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Abstract

Using a nonlinear model of the general circulation of the middle and upper atmosphere (MUAM), spatio-temporal
structures of planetary waves (PWs) during boreal winter were studied. Modeling of global atmospheric circulation
was performed for January—February. Despite the tropospheric PW sources shaped in the model, the phenomenon
of 16-day PW excitation arise out of internal atmospheric sources in the southern lower thermosphere was dis-
covered. To explain the observed phenomenon, a number of numerical experiments were carried out according

to different scenarios with a selective turning (on/off) tropospheric sources of PW individual modes (having periods
of 4-16 days) in the model. Also, the evolution of perturbed potential enstrophy for a 16-day PW, as well as the con-
tribution of nonlinear interactions between individual PW to it, was studied. This made it possible for the first time
to demonstrate explicitly the process of generation a secondary 16-day PW as a result of the nonlinear interconnec-
tion of 4-day and 5-day PWs.

Keywords Planetary waves, Atmospheric normal modes, Nonlinear interaction, Numerical simulation, Potential
enstrophy

*Correspondence:

Kseniia A. Didenko

didenko@izmiran.ru

Full list of author information is available at the end of the article

. ©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ SPrlnge]_‘ O pe n permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http//creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40623-024-02072-x&domain=pdf
http://orcid.org/0009-0001-7333-0022

Didenko et al. Earth, Planets and Space (2024) 76:124

Page 2 of 13

Graphical Abstract

16DW, January

16DW, February

Latitude,

z. km ‘db

120

o ] 100
120 - 1 A(62.5°S. 110km) 80
& " 60

> 1 . 40
80 - ] 30
25

o 1 2()
401 1 |('5
1-1

o ] 10
0 6

-90 -60 -30 0 30 60 90-90 -60 -30 O 30 60

90112
[atitude, '

1 Introduction

Planetary waves (PWs) cause the longitudinal variations
of atmospheric parameters. PWs represent periodic
changes in all hydrodynamic quantities, i.e., wind, tem-
perature, pressure, density, and are classified on the bases
of the temporal and spatial scales. PWs are formed due
to the latitudinal gradient of potential vorticity and are
characterized by different zonal wave numbers (an inte-
ger of waves that fall on the circle of latitude). Transfer-
ring energy and momentum, while propagating upwards
from their sources, PWs significantly affect the general
atmospheric circulation, temperature mode and compo-
sition throughout the entire layer of the middle and upper
atmosphere reaching by its influence the mesosphere and
lower thermosphere heights, and are also a foundational
aspect of atmospheric meridional circulation in extra-
tropical region (Haynes et al. 1991; Holton et al. 1995).
The propagation of PWs during boreal winter due to the
increase in wave activity contributes to the formation of
specific types of atmospheric phenomena such as sudden
stratospheric warming (SSW) (Nath et al. 2016; Baldwin
et al. 2021) when interacting with the general circulation.
PWs are also an important link in transmitting a signal
from a quasi-biennial oscillation of the equatorial zonal
wind (QBO) (Koval et al. 2022) and/or from El Nino
Southern Oscillation (ENSO) (e.g., Ermakova et al. 2019)
up to the polar latitudes.

Another important outcome of the planetary waves’
upward propagation, accompanied by an increase in
their amplitudes complimented by an atmospheric den-
sity decrement, is the occurrence of various nonlinear

processes. Generation of secondary planetary waves,
through nonlinear interconnections of waves and waves
with the mean flux is an example of such processes.
Numerous studies of PWs (see, for example, Jacobi et al.
1998; Pancheva 2000; Forbes and Zhang 2017; Forbes
et al. 2020; He et al. 2020) including atmospheric tides
showed the existence of secondary waves, which are
the sum or difference of waves rallied into nonlinear
interconnections. It was shown that the mechanism of
atmospheric tides modulation as an effect of nonlinear
interconnections of the atmospheric solar tide and the
PW is a quadratic nonlinear process (Teitelbaum and Vial
1991). This theory was applied to the study of interac-
tions between such waves having a large or global scale as
atmospheric normal (resonant) modes (NMs) and Rossby
waves in Pogoreltsev (2001); He and Forbes (2022).

The idea of wave interactions as a quadratic nonlinear
process was proposed by Smith (1983) and further devel-
oped by Pogoreltsev (2001) and Didenko et al. (2022) to
describe the variability of the squared potential vorticity
(or enstrophy) in stratosphere of the Northern Hemi-
sphere during its winter. Planetary waves’ amplification
in the troposphere, the lower stratosphere, accompanied
by variations in wind fields through which PW propa-
gates, leads to the SSW onset. Potential vorticity trans-
fer process between waves occurs to provide the energy
balance or the potential enstrophy balance under the
evolution of such extreme events. The previous studies
have demonstrated the need to analyze nonlinear wave
interactions along with the interactions of waves with the
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mean flux through the SSW studies (Labitzke and Kunze
2009; Pogoreltsev et al. 2015).

In recent work by Koval et al. (2023), a description of
simulation experiments during the initialization of the
model for boreal winter conditions (January—February)
is presented and the formation of atmospheric global cir-
culation, taking into account the comparative contribu-
tion of different modes of planetary waves is defined. The
results allowed quantifying how various hydrodynamic
fields, in particular, zonal wind and temperature, respond
to the inclusion of various PW sources in the model of
the general circulation MUAM. The mode choice under
the boreal winter conditions was imposed by the well-
known fact that PWs wave activity increase during this
period: PW waveguides are localized in the atmosphere
areas where the difference between the wave phase veloc-
ity and the wind speed is positive, according to the for-
mula for refractivity index (e.g., Albers et al. 2013). That
is why winter background conditions with westerly winds
in the stratosphere are favorable for the PW propaga-
tion. However, it was in the Southern (summer) Hemi-
sphere that the effect was found when analyzing model
runs, showing the unexpected generation process of
the 16-day wave as a result of the internal atmospheric
sources influence, although tropospheric sources of this
wave were not specified in this run. The purpose of this
work is to study the reasons for this wave arising, as well
as to evaluate the efficiency of the quadratic nonlinear
process of secondary PWs generation in the middle and
upper atmosphere. The transfer of eddy potential enstro-
phy between wave modes during the development of
nonlinear wave processes was taken into consideration to
explain the observed effects.

2 Methods and approaches

2.1 The MUAM model

A number of numerical experiments were carried out
with the Middle and Upper Atmosphere Model (MUAM,
Frohlich et al. 2003; Pogoreltsev et al. 2007; Koval et al.
2022) to study the global and the regional circulation of
the atmosphere and the planetary waves’ impact thereon.
MUAM as a nonlinear three-dimensional mechanistic
model allows simulating the general circulation in the
atmospheric region from the surface to the levels of 300—
400 km, that is, to the ionospheric heights of the F2 layer.
Currently, the model keeps developing, a parameteriza-
tion of atmospheric heating rates due to the release of
latent heat, which takes into consideration as daily and
longitude variations and the El Nino—Southern Oscil-
lation (ENSO) phase relation has been included (Erma-
kova et al. 2017). Special attention in the model is given
to atmospheric wave dynamics. This enables the middle
and upper atmosphere processes of interconnections of
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waves with the mean flux, as well as the role of PW in the
propagation of various external influences (QBO, ENSO,
variations in solar activity, etc.) on global spatial scales to
be complete investigated (Gavrilov et al. 2018; Medve-
deva et al. 2019; Koval et al. 2018a; 2022; 2023). The abil-
ity both to analyze the amplitudes of planetary waves and
to link these waves with different sources of origin is one
of the MUAM advantages. Four-dimensional fields (time
step is 2 h) of geopotential, three components of wind
speed vector and temperature are the main parameters
calculated by the model.

Horizontal resolution in latitude and longitude of
MUAM as finite-difference model is 5°X5.625°, respec-
tively. Using pressure scale height—H, the surface
pressure—ps, pressure in hPa—p, a dimensionless log-
isobaric vertical coordinate or height can be obtained
by the formula x=—-Hlin(p/ps). While the upper bound-
ary varies from 135 to 300-400 km depending on solar
activity and thermospheric temperature, the quantity of
vertical levels is also ranging (48—60 levels). The Mar-
chuk-Strang technique of splitting (Strang 1968) is used
to solve prognostic equations, and the Matsuno scheme
(Matsuno 1966) is used for the integration in time with
a time-step of 225 s. The model with 56 vertical levels
version spanning an atmosphere vertical region from the
surface to about height of 300 km is used in the current
work.

The MUAM has radiation module which uses several
parameterizations such as varying over days and sea-
sons atmosphere heating and cooling. The first one takes
into account the ultraviolet and visible spectral bands
(125-700 nm), the second one is the 8, 9.6, 14 and 15 um
infrared bands. Additional dynamic heat sources, para-
metrization of molecular as well as turbulent viscosity,
ion drag, and thermal conductivity are also involved in
the lower thermosphere of the model. Planetary waves
can be excited at the lower boundary of the model cor-
responding to the Earth’s surface. Tropospheric changes
such as cloudiness and weather conditions are not mod-
eled. The MUAM make allowance for three parameteri-
zations of gravity waves (GW). Different phase velocities
GW, specifically orographic waves are included.

The model can simulate planetary waves such as station-
ary planetary waves (SPWs), the eastward waves, defined
as Kelvin waves, westward travelling atmospheric normal
modes (NMs) (Pogoreltsev et al. 2014). To simulate vari-
ous PWs the heat balance equation is modified with the
additional terms of the form of time-dependent sinusoidal
harmonics. The zonal wavenumbers m of these harmonics
are 1 and 2; periods are matching to simulated PWs. The
method given by Swarztrauber and Kasahara (1985) for
Hough functions is used to adjust the latitude structures
of NM units. Thuswise, atmosphere reacts to the wave
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influence at low boundary and the periods of this reaction
are resonant and equal to the NMs periods (Pogoreltsev
1999). When conducting model experiments, (1,1), (1,2),
(1,3), (2,1), and (2,2) NMs in the Longuet-Higgins classi-
fication (1968) were considered. Under ideal conditions in
a non-dissipative atmosphere and in the absence of back-
ground wind, these normal modes correspond to waves
with periods of 5, 10, 10, 4, 7 days, respectively. But in the
real atmosphere, in the presence of external factors, such
as the dissipation and inhomogeneous stratification, the
spectra of PW are blurred and shifted from the classical
behavior (this is clearly shown in figures showing wavelet
spectra below). Therefore, when designating such waves,
the prefix “quasi” is often used. For example, in the works
of Yamazaki & Matthias (2019); Yamazaki et al. (2021) it
was shown that the period of PW may vary when meas-
ured at different latitudes, and the mean period of 4-day
PW is 3.8+ 0.4 days. For simplicity, we do not use the pre-
fix “quasi” The NMs sources specified in the MUAM give
the amplitudes of the modeled waves comparable to those
observed in the stratosphere (Pogoreltsev et al. 2009).

2.2 Settings of the model run experiments

In Koval et al. (2023) work, MUAM numerical experi-
ment is described. It implied a series of model runs which
were conducted for January—February conditions to eval-
uate variability of the global circulation as a response of
various wave components influence. Ultrafast wave with
period of about 3.5 days, zonal number m=1 (Kelvin
wave) travelling to the east; NMs with periods of about 5,
10, 16 days (m =1) and with periods of about 4 and 7 days
(m=2) travelling to the west were considered. Geopoten-
tial height fields were expanded into the four harmon-
ics (m=1-4) with the longitude-time Fourier expansion
to obtain the PW amplitudes. Then the least squares
approximation to the given oscillation periods was car-
ried out.

The conducted model experiments differed by turning
on/off the studied PW sources, i.e.,, model run No.1 (a
reference run) was realized to calculate the atmospheric
circulation with the integration of all considered PWs
sources. The other runs implied the tuning off the indi-
vidual waves sources (Koval et al. 2023). Comparison of
the amplitudes variations in the geopotential height (the
run No.1) for each wave with the amplitudes of the same
waves according to the results of the model experiment
with the wave source switched off showed the omission
of waves excitation in the model middle atmosphere, and
the PW amplitudes with the sources switched off could
be considered as a numerical noise. Such a conclusion
was valid with respect to the Kelvin wave and all NMs
with the exception of the 16-day PW. It was shown that
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a 16-day PW in the southern lower thermosphere (about
62.5° S; 110 km altitude) existed independently of the
tropospheric source. The largest amplitude variations in
geopotential height reach 15 m during the switching off
the wave source in the troposphere, whereas it is about
24 m for the turned-on case. Thus, a phenomenon of
16-day PW excitation by intrinsic model atmospheric
sources was revealed. The presented below nonlinear PW
interaction mechanism, capable of generating secondary
PW, was considered to interpret this effect.

2.3 Nonlinear interaction of atmospheric waves
PWs exhibit their spatial inhomogeneity while propagat-
ing in nonlinear systems such as the atmosphere. The
waves nonlinear influence each other, generate secondary
waves and interact with the mean flow. One of the ways
to study such influences and interactions, taking into
account the generation of secondary PW, is to study the
pertubed potential enstrophy, which is the potential vor-
ticity squared. The balance equation of the eddy potential
enstrophy is obtained from to the conservation equation
of potential vorticity, while various variants of the poten-
tial vorticity are possible. For instance, potential vorticity
for the case of quasi-geostrophic approximation was used
to obtain the quasi-geostrophic eddy potential enstrophy
equation in early papers (Smith 1983). Subsequently, for
example, in Pogoreltsev and Sukhanova (1993), it was
noted that the use of quasi-geostrophic quantities and
approximations is not always justified, in particular while
modeling stationary PWSs. Vanishing of the geopotential
(or pressure) disturbances at the equator is the conse-
quence of quasi-geostrophic approximation using, which
in turn leads to total isolation of the hemispheres while
modeling, since there is no exchange of wave energy
between the hemispheres. An Ertel’s potential vorticity
is used in this work to obtain the eddy potential enstro-
phy equation. Such a vorticity, unlike quasi-geostrophic
potential vorticity, is a dynamic quantity describing both
dynamic (vorticity) and thermodynamic (potential tem-
perature) properties (Haynes and Mclntyre 1987) and is
implied the quasi-geostrophic approximation rejection.
Recently, Didenko et al. (2022) presented a transforma-
tion of the pertubed potential enstrophy equation for a
detailed specification of the potential enstrophy balance
and analysis of nonlinear wave processes. The common
form of the eddy potential enstrophy balance can be con-
ceived as:

- 1 . —
1 - —P’(V’- VP’) — —div (popp’v’>
(0]
P (1)
= — —( = J—
_p(V.Vp +P(v : vp/) 1Py
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Here P is the Ertel’s potential vorticity; V —wind vector
which includes zonal, meridional and vertical compo-
nents; S presents terms describing the additional contri-
butions to the momentum equation and diabatic outflows
and inflows; pg is the density being a height-dependent
function only. The lines at the top means zonally aver-
aged components and the primes define the deviation
from the zonally averaged values or perturbations.

In Smith et al. (1984) and White et al. (2015) works,
the Eq. (1) left side terms described as a measure of wave
activity time variations or wave transience. The terms
responsible for the nonlinear interactions between plan-
etary waves, the divergence and advection of potential
enstrophy flux, nonlinear interactions between planetary
waves and mean flux, the dissipation are defined the right
part of the Eq. (1).

In this context, any perturbation in Eq. (1) with wave-
length A, frequency  and phase ¢ is approximated by
the zonal harmonics sum with m from 1 to infinity. For
example, the disturbance of the Ertel’s potential vorticity:

Pr= Z (Pyccos(ml. — ot — @)
= (2)

+P,ssin(mld — wt — ¢)).

Since Eq. (1) describes various nonlinear processes,
including interactions between PWs, the generation of
secondary PW when obtaining the equation of eddy
potential enstrophy for individual wave modes are also
should be considered. When a signal representing two
cosine/sinuous waves with m numbers and » frequen-
cies (ml, wl) and (m2, w2) get through some quadratic
system come out to be nonlinear, the signal at the sys-
tem’s output will be a secondary wave (2mI, 2wl), (2m2,
202), (ml-m2, wl-w2) and (ml+m2, wl+w2). Using
the numerical modeling results of NMs, the contribu-
tion from both nonlinear interactions between PWs and
nonlinear self-interactions were shown by Pogoreltsev
(2001). This theory is used in this work with a view to cal-
culate explicitly the eddy potential enstrophy variations
of the wave with a 16-day period during January—Febru-
ary, as well as the contribution made to this change by
the nonlinear interactions of other PWs.

To test the feasibility of modeling wave structures in
MUAM, data from the EOS MLS (The Earth Observing
System Microwave Limb Sounder) instrument onboard
the Aura satellite (Waters et al. 2006) and The Modern-
Era Retrospective analysis for Research and Applica-
tions, Version 2 (MERRA-2, Gelaro et al. 2017) were
used. To obtain values at regular grid nodes, correspond-
ing to MUAM, the spatially irregularly distributed MLS
remote sensing data are interpolated using the natural
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neighbor method onto a grid with a spatial resolution of
5° x 5.625° (latitude and longitude, respectively) for each
pressure level. The geopotential height long-time matri-
ces at fixed latitude are subjected to Fourier transform to
obtain time series of individual zonal harmonics ampli-
tudes and phases (Yamazaki 2023). Further, the time
series of amplitudes and phases of the westward and east-
ward propagating planetary waves are obtained using the
complex Morlet wavelet transform (Torrence & Compo
1998).

3 Results
3.1 Amplitudes of planetary waves in January

and February
An amount of numerical experiments were implemented
with the MUAM for various scenarios with selective
switching on/off of tropospheric sources of individual
PW modes with periods of 4—16 days (see Koval et al.
2023), to explain the observed effect of 16-day PW gen-
eration in the lower thermosphere of Southern Hemi-
sphere. Figure 1a shows the amplitudes of the 16-day PW
averaged over January (left panels) and February (right
panels) according to the MUAM results with all the con-
sidered waves’ sources included. Grey lines determine
the structure of the waveguide. The waveguide of the PW
concept characterizing atmospheric regions where the
profiles of background wind and temperature contrib-
ute to propagation of PW was proposed by Dickinson
(1968). Later, Matsuno (1970) introduced the zonal-mean
refractivity index squared with respect to the quasi-geo-
strophic approximation under the assumption that the
strongest propagation of a PW occurs in areas with major
positive index values, and wave attenuation in its nega-
tive values. The regions of the positive refractive index
are located equatorward from the specified contours. In
general, the distribution of the structure of the 16-day
PW is typical for the winter season: the maximum ampli-
tude is achieved in the winter stratosphere, while in the
southern stratosphere there is a barrier to wave propa-
gation associated with a strong easterly wind. In this
region in Fig. 1a, the region of negative refractive index is
prominent. In the mesosphere, the wind turns eastward,
a waveguide appears again, and the wave propagates into
the lower thermosphere and above in both hemispheres.
The simulated distribution of zonal mean zonal wind
from the relevant MUAM model run is presented in
Fig. 3 of Koval et al. (2023).

The PW structure corresponds to reanalysis data, sat-
ellite, radar observations (Pancheva et al. 2008, 2010;
Forbes and Zhang 2017; Pedatella and Forbes 2009;
Huang et al. 2017) and previous studies of general cir-
culation of the atmosphere and its wave components
(e.g., Gavrilov et al. 2018; Koval et al. 2018a). For a more
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Fig. 1 Amplitudes of the 16-day PW. Geopotential height variations (m) caused by the 16-day PW averaged over January (left panels) and February
(right panels): a MUAM simulations with included sources of all PWs. Grey contours show borders of waveguides, that are located equatorward
from the gray lines; b 16-day PW source switched off; ¢4, 5 and 16 days PWs switched off

detailed analysis of the possibility of PW modeling in the  spectra of PW according to MUAM data, satellite remote
MUAM model, in the “Discussion and summary” section  sensing and reanalysis. In addition, a comparison was
a comparison is also made of the constructed wavelet —made for 16-day variations in PW amplitudes of various
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hydrodynamic fields (except for geopotential height)
according to the model data (Koval et al. 2018b), as well
as those presented in the work of McDonald et al. 2011;
Gong et al. 2019 and Li et al. 2021 show good agreement.

It can be concluded that the MUAM data are consist-
ent with the data from the above studies, and it reliably
reproduces the observed PW amplitudes.

Figure 1b shows similar distributions of 16-day PW
amplitudes, but for a model scenario with the tropo-
spheric source of this wave turned off. There is an area
marked with a red dot where the 16-day wave is observed
regardless of the source in the troposphere in February
(Fig. 1b-right panel). Thus, it is obvious that in Febru-
ary in the Southern Hemisphere lower thermosphere the
westward propagating 16-day PW amplitude decreased
by only 10% when the source of the wave was turned off.

Due to the amplitudes maxima of 4 and 5-day waves in
the southern lower thermosphere in the MUAM, it was

a) 4DW, January
z, km

1401
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suggested that the essential source of the 16-day wave in
this region at the same heights as the area marked with a
red dot (see Fig. 2) is the nonlinear interconnection of 4
and 5-day waves.

The generation of a 16-day PW as a result of nonlin-
ear interactions of a 4- and 5-day waves’ assumption is
explained by the theory of secondary PW occurrence
described in the previous section. According to the the-
ory, interacting of two waves results in a secondary wave
with the zonal wave number m and frequency which can
match with the sum or difference of the parent waves. As
was mentioned above, the sources of 4-, 5- and 16-day
waves (zonal wave number m=2, 1, 1, respectively), with
periods of 90, 120 and 360 h, which conforms to fre-
quencies 3.09, 2.3 and 0.7 (10— 6 Hz), are the additional
terms in the MUAM heat balance equation. Periods and
frequencies values are justified by the fact that PW are
characterized by a strong quasi-periodicity, i.e., the data

4DW, February
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Fig. 2 Amplitudes of the 4 and 5 days PWs. Geopotential height variations (m) caused by the 4 and 5 days PWs (a, b, respectively) averaged
over January (left panels) and February (right panels). Grey contours show borders of respective waveguides (positive refractive indices), that are

located equatorward from the gray lines. Note that the color scale is uneven
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contain nonstationary power at many different frequen-
cies (Pogoreltsev 2007). Therefore, the wave number and
frequency of a 16-day PW is the difference between the
wave numbers and frequencies of 4- and 5- day waves.
Considering the 16 day wave method generation, the
Eq. (1) of eddy potential enstrophy for this PW can be
represented as:

—2
197,

— _—p (vi.vp)—pP (Vi.vp
2 at - 16 4 5 16 5 4

L Spr 17 (. op 3)
— —div| poPPiVig | — P\ V - VP
po

> S -
+P(Vi- VPlg) + PiS],

where the subscripts are the wave periods in days. It
follows from Eq. (3) that the change in the 16-day PW
wave activity (the left part term of the equation) is deter-
mined by nonlinear interactions between the waves (the
first two terms in the right part), divergence and advec-
tion of the potential enstrophy flow (the third and fourth
terms in the right part), interaction of the 16-day PW
with the mean flow and dissipation (the fifth and sixth
terms in the right part).

Figure 2 shows amplitude distributions of 4- and 5-day
PWs averaged over January (left) and February (right)
calculated for a scenario with the sources of these waves
included. We consider wave amplitudes in region (62.5°
S; 110 km altitude) marked by red dot in Fig. 1b. Fig-
ure 2a shows the increase of wave amplitudes in February
relative to January in the region under consideration. The
amplitudes of the 5-day wave here rise by 2 times, and
the 4-day wave by 8 times.

The structures of westward propagating NMs are sub-
ject to strong temporal (as well as interseasonal, see
“Discussion and summary”) variability. Figure 2a dem-
onstrates, in particular, that in the southern lower ther-
mosphere there is an intensification of the 4- and 5-day
wave in February. This may be explained by the variabil-
ity of the background wind fields. In particular, the speed
and direction of the wind in the stratosphere determines
the structure of the waveguide along which the wave
propagates upward. Figure 2 shows that the waveguide
is located closer to the equator and is limited by gray
contours. It can be seen that in Fig. 2a in January in the
southern stratosphere, the waveguide is interrupted,
according to the refractive index formula (Albers et al.
2013), as the easterly jet stream in this area surpasses
the phase velocity of the 5-day wave (see also discussion
in Koval et al. 2018b). And for the 4-day PW (Fig. 2b) in
January, the waveguide region in the stratosphere is nar-
rower than in February.
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The MUAM run with the sources of three waves (4-,
5- and 16-day PW) turned off was carried out to verify
indirectly the assumption of 16-day wave generation
through the nonlinear interaction of 4- and 5-day PW.
Figure 1c shows the amplitudes of the 16-day PW based
on this model scenario for January and February. Indeed,
the amplitudes of the 16-day wave almost disappear both
in January and February in the considered lower ther-
mosphere region of the Southern Hemisphere when all
three sources are turned off. Thus, the effect of 16-day
PW generation, shown in Fig. 1b, by 4- and 5-day waves
is confirmed. In the next subsection, we demonstrate the
interaction of these primary waves through the balance
equation of the perturbed potential enstrophy.

3.2 Eddy potential enstrophy variations of the 16-day PW
The terms in Eq. (3) were calculated using the hydrody-
namic quantities fields obtained from the MUAM run
with switched off source of the 16-day wave when the
wave was observed regardless of its tropospheric source
(Fig. 1b). Calculations were carried out for January and
February, at 110 km altitude and results were averaged
over 52.2°— 67.5° S latitudinal band. Figure 3a shows
the calculating results of the potential enstrophy evolu-
tion of the 16-day PW, i.e., the left part of Eq. (3) term.
The oscillation of the eddy potential enstrophy with of
about 16-days period equivalent to the period of the wave
under consideration is clearly distinguishable. The sum of
the second and third terms of Eq. (3) corresponding to
the nonlinear interactions between 4- and 5-day PW pro-
vided the generation of the 16-day wave, which is deter-
mined as a secondary, is shown in Fig. 3b. The units are
10"*(kg-m~%)2PVU?/day, where 1PVU (potential vorticity
unit) =107% K-m*kg1.s7%.

Figure 3a shows that the change in wave activity defin-
ing in the evolution of 16-day wave eddy potential enstro-
phy starts in early February with a maximum on February
26. Such a behavior of wave activity is in agreement with
the previously obtained results presented in Fig. 2 as con-
cerning to 4- and 5-day waves maximum amplitudes in
February. Beyond that, the values presented in Fig. 3b
are comparable to the values in Fig. 3a. This allows us to
conclude that the change in wave activity of the 16-day
wave is basically due to nonlinear interactions between
the planetary waves under consideration. The genera-
tion of secondary PW also begins in early February with
maximums observed during the period from February
15 to February 23. The contribution of terms responsi-
ble for the interaction of 16-day wave with the mean flux,
divergence and advection of the eddy potential enstrophy
flow balance and, as a consequence, to the wave activ-
ity variations is not significant. The most obvious exam-
ples to illustrate are the calculation results of 16-day PW
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interaction with the mean flow in Fig. 4. These results are
obtained for the same area as in Fig. 3. The contribution
of wave-mean flux interaction is also increasing in Febru-
ary, but the values shown in Fig. 4, less by several orders
of magnitude.

The comparison of results in Figs. 3 and 4 demonstrates
that both the wave activity variations of the 16-day PW
and their maximum values are due to the nonlinear inter-
connection between PW. Moreover, the mean flow does
not affect variations in wave activity.

4 Discussion and summary

In the previous study (Koval et al. 2023), a numerical
simulation was carried out implying the initialization of
the three-dimensional nonlinear mechanistic numerical
model of the global circulation of the middle and upper
atmosphere MUAM for January—February dynamic
conditions. The obtained hydrodynamic fields and their
further numerical processing made it possible to evalu-
ate the relative contribution of various planetary waves’
impact to the thermodynamic regime and its variations
in the atmospheric layers up to the heights of the thermo-
sphere. The scenarios of the model experiment implied
switching on/off the individual PW sources, which are
specified in the MUAM. Despite the tropospheric PW
sources shaped in the model, the phenomenon of 16-day
PW excitation arise out of internal atmospheric sources
in the southern lower thermosphere was discovered

6E-008

4E-008

2E-008

Wave-mean flow interacton

-2E-008

-4E-008
0 10 20 30 40 50 60

Model day

Fig. 4 The term in balance equation of perturbed potential
enstrophy. The term responsible for 16-day PW-mean flux
interactions in the balance of the eddy potential enstrophy equation
at 52.2°-67.5°S, 110 km during January-February. Units are
10"%(kg-m~3)%PVU?/day, where 1PVU=10"° Km2kg'-s.”"

during the experiment. The study of this phenom-
enon formed the basis of the current study. The results
of numerical modeling with switching off the sources
of various PW modes showed that the mechanism of
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secondary 16-day PW observed in the region of lower
thermosphere excitation is 4- and 5- day PWs nonlinear
interconnections.

To confirm this fact and to demonstrate explicitly the
interaction of the 4- and 5-day waves leading to sec-
ondary 16-day PW generation, the equation of the eddy
potential enstrophy balance was modified for 16-day PW,
taking into account the nonlinear interaction of primary
waves. Consideration of this equation terms allowed to
demonstrate explicitly the generation of 16-day PW with
a zonal wave number m =1, in response to the nonlinear
interconnection between a 4-day PW with a zonal wave
number m=2 and a 5-day PW with a zonal wave num-
ber m=1. The calculation results showed that the terms
related to nonlinear PW generation in the eddy poten-
tial enstrophy equation are dominant in the 16-day PW
activity variations. Moreover, the maximum changes
are detected in February, when the 4- and 5-day wave’s
amplitudes also reach their maximum values in the
observed region.

A natural question arises: what is the realism of the
meteorological fields reproduced by MUAM in general
and PWs in particular. This question has already been
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20

a) 0

I
AN
,_>: 100
© 151 :120
i\h
E K?* 120
%{éo
el
[e]
o
&
[
[oN

20
104 W

5 =20 20
[a——N —_—

Page 10 of 13

discussed many times in previous studies: when compar-
ing modeling data with observational data (e.g., Medve-
deva et al. 2019; Koval et al. 2018b; 2022). It was shown
that the MUAM satisfactorily reproduces the wind, tem-
perature and spatiotemporal structure of PWs. In this
study, we decided to expand the comparison and con-
structed wavelet spectra of PWs propagating westward
according to MUAM simulation, also according to MLS
and MERRA-2 data. Figure 5 shows examples of such
spectra, calculated in the region of maximum amplitudes
of the 16-day PW (as shown in Fig. 1a, this is 62.5° N
and 60 km altitude). Left panels show spectra according
to MERRA-2 data for different years (Fig. 5a, b, ¢: 1990,
2013 and 2018). Right panels show similar distributions
for different MUAM runs. Figure 5d corresponds to the
MUAM run used in this study (when all PW sources are
included). Figure 5e and f represents the MUAM runs
used in studying the influence of the QBO on the atmos-
pheric circulation (Koval et al. 2022). The sources of
waves in the model are the same, the difference between
the simulations is only in the presence of a procedure
for nudging the zonal wind to the easterly (Fig. 5e) and

Amplitude PW1 in geopotential height (m), 60 km, 62.5° N, MUAM
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westerly (Fig. 5f) QBO phases, which is described in the
corresponding article.

From Figs. 5a, b, ¢, a strong variability of PW ampli-
tudes is visible, both temporal and interannual one,
observed according to MERRA-2 data. We performed
similar calculations of wavelet spectra using MLS data
(see the “Methods and approaches” section). Figures
with MLS data are not presented here, because they are
generally similar to the MERRA-2 for the corresponding
time intervals. Figure 5d, e, f demonstrates that MUAM
reproduces interannual variability: here it is interpreted
as the difference between runs (ensembles of simulations
are built on this principle when analyzing climate data,
e.g., Pogoreltsev et al. 2007). The amplitude values of the
simulated PWs also correspond to reanalysis and satellite
remote sensing data.

In addition, we compared the spectra of geopotential
height variations in the region of southern lower thermo-
sphere, in which the process of generating a 16-day wave
was considered (marked with a red dot in Fig. 1b). For
comparison, only MLS data at 100 km altitude were used
here. Spectra constructed for different years also show
significant interannual variability. Figure 6a, b shows
examples of wavelet spectra in the winter of 2020-2021,
for PWs with zonal numbers 1 and 2, respectively. Fig-
ure 6¢, d represents similar distributions according to the
model—for the run studied in this article. Although the
amplitude values in the Fig. 6 are very different, the simi-
larity of the general structure of oscillations is important
here: in Fig. 6a, ¢ (wave number 1) we see in February
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maximums at periods close to the 5- and 16-days, and
in Fig. 6b, d (wave number 2) we see the maximum close
to the 4-day wave. This, on one hand, demonstrates the
feasibility of coexistence in the real atmosphere of NMs
with the periods under consideration. This may indirectly
indicate the generation of a 16-day wave by the mecha-
nism considered in this study. On the other hand, this
demonstrates the realism of the oscillations modeled in
MUAM.

PW propagation and secondary PW generation, as a
result of nonlinear interactions, play an essential role in
the formation of the Earth’s and other planets dynamic
regime, as well as in the intercoupling of atmospheric
layers, including the atmosphere—ionosphere cou-
pling. As was shown in present study, wave interac-
tions can significantly influence the development of
wave motions, therefore, further investigations in the
direction of nonlinear PW effects should throw a great
deal of light on the solution of the above-mentioned
problems. In addition to the generation of a second-
ary 16-day wave, which is the difference in frequencies
and wave numbers of 4- and 5-day waves, the model
also generates a secondary 2-day wave (the sum of fre-
quencies and wave numbers of these waves) despite the
absence of a separate 2-day wave source in the MUAM.
At the same time, its spatial structure coincides with
the structure of 4- and 5-day waves, and an increase in
its amplitude in February is also noticeable, coinciding
with the strengthening of primary waves. However, due
to the fact that 2-day wave is not always secondary and
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tends to intensify in February, a more detailed study of
this wave is a subject for future research.

Abbreviations

MUAM  Middle and upper atmosphere model
PW Planetary wave

SSW Sudden stratospheric warming

QBO Quasi-biennial oscillation

ENSO El'Nino Southern Oscillation
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SPW Stationary planetary wave

PVU Potential vorticity unit
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