=62.5° N, h=8.4 km) constructed at
regular intervals (left) and equiprobable intervals (right)

The similar calculation for the amplitudes at low SA,
which has shown that the distribution is normal and the
calculated variance is similar, d=5551, allows us to
compute the statistical significance of the difference
between mean PW amplitudes, using the Student's t-test.

Due to the fact that we examine pairs of PW ampli-
tude sets taken at the same point at the same time under
identical initial and background conditions, in this paper
we use the paired Student's t-test for dependent sets of
raw data. The paired Student's t-test for dependent sam-
ples is calculated from the formula [Rice, 2006]

X,
t=—+—,
s,/
where X is the mean differences between correspond-
ing pairs of amplitudes for high and low SA, sq is the
standard deviation of these differences, n is the number
of pairs of values. Since the differences at nine adjacent
points of the MUAM grid can be correlated, the number
of degrees of freedom f = 79 (16 (MUAM runs) x 5
(intervals) —1).
The mean differences X, and the standard deviation

sq are calculated from Formulas (1) applied to the respec-
tive amplitude differences at each point. In our case,

n=720; )?d =9.01; s4=85.11. Substituting these values

into Formula (4), we get t=2.84. Next, at the given signif-
icance level a=5 % we determine the null hypothesis Hy
that the differences between mean PW amplitudes

X, =0, and the alternative Hy. X, # 0.

The calculated Student's t-test is compared with the
critical value of the t-test for the significance level o=>5
% [Doerffel, 1994]. Given f>60, ty=1.96. Since t>
tei, We can say that at the 5 % significance level the
hypothesis Hy is rejected and the hypothesis H; is accept-
ed, i.e. at the latitude-height distribution point of interest
there is a statistically significant non-zero difference
between mean amplitudes with a probability of 95 %.

Similar calculations have been made for all points of
the latitude-height distribution of differences between
amplitudes of long-period PWs due to SA effects.

(4)

PW amplitudes in the middle atmosphere of
the Northern Hemisphere

Figure 3 displays the amplitudes of geopotential
height variations calculated in MUAM, which were caused
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by long-period PWs in the Northern Hemisphere at high
SA (left) at 0-100 km, variations in PW amplitudes due to
SA-dependent changes in the thermosphere (center), as
well as the t-test calculated at each point (right).

Figure 3, a—d shows PW1-4. The black contour in
right and central panels denotes the critical statistical
significance level t.;=1.96. In central panels of Figure
3, statistically insignificant differences are hatched.

For a more detailed analysis of the model calcula-
tions of PW amplitudes, vectors of the Eliassen-Palm

flux (EP flux) are calculated F,, = (F°, F{?). For qua-

sigeostrophic conditions and log-isobaric vertical coor-
dinate the meridional and vertical components of the EP
flux (assigned to density) are computed from formulas
[Andrews et al., 1987]

F) = —acoscp(U'_V'),
- ©)
Fo) = af cosw(V'G')/ezy

where hatches denote disturbances caused by the PW
modes considered, u and v are the zonal and meridional
winds; z is the vertical coordinate; 0 is the potential
temperature; ¢ is the latitude; a is the Earth radius; f is
the Coriolis parameter. According to Formula (5), the
upward EP flux corresponds to the northward PW heat

flux m, and the southward EP flux matches the

northward PW momentum flux u'v'. Divergence of the
EP flux determines the acceleration of the zonal mean
flow generated by PW. Figure 4 shows EP-flux vectors
and their increments due to SA changes corresponding
to PW1-4, depicted in Figure 3.

As shown above, the maximum PW amplitudes oc-
cur at middle latitudes of the Northern Hemisphere. In
this case, the maximum PW amplitudes (Figure 3, a—d,
left panels) are matched by the southward and upward
maximum EP fluxes (Figure 4, left panels). Changes in
PW amplitudes below 100 km due to SA thermospheric
changes may run to 10-15 % (Figure 3, middle panels).
A significant difference of PW1 (Figure 3, a) from the
other PW modes is a decrease in the the amplitude in
middle and high latitudes and at altitudes above 40 km
during high SA. This decrease occurs with an increase
in PW amplitude at high latitudes in the thermosphere
(Figure 1, a, right panel).

Such behavior of PW1 can be explained by the fact
that at high SA most of the PW1 energy is transferred
from the middle atmosphere to the thermosphere, unlike
PW2-4 characterized by reflection gain at heights of the
lower thermosphere at high SA as compared to low SA.
This leads to an increase in amplitudes of these modes
in the middle atmosphere and their decrease in the
thermosphere. A similar effect was also observed in the
previous studies (e.g., [Lu et al., 2017]). In addition to
the effect of reflection, PW amplitudes are affected by
EP fluxes. The northward and downward vectors of EP-
flux increments correspond to deterioration of PW
propagation conditions at 40-70 km (Figure 3, a, d,
middle panels), which in turn leads to a decrease in
PW1 and PW4 amplitudes, whereas upward and
southward vectors of EP-flux increments correspond to
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Figure 3. Amplitudes of geopotential height (gmp) variations driven by long-period PWs with zonal wave numbers 1-4 (a—d
respectively) at high SA (left), differences between PW amplitudes at high and low SA (center), and values of the Student's t-test
calculated from 720 differences of value pairs (right) for the Northern Hemisphere at 0-100 km. Solid contours indicate zero
values. Solid contours in right panels correspond to the hatched areas in the middle ones and represent statistically insignificant

differences

improvement of PW propagation conditions, which
leads to an increase in PW amplitudes. Below 40 km, all
the above PW modes feature a gain to 5-10 % in middle
and high latitudes of the Northern Hemisphere at high
SA, which is caused particularly by an enhancement of
upward EP fluxes in these regions.

Calculation of the statistical significance for nonzero
differences in PW amplitudes (Figure 3, middle panels)
at a significance level of 5 % has shown that statistically
significant results have been obtained for most areas of
the distributions considered.

The analysis of PW phases has revealed a phase shift
up to 150° for PW1 at 80-100 km, which supports the
hypothesis that PWs propagate into the lower iono-
sphere not directly but either through excitation of sec-
ondary waves due to tidal dissipation [Lastovicka, 2006]
or through diffusion of mesospheric atomic oxygen in
the ionosphere [Pancheva, Lysenko, 1988].
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CONCLUSION

The model of the middle and upper atmosphere
MUAM has been used to carry out the numerical simula-
tion of the general atmospheric circulation at altitudes to
300 km. Amplitudes of geopotential height variations
caused by long-period PWSs have been calculated. On the
basis of two ensembles of 16 model runs, we have obtained
statistically significant results of calculations of SA-
dependent variations in PW amplitudes. To study the ther-
mospheric effect of SA in MUAM above 100 km, different
values of the solar radio flux with a wavelength of 10.7 cm
were set and geomagnetic torque and ion drag indices cor-
responding to different SA levels were integrated.

The numerical simulations have shown that the consid-
eration of SA increase for altitudes above 100 km leads to
a statistically significant decrease in amplitudes of long-
period PWs to 60 % in the thermosphere and to 10-15 %
in the middle atmosphere. A significant contribution to
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Figure 4. Vectors of the Eliassen-Palm flux (in m/s?) for
high SA (left) and flux increments due to SA change (right)
corresponding to PW1-4 in Figure 3. For clarity, the vertical
component is multiplied by 200

PW2-4 propagation at high SA is made by reflection of
PW energy at MLT heights, leading to an increase in the
amplitudes of these waves in the middle atmosphere of
the Northern Hemisphere and to a decrease in the ampli-
tudes in the thermosphere. The PW1 energy is transferred
from the middle atmosphere to the thermosphere, leading
to the attenuation of PW1 in middle and high latitudes of
the Northern Hemisphere in the middle atmosphere and
to their amplification in the thermosphere.

To gain a better understanding of PW propagation
conditions, EP fluxes corresponding to PWs have been
calculated. The amplification of upward and southward
EP fluxes is followed by an increase in PW amplitudes
in respective regions, and the attenuation of these fluxes
is accompanied by a decrease in PW amplitudes, partic-
ularly notable for PW1.
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The results show for the first time with a high degree
of statistical confidence that changes in dynamic and
thermal regimes of the thermosphere during SA changes
significantly affect characteristics of long-period PWs in
the middle atmosphere. PW propagation in the middle
atmosphere is materially affected by wave reflection at
MLT heights.

This work was supported by the Russian Science
Foundation (grant No. 18-77-00022).
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