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Abstract

A sudden stratospheric warming (SSW) event in the Antarctic region occurred in September 2019. During the SSW event,
the quasi 6-day wave (Q6DW) was enhanced in the mesosphere, and strong 6-day oscillations are observed in ionospheric
parameters, such as the equatorial electrojet (EEJ) and electron density. The 6-day variation in the EEJ has a westward—
moving structure with the zonal wavenumber 1, indicating the influence of the Q6DW. In this study, we investigate the excitation
mechanism of the 6—day variations in the EEJ and electron density using numerical simulations. The main results are as follows.
The 6—day variations in the ionosphere are not generated by the Q6DW, but generated by the waves with periods from 10
to 14 hours. The amplitude of the 10-14 hour waves is modulated with a period of 6 days, due to the nonlinear interaction
between the Q6DW and migrating semidiurnal tide. This leads to the 6-day variations in the EEJ and electron density through
the E-region dynamo process. At a fixed local time, the secondary waves generated by the Q6DW-tidal interaction produce
westward-moving ionospheric 6-day variations with zonal wavenumber 1, which cannot be distinguished from the ionospheric
variations by the Q6DW itself. The interference of secondary waves leads to a longitudinal asymmetry in the magnitude of the

ionospheric 6—day oscillation.
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Key points:

(1) We examine ionospheric 6-day oscillation during the September 2019 SSW event
using GAIA simulations.

(2) The 6-day oscillation is not generated by the 6-day wave but generated by 10-14
hour waves.

(3) The nonlinear interaction between the 6-day wave and tides leads to a 6-day

modulation of the 10-14 hour waves.
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Abstract

A sudden stratospheric warming (SSW) event in the Antarctic region occurred in September
2019. During the SSW event, the quasi 6-day wave (Q6DW) was enhanced in the mesosphere,
and strong 6-day oscillations are observed in ionospheric parameters, such as the equatorial
electrojet (EEJ) and electron density. The 6—day variation in the EEJ has a westward—moving
structure with the zonal wavenumber 1, indicating the influence of the Q6DW. In this study, we
investigate the excitation mechanism of the 6—day variations in the EEJ and electron density
using numerical simulations. The main results are as follows. The 6-day variations in the
ionosphere are not generated by the Q6DW, but generated by the waves with periods from 10
to 14 hours. The amplitude of the 10-14 hour waves is modulated with a period of 6 days, due
to the nonlinear interaction between the Q6DW and migrating semidiurnal tide. This leads to
the 6-day variations in the EEJ and electron density through the E—region dynamo process. At
a fixed local time, the secondary waves generated by the Q6DW-tidal interaction produce
westward-moving ionospheric 6-day variations with zonal wavenumber 1, which cannot be
distinguished from the ionospheric variations by the Q6DW itself. The interference of
secondary waves leads to a longitudinal asymmetry in the magnitude of the ionospheric 6-day

oscillation.
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1. Introduction

A 5-6 day oscillation is one of the significant variations in the mesosphere and lower
thermosphere region (MLT). A 5-6 day oscillation is considered to be caused by the Rossby
wave having zonal wavenumber 1 (s=1), which is widely recognized as the first symmetric
normal mode Rossby wave derived from the classical tidal theory (Madden and Julian, 1972;
Hirota and Hirooka, 1984). The dominant period of the first symmetric normal mode with s=1
is about 5days under the isothermal/motionless condition, so this wave is called “5—day wave”
(Salby, 1981). However, satellite observations (Wu et al., 1999; Riggin et al., 2006) indicated
that the dominant period in the MLT shifted to about 6 days. Thus the first symmetric normal
mode is often called “quasi—6-day wave (Q6DW)”. Using SABER temperature measurements,
Pancheva et al. (2016) showed that the Q6DW is more active during equinoxes and the Q6DW

amplitude reaches the maximum at 105-110 km height.

Observational studies have revealed a 6-day oscillation in the ionosphere. Takahashi et al.
(2006) reported a 6-8 day oscillation of the F—layer height near the equator. G. Liu et al.
(2010) showed that the wave—4 longitudinal structure of the F-layer height fluctuates with a
period of 6 days. Gu et al. (2014) and Yamazaki (2018) observed the 6—day oscillation of the
total electron content (TEC). Moreover, using CHAMP, Swarm and Aura satellites, Yamazaki
et al. (2018) showed that the 6-day variation in the Equatorial Electrojet (EEJ) intensity occurs
when the amplitude of the Q6DW in the mesosphere is enhanced. The 6-day variation in the
EEJ has a westward—moving s=1 structure, indicating the influence of the Q6DW. Yamazaki et
al. (2018) also pointed out that the amplitude of the 6-day variation in the EEJ has a strong
longitudinal dependence although the Q6DW is a global-scale wave with s=1. For example,
the amplitude of the 6—day variation during the September 2006 event is enhanced at 180-210°

E whereas the 6-day variation of the May 2007 event is most pronounced at 140-170° E. Thus,
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there is no systematic longitudinal dependence. The reason for this longitudinal dependence

still remains unclear.

Whole atmosphere-ionosphere coupled models are powerful tools to investigate the effects
of the atmospheric waves from the lower atmosphere on the ionosphere through the coupling
processes between the neutrals and plasmas (H.-L. Liu et al.,, 2010; Jin et al., 2011;
Fuller-Rowell et al., 2010). Using TIME-GCM, Gan et al. (2016, 2017) investigated impacts of
the Q6DW on the ionosphere, imposing the wind variation due to the Q6DW in the lower
boundary (30 km height). The 6-day variation in the ionosphere is explained by the 6-day
variation in the day-time E—region electric field generated by the neutral wind variation. They
showed that the secondary waves that are generated by the nonlinear interaction between the
Q6DW and migrating diurnal/semidiurnal tides play an important role on the 6-day variation
in the ionosphere. Using the SABER temperature measurements, Forbes and Zhang (2017)
found signatures of the secondary waves due to the Q6DW-tide nonlinear interaction in the
MLT. For example, the nonlinear interaction between the Q6DW and migrating diurnal tide
generates westward-moving s=2 component with a period of 21 hours (W3_21h) and s=0
component with a period of 29 hours (WO0_29h). However, it is not clear how these secondary
waves contribute to the 6-day variation in the ionosphere and how the secondary waves affect

the longitudinal structure of the 6—day variation in the ionosphere.

Yamazaki et al (2020, hereafter Y20) reported the sudden stratospheric warming (SSW)
event occurred in the southern hemisphere (SH) in September 2019 and its impact on the
ionosphere. The temperature at 30 km height in the Antarctica increased by 50 K within a week,
and the strato-mesospheric jet in the SH was attenuated. Interestingly, the Q6DW activity in

the mesosphere was also enhanced. Swarm satellite observations revealed that the 6-day
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variation in the EEJ and electron density is prominent during the SSW event. The variation in
the EEJ shows a westward—moving s=1 structure, indicating the influence of the Q6DW.
However, due to insufficient neutral wind observations in the lower thermosphere, the
interaction processes between plasma and neutrals through the E—region dynamo are not well
understood. Namely, it is not clear how the 6-day variations in the ionosphere are connected
with the Q6DW in the MLT. Therefore, using a whole atmosphere-ionosphere coupled model,
the excitation mechanism of the 6-day variation in the EEJ is examined in this study. In
particular, we focus on the behavior of the secondary waves generated by the Q6DW-tide
nonlinear interaction, and its influence on the 6-day variation in the ionosphere. This paper is
organized as follows. The model and numerical simulation are briefly described in Section 2.
The results and discussion are given Sections 3 and 4, respectively. Finally, our concluding

remarks are presented in Section 5.

2. Description of the Model and Numerical Simulation

The Ground-to-topside model of Atmosphere and lonosphere for Aeronomy (GAIA) is a
whole atmosphere—ionosphere coupled model that covers atmospheric regions from the ground
surface to the exobase without any artificial boundaries between the lower and upper regions.
GAIA has been developed by integrating three models: a general circulation model (GCM) of
the neutral atmosphere, an ionosphere model, and an electrodynamics model. It is noteworthy
that GAIA incorporates the interaction processes between plasma and neutral species. A

detailed description of GAIA can be found in Jin et al. (2011) and Miyoshi et al. (2012, 2017).

For the neutral atmospheric part, a whole atmosphere GCM from the ground surface to the
exobase (Miyoshi & Fujiwara, 2003, 2006) is used. The GCM used here is a global spectral

model with a maximum horizontal wave number of 42, and has 150 vertical layers with a
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vertical resolution of 0.2 scale heights. The GCM includes a full set of physical processes
appropriate for the whole atmospheric region. For example, moist convection scheme, a
hydrological cycle, boundary layer process, and radiation process are included in the
troposphere. The effects of topography are also taken into account. In the thermosphere, the
model estimates the interaction processes between neutrals and plasmas, such as ion drag,
Joule heating, and auroral precipitation heating. Meteorological reanalysis data provided by the
Japan Meteorological Agency (JRA55) (Kobayashi et al., 2009) are incorporated below a
height of 40 km by a nudging method. The nudging method forces physical variables, such as
the surface pressure, temperature, zonal and meridional winds, and water vapor, to the JRA55
data. This means that the GCM can reproduce realistic temporal and spatial variations in the

general circulation in the troposphere and lower stratosphere.

For the ionospheric part, the dynamics and chemical processes of the major ion species
(0%, O,", N," and NO") are taken into account (Shinagawa, 2009). The horizontal resolution is
2.5° longitude by 1.0° latitude. The ionosphere model extends from the ground surface to
about 2000 km height. The coupling processes between plasma and neutral species are also
incorporated. The electrodynamics model (Jin et al., 2008) calculates the global distribution of
the ionospheric currents and electric fields at every 5 min. The model uses a tilted dipole

geomagnetic field and assumes equipotential magnetic field lines.

The numerical simulation was performed under solar minimum and geomagnetically quiet
conditions to exclude influences from temporal variations in the solar UV/EUV fluxes and
geomagnetic activity. The solar F10.7 flux was set to 68 x 10> W m 2 Hz *, which is the
monthly mean value in September 2019, and the cross polar potential was fixed at 30 kV. We

performed numerical simulation for 2019. The simulation data were output at 30—min intervals.
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In the present study, we analyze the data for the period from 1st August, 2019 to 31th October,

2019.

3. Results
3.1 SSW and Q6DW in September 2019

Y20 reported that a SSW event occurred in the Antarctic region in September 2019, and
that the Q6DW in the stratosphere and mesosphere was enhanced after the SSW. We first
examine how well GAIA can reproduce the SSW event in September 2019. Figure 1a shows
the height-time distribution of the zonal mean temperature near the South Pole (85° S)
simulated by GAIA. The temperature in the stratosphere increases during the period from 20
August to 15 September. The temperature rise within a week in early September is about 50 K
at 30 km. The strato-mesospheric eastward jet is attenuated after 20 August, and the westward
wind appears in the 80-110 km height region on 25 August (Figure 1b). The westward wind
region extends downward and reaches at 36 km height on 18 September. However, this event is
a minor SSW because the reversal of the zonal wind direction did not occur at 30 km height.
The simulated features of the SSW event agree well with those observed by the Microwave

Limb Sounder (MLS) on the Aura satellite and the MERRA-2 reanalysis data (Y20).

The behavior of the Q6DW simulated by the GAIA is examined next. The procedure to
detect the Q6DW is as follows. Using a space-time spectral analysis (Hayashi, 1971),
westward-moving component of s=1 is extracted. Next a band-pass filter is applied to separate
the dominant periods for the Q6DW (5.0 to 7.0 days). The method to extract the Q6DW is the
same with that used in Miyoshi and Hirooka (1999, 2003). Figure 2a shows the temporal
variation in the geopotential component of the Q6DW at 95 km height, where the Q6DW

amplitude reaches its maximum. The Q6DW was enhanced during 13 September—3 October,
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with the maximum of 0.45 km occurring on 23-25 September. Another weak Q6DW event
occurred on 25 August-3 September. Figure 2c shows the height—latitude distribution of the
Q6DW amplitude (geopotential height component) averaged from 10 September to 30
September. The amplitude below 95 km height has maxima at =45° latitude and increases
with increasing height. The maxima at 60 km and 95 km are 0.15 km and 0.35 km, respectively.
The phase structure is symmetric about the equator (not shown). These features of the Q6DW
is in good agreement with the observation (Figure 3 of Y20). This means that GAIA can
reliably simulate the SSW and Q6DW events in September 2019. Note that the simulated
latitudinal structure of the Q6DW is in agreement with that of the first symmetric mode of the
normal mode Rossby wave derived by the classical tidal theory (Forbes and Zhang, 2017). The
Q6DW amplitude in the 100-120 km height region decreases with increasing height, whereas
that in the 120-150 km height region increases with height. The attenuation of the Q6DW
amplitude in the 100-120 km height is probably due to the large eddy vertical viscosity caused
by the gravity wave breaking/dissipation. Above 120 km height, the peak of theQ6DW
amplitude is located at =65-70° latitude, and the latitudinal structure is different from that

below 100 km height.

The zonal wind component of the Q6DW is largest at the equator, and secondary
peaks are found at high latitudes (Figure 2b). The zonal wind component is enhanced during
13 September—3 October, with the maximum value at of 27 m/s at the equator. The height—
latitude distribution of the zonal wind amplitude due to the Q6DW is shown in Figure 2d. The
zonal wind amplitude reaches its maximum at 95 km, and is less than 10 m/s above 150 km
height. Note that the zonal wind amplitude in the 110-120 km height region, where the
E-region dynamo process is active, is about 20 m/s. As for the meridional wind component due

to the Q6DW, the peak is located at +45° latitude, and the peak values at heights of 60 and 95



192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

km are 4 and 8 m/s, respectively (not shown).

3.2 EEJ simulated by GAIA

Figure 3a shows the global distribution of the eastward electric current intensity
(integrate from 80 km to 150 km height) at 12 local time (LT) averaged in September 2019. A
narrow band of strong eastward electric current is evident along the geomagnetic equator. This
means that the GAIA can reproduce the equatorial electrojet (EEJ). Figure 3b shows day—
longitude distribution of the EEJ at 12LT. A wave—4 structure in the longitudinal direction is
evident. The peaks of the EEJ intensity are located at around 0°E, 90°E, 180°E and 90°W. The
EEJ intensity is the largest at 80-110°E (90-130 mA/m), and the smallest at 100-130°W (50—
90 mA/m). It is clearly seen that the EEJ oscillates with a period of 6 days. To see the 6-day
oscillation in detail, Figure 3c shows the time—longitude distribution of the EEJ with a period
from 5.0 to 7.0 days. A westward—moving component of s=1 with a period of 6 days is
significant after 10 September. The amplitude of the 6—day oscillation ranges from 12 to 24
mA/m, and maximizes at 60-120°W. These features of the simulated EEJ intensity also agree

well with the Swarm observation (Y 20).

Figure 4a shows the day—longitude distribution of the eastward electric field at 110
km height at 11-12 LT. The electric field values are averaged from 10°N to 10°S geomagnetic
latitudes. The westward-moving structure of s=1 with a period of 6 days is clearly seen, and
this feature is similar to that of the EEJ. This similarity is explained by the fact that the EEJ is
generated by the eastward electric field in the E-region (Richmond, 1973). Figure 4b shows
the day—longitude distribution of the TEC at 20°N geomagnetic latitude at 13-15 LT. The 13-
15 LT is chosen because the response of the Q6DW on the TEC is the largest at 13-15 LT

(‘Yamazaki, 2018). Again, the westward—moving structure of s=1 with a period of 6 days is
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evident. Thus, the 6-day oscillation is dominant in the ionosphere during September 2019 as
shown in Y20. Note that the EEJ, electric field, and TEC have the 6-day oscillation, even
though the solar F10.7 flux and geomagnetic activity are held constant during the numerical
simulation. This indicates that the 6-day oscillation in the ionosphere is caused by the

atmospheric waves from below.

3.3 Neutral atmosphere in the E-region

The neutral wind in the 110-120 km height region, where the neutral-plasma
interaction processes are active, is examined here. Figure 5a shows the temporal variations in
the meridional wind at 43°N and 90°E, averaged over the 110-120 km height range. The
meridional wind velocity shows short-period fluctuations of up to +=150 m/s. The meridional
wind variations are decomposed into these four parts: (1) variations with periods longer than
36 hours (Figure 5b), (2) variations with periods between 16 and 36 hours (Figure 5c), (3)
variations with periods between 10 and 16 hours (Figure 5d), and (4) variations with periods
shorter than 10 hours (Figure 5e). In Figure 5b, variations with a period around 6 days are
unclear, indicating that variations in the meridional wind due to the Q6DW are negligible in
the mid-latitude E-region. The dominant component is the variations with periods between 10
and 16 hours (Figure 5d), which are mainly due to the semidiurnal tide. The range of the
oscillation changes over time with a period of 5-6 days. For example, the 10-16 hour
variations are amplified on 8th, 13th, 18th, 24th, 30th September and 4th October. Variations
with periods between 16 and 36 hours and with periods less than 10 hours are smaller than the
10-16 hour variations by a factor of 3-4. Figures Sla—e show the temporal variations in the
zonal wind at 43° N and 90° E. The features of the zonal wind variations are similar to those of

the meridional wind variations.
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Similar analysis was performed on the zonal wind component near the equator (1°N
and 90°E; Figures 5f-j). The zonal wind variations due to the Q6DW are found in Figure 5g.
The amplitude of the 10-16 hour variations (Figure 5i) are comparable to that of the 16-36
hour variations (Figure 5h), which are mainly due to the diurnal tide. The amplitude of the 10—
16 hour variations is modulated with a period of 6 days, whereas the amplitude of the 16—-36
hour variations is modulated with a period of 3-6 days. The temporal variations in the
meridional wind near the equator are shown in Figures S1f-j. Again, the amplitude of the 10—
16 hour variations is modulated with a period of 5-6 days. Figure S2 shows the 10-16 hour

variations at different latitudes, where ~6—-day modulations can also be found.

3.4 Excitation mechanism of the 6-day oscillation of the EEJ

Our analysis for the temporal variations in the neutral wind implies that there are two
excitation sources for the 6-day oscillation of the EEJ. One is the 6-day variations in the
neutral wind due to Q6DW. The other is the modulation of the 10-16 hour variations with a
period of 5-6 days. In order to examine the primary cause for the 6-day oscillation of the EEJ,
we performed three additional numerical experiments. In these experiments, the neutral
atmospheric part of GAIA (GCM) is de-coupled from the ionospheric and electrodynamic parts
of GAIA. Using the space-time spectral analysis, the neutral atmospheric temperature, wind
and composition are reconstructed with the wave component having zonal wavenumber from
s=-5 to s=5. In the first experiment (EXP1), the ionospheric and electrodynamics models are
forced by the neutral atmosphere with the zonal wavenumber from s=-5 to s=5. This means
that the effect of the atmospheric waves with relatively small spatial scales (|s| > 5) on the
ionosphere is excluded. Moreover, the effect of the feedback processes from the ionosphere to
the neutral atmosphere, such as the ion drag force, is omitted. In the second experiment

(EXP2), the neutral atmosphere is reconstructed by the Q6DW (westward—moving s=1
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components with a period of 5-7 days) and 40-day means (averaged from 1 September to 10
October) of the zonal mean and tidal components of |s| < 5. This means that the day-to-day
variations in the ionosphere are only generated by the Q6DW. In the third experiment (EXP3),
the atmospheric waves with periods longer than 36 hours for |s| < 5 are removed. Day-to-day
variations in the ionosphere are generated by variations in the atmospheric waves with periods
shorter than 36 hours. Namely, the effects of the temporal variations in the tides (24 hour, 12
hour, 8hour, 6 hour,,,) on the ionosphere are considered, whereas the effect of the Q6DW is
removed. A brief summary of EXP1-EXP3 is given in Tablel. The three experiments are
conducted from 1% September 2019 to 10" October 2019. By comparing the 6—day oscillation
of the EEJ in the three experiments, we can identify the excitation source of the 6-day

oscillation of the EEJ.

Figure 6a shows the day—longitude distribution of the EEJ obtained by EXP1. The
EEJ has the wave—4 longitudinal structure with maxima at 0°E, 90°E, 180°E and 90°W. The
westward-moving component of s=1 with a period of 6 days is significant after 10 September
(Figure 6d). These features of the EEJ are quite similar to those obtained by the original GAIA
simulation. This result indicates that the 6-day oscillation of the EEJ is generated by the

large-scale waves (|s| < 5).

The day—longitude distribution of the EEJ simulated by EXP2 is presented in Figures
6b and 6e. The amplitude of the wave—4 structure of the EEJ is reduced, and day-to-day
variations in the EEJ are much weaker than those in EXP1. The westward—moving component
of s=1 with a period of 6 days is visible in Figure 6e, however, the amplitude of the 6-day
oscillation is only 2-3 mA/m, which is weaker than that in EXP1 and the original GAIA

simulation by a factor of 6-8.
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The day—longitude distribution of the EEJ obtained by EXP3 is quite similar to that
in EXP1 and the original GAIA simulation (Figures 6¢ and 6f). This indicates that the 6—day
oscillation of the EEJ is primarily generated by the planetary-scale waves with periods less
than 36 hours. Day-to-day variations in the TEC simulated by EXP1, EXP2 and EXP3 are
shown in Figures 7. Note that day-to-day variations in EXP1 and EXP3 agree well with those

in the original GAIA simulation.

3.5 10-16 hour variations

To investigate the dominant periods of the planetary-scale waves in more detail, the space—
time spectral analysis was performed. Figure 8a shows the frequency—zonal wavenumber
distribution of spectral density of the meridional wind at 43°N averaged between 110 and 120
km height. A narrow band of enhanced spectral density is found at w = 2 /day (12hours
period) with s = —2~4. The maximum is located at w = 2 with s=2, which is due to the
migrating semidiurnal tide (SW2). Other distinct peaks are evident at w = 1 with s=1
(migrating diurnal tide, DW1) and at w =3 with s=3 (migrating terdiurnal tide). It is
important that spectral peaks are found at w = 1.833 (about 13 hours period) withs =
—1~1,and 3 and at w = 2.167 (about 11 hours period) with s=0,3and4. In these
waves, westward moving component of s=1 with w = 1.833 (W1 _13h), and westward
moving component of s=3 with w = 2.167 (W3_11h) are larger. These two waves are
considered to be the secondary waves generated through the nonlinear interaction between the
Q6DW and SW2 (e.g., Gan et al., 2017). The wind variations due to Q6DW (ug,4) and SW2
(usw2) are expressed as equations (1) and (2), respectively:

Ugqg = Aj cos(x + 0.167QUt + ¢1) (1), ugy, = A, cos(2x + 2QUt + ¢,) (2)

where x, Ut and 2 are the longitude, universal time (in hours), and 2m/24, respectively.
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Ay and ¢, are the wave amplitude and phase, respectively. The generation of W1_13h and
W3_11h through the nonlinear interaction is described in equation (3):

A; cos(x + 0.167QUt + ¢,) X A, cos(2x + 2QUt + ¢p,) =
A4,

[cos(x + 1.833QUt — ¢; + ¢) + cos(3x + 2.167QUt + ¢p; + ¢,)] (3)

Furthermore, westward moving component of s=3 with w = 1.833 is the secondary wave by
the nonlinear interaction between the Q6DW and SW4 (westward moving semidiurnal tide
with s=4), whereas s=0 component with w = 1.833 is the secondary wave by the nonlinear
interaction between the Q6DW and SW1 (westward moving semidiurnal tide with s=1). The
secondary waves generated by the Q6DW and tides are described in detail by Forbes and
Zhang (2017). In the following, the behaviors of W1_13h and W3_11h, which are the largest in

the secondary waves, are examined.

Figure 9a shows 9.6-16 hour variations in the westward—-moving s=1 component of
the meridional wind at 43°N and 0°E. The meridional wind variations are modulated with a
period of about 5-6 days. The black and red lines in Figure 9b show temporal variations with
periods from12.5 and 14 hours (W1_13h) and variations with periods from 11.5 and 12.5 hours
(SW1), respectively. Neither of the two shows 6—day periodicity. However, their superposition
reveals a modulation with a period of 6 days (Figure 9c), because the two components are in
phase every 6 days. Thus, the 6-day periodicity in Figure 9a is primarily explained by the

interference of W1_13h and SW1.

A similar analysis was conducted on the westward—-moving s=3 component with
periods from 9.6 to 16 hours. The westward—-moving s=3 component also shows variations
with a period about 6 days (Figure 10a). Figure 10b shows the temporal variations with periods

from 12.5 and 14.0 hours (W3_13h), whereas FigurelOc shows the variations with periods
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from11.5 and 12.5 (SW3; red line) and with periods from 10.0 and 11.5 hours (black line;
W3_11h), respectively. During 13 September —25 September, the amplitude of W3_11h is
larger than that of W3_13h, and day-to-day variations in the westward-moving s=3 component
are primarily explained by the superposition of SW3 and W3_11h. On the other hand, W3_13h
is not negligible before 13 September and after 25 September. The interference between SW3
and W3_11h (as well as between SW3 and W3_13h) is also found at other latitudes and in the

zonal wind component (not shown).

Figures 11a and 11b show the amplitudes of the zonal and meridional wind
components of the W1_13h averaged over 10 September to 30 September. The maxima of 8-
13 m/s are located at =60-70° latitude and 110-120 km height. Secondary peaks of the
meridional wind (6 m/s) appear at *=20° latitude and 120-140 km height. The amplitude
below 80 km height is negligibly small, whereas the amplitude above 150 km height decreases
with increasing height. Day-to-day variations of the W1_13h amplitude (the meridional wind
component) at 115 km height is shown in Figure 12a. Day-to-day variations in the W1 13h
amplitude are prominent. The amplitude at high latitudes in the NH has a peak of 23 m/s on
14-19 September, whereas the amplitude at middle and high latitudes in the SH is enhanced
after 20 September. The amplitudes of the W3 11h in the zonal and meridional wind
components are shown in Figures 11c and 11d, respectively. The amplitudes in the zonal and
meridional winds has maxima of 10 m/s at =50-60° latitudes and 110-120 km heights. A
secondary peak of the zonal wind amplitude (7.5 m/s) is found near the equator at 130 km
height, whereas that of the meridional wind amplitude (6 m/s) appear at #=20-30° latitudes.
Day-to-day variations in W3_11h indicates that the amplitude in the NH (SH) is enhanced on

15-20 (20-30) September (Figure 12b).
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The spectral density distribution of the zonal wind near the equator is shown in
Figure 8b. The spectral density is larger at w = 1 /day (24 hours period) than at w = 2 /day
(12 hours period). In particular, strong peaks are found at w = 1 with eastward-moving s=-3.
Peaks associated with the Q6DW (w = 0.167 and s=1) and Ultra Fast kelvin wave (w =
0.3~0.5 and s=-1) are visible. Distinct peaks at w = 0.833 (29 hours period) and w =
1.167 (21 hours period) with s = —2~ —4 are considered to be the secondary waves
resulting from the nonlinear interaction between the Q6DW and the diurnal tides. The spectral
peak due to the wave at w = 0.833 with s = —3 (E3_29h) is the largest in the secondary
waves, and is generated by the interaction between the Q6DW and eastward-moving diurnal
tide with s = —2 (DE2). Figure S4 shows the height-latitude distribution of the E3_29h
amplitude. The amplitude of the zonal wind E3_29h has the maximum of 10 m/s at the equator
and 110 km height, whereas the amplitude of the meridional wind E3_29h is less than 5 m/s.
The zonal wind variations due to E3_29h also affect the 6—day variation in the ionosphere.

Furthermore, a spectral peak due to W3_11h (w = 2.167 and s=3) is found.

3.6 Semidiurnal variation in the ionosphere

It is considered that the neutral wind variations, such as SW1, SW2, SW3 W1 13h
and W3_11h, influence the temporal variations in the electron density. Let us first examine the
TEC variations associated with W1_13h and SW1. Black and red lines in Figure 9d indicate
the westward—moving s=1 component of the TEC variations with periods between 12.5 and
14.0 hours and with periods between 11.5 and 12.5 hours, respectively. The amplitude of the
both variations ranges from 0.3 to 1.2 TEC unit. It is seen that neither variation has clear 6-day
periodicity, whereas the superposition of the two has a 6-day oscillation. This means that the
amplitude of the semidiurnal variation (11.5-14.0 hours) in TEC is modulated with a 6—day

period due to the interference of W1_13h and SW1. The westward-moving s=3 component
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also has similar feature. Namely, the superposition of the TEC variations with periods between
10.5 and 11.5 hours and with periods between 11.5 and 12.5 hours shows clear 6—day variation

(Figures 10e and 10f).

3.7 Variations in the fixed local time frame

As presented in Figures 3, 4, 6 and 7, the 6-day oscillation in the EEJ and TEC at
fixed local times have the westward-moving s=1 structure, which is consistent with Swarm
observations during September 2019 (Y20). As demonstrated in 3.4, these 6-day ionospheric
oscillations are not due to the Q6DW with s=1, but due to 10-14 hour waves with s=1 and s=3.
In this subsection, we explain how the 10-14 hour waves produce westward-moving s=1

ionospheric perturbations in the fixed LT frame.

Let us consider the neutral wind variations due to Q6DW, W1_13h and W3_11h at a
fixed LT. The relation between UT and LT is expressed in equation (4), so that the wind
variation due to the Q6DW (1) at a fixed LT is described as equation (5):

x + QUt = OLt (4), ugq = A; c0s(0.833x + 0.167QLt + ¢;) (5)
The wind variation due to W1 _13h is described in equation (6):
Uy 13 = Az cos(x + 1.833QUt + ¢3) (6)
Using equation (4), the wind variation of W1_13h at a fixed LT is expressed in equation (7):
Uy 13 = Az €0s(0.833x + 0.167QLt — ¢3) (7)
By comparing equations (5) and (7), it is obvious that the time—longitude structure of the wind
variation due to the Q6DW is the same with that due to the W1_13h. Figures Sba and Sbb

shows the day—longitude wind variations due to the Q6DW and W1_13h at 12 LT, respectively.

Similarly, the wind variation due to the W3_11h is described in equation (8). The
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wind variation due to the W3_11h at the fixed LT (Figure S5c) has the same longitudinal
dependence as Q6DW and W1_13h.

Uyz 11 = Ay cos(3x + 2.167QUt + ¢,) = A, c0s(0.833x + 0.167Q0Lt + ¢,) (8)

On the other hand, the wind variations due to the W1 11h and W3_13h are described
in equations (9) and (10), respectively.

Uy 11 = As cos(x + 2.167QUt + ¢s) = As cos(—1.167x + 0.167QLt + ¢s) (9)
Uy3 13 = Ag cos(3x + 1.833y7QUt + ¢pg) = Ag cos(—1.167x + 0.167QLt — ¢g) (10)
The wind variations due to the W1_11h and W3_13h at a fixed LT have eastward—moving
structure (Figures S4d and S4e), which is quite different from that of the Q6DW, W1 13h and

W3_11h.

Based on these results, we can conclude that the wind variations due to the Q6DW,
W1 _13h and W3_11h at a fixed LT have the westward—moving s=1 structure with a period of 6
days. Furthermore, using the same procedure, it can be shown that the wind variations due to
W3_21h and SO_29h, which are the secondary waves from the nonlinear interaction between
the Q6DW and the migrating diurnal tide, also have the westward—moving s=1 structure with a

period of 6 days in the fixed LT frame.

Figures 13a and 13b show the day-longitude distributions of the meridional wind
associated with the W1 _13h and W3_11h at 43°N and 110-120 km height, as derived from
GAIA at 12 LT. As shown before, the wind variations due to these two waves have the
westward-moving s=1 structure with a period of 6 days. On the other hand, the meridional
wind variation due to the W3_13h at 12 LT, shown in Figure 13c, indicates eastward—moving

structure having s=1. Figure 13d shows the day—longitude distribution of the meridional wind
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obtained by the superposition of W1 13h, W3_11h and W3_13h at 12 LT. The westward-
moving s=1 structure with a period of 6 days is dominant in Figure 13d. Based on the results
obtained in the current study, we can conclude that the 6-day variation with s=1 in the
ionosphere is primarily caused by the neutral wind variation due to superposition of the
secondary waves generated by the nonlinear Q6DW-tide interaction, such as the W1 13,
W3 _11h and W3_13h. Similar day—longitude distributions of the neutral wind are found at

other latitudes.

The amplitude of the 6-day variation in the neutral wind due to the superposition of
the W1_13, W3_11h and W3_13h depends on longitude. On 10-20 September, the 6-day
variation in the neutral wind is enhanced at 90-30°W longitudes. A strong 6-day variation in
the EEJ and TEC on 10-20 September also occurs at 90-30°W longitudes. This suggests that
the longitudinal dependence of the 6-day variation in the EEJ and TEC is caused by the

longitudinal dependence of the amplitude of the neutral wind variation.

4. Discussion

Pancheva et al. (2010) showed that the Q6DW is active during equinoxes in both
hemispheres reaching the maximum at 105-110 km height. Using the Aura/MLS, Yamazaki
(2018) investigated the climatology of the Q6DW during a period from 2004 to 2017. The
Q6DW amplitude of the geopotential height at a height of 97 km ranges from 0.15 km to 0.3
km. The Q6DW amplitude in September 2019 exceeds 0.4 km, and is the largest since 2004.

Thus, the Q6DW event in September 2019 is exceptional.

Using the TIME-GCM, Gan et al. (2017) studied the 6-day oscillation in the

ionosphere and its relation with the Q6DW. They showed that the WO_21h, W2_29h, W1 13h,
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and W3_11h, which are generated by the nonlinear interaction between the Q6DW and the
DW1/SW2, played an important role on the 6-day variation in the ionosphere, which is
consistent with the present results. The maxima of the W1 13h and W3_11h amplitudes
simulated by Gan et al. (2017) are 3-5 m/s, and are smaller than those simulated in this study
by a factor of 3-4. The Q6DW amplitude is exceptionally large during September 2019, and
the amplitude of the SW2 at 100-120 km height in this study (Figures S3) is 40-60 m/s, larger
than that in Gan et al. (2017) by 5-10 m/s. Thus, the larger amplitudes of the parent waves (the
Q6DW and SW2) are likely the reason for the larger secondary waves in this study. On the
other hand, the amplitudes of the W0O_21h and W2_29h simulated in this study are smaller than
those in Gan et al. (2017). The DW1 amplitude at 100-120 km in this study is also smaller
than that in Gan et al. (2017). Therefore, the smaller amplitudes of the secondary waves

(WO0_21h and W2_29h) in this study are probably due to the smaller amplitude of the DW1.

Pedatella et al. (2012) reported that eastward—moving waves with periods of 21 and
29 hours at low latitudes, which are generated by the nonlinear interaction between the Q6DW
and eastward-moving diurnal tides. The amplitude of these waves is about 10m/s, and is

consistent with the present result.

Next, we compare the 6—day variation in the EEJ in September 2019 with the 6-day
variation in other years. Yamazaki (2018) investigated the behavior of the 6-day variation in
the EEJ for five events (September 2006, May 2007, September 2007, August 2010 and
September 2016). In these 5 events, the westward—moving s=1 structure with a period of 6
days is not as clear as the September 2019 event, and the amplitude of the 6—day variation in
the EEJ has a more pronounced longitudinal dependence. For example, the 6-day variation in

EEJ in September 2006 event is clearly seen at 180-210° E longitudes, but nearly absent at
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30-60° E longitude. For the September 2006 event, the amplitude of the Q6DW amplitude in
in geopotential height is ~0.2 km at 95 km height, which is half the amplitude of the September
2019 event. From this, it is expected that the amplitudes of the secondary waves (W1_13h and
W3_11h) in the September 2006 event are much smaller than those in the September 2019
event. The smaller amplitudes of the secondary waves could be the reason for the unclear
westward-moving s=1 structure in the EEJ for the September 2006 event. The evaluation of the
secondary waves during other Q6DW events and their impacts on the 6—day ionospheric

oscillation requires further studies.

5. Concluding Remarks

Using an atmosphere—ionosphere coupled model (GAIA), the excitation mechanism
of the 6—day variations in the EEJ and TEC has been investigated. The main results are as
follows:

(1) The Q6DW in the stratosphere and mesosphere is extremely enhanced during the SSW
event in September 2019. The Q6DW amplitude reaches its maximum at 95 km height,
and decreases with increasing height at 95-120 km height. The Q6DW amplitude in the
zonal wind at 95 and 110 km heights are 27 and 20 m/s, respectively. The Q6DW
amplitude in the zonal wind above 150 km is less than 10 m/s.

(2) By a series of numerical experiments, we demonstrate that the 6—day variations in the EEJ
and TEC are not caused by the neutral wind variation due to the Q6DW, but caused by
waves with periods of 11-14 hours. The amplitude of the 11-14 hour waves in neutral
wind is modulated with a period of 6 days, and play an important role on the excitation of
the 6-day variation in the ionosphere. Specifically, the W1_13h and W3_11h waves, which
are the secondary waves generated by the nonlinear interaction between the Q6DW and

SW2, are important.
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(3) At the fixed local time, the wind variations due to the W1 _13h and W3_11h have the
westward—moving s=1 structure with a period of 6 days. This is the reason why the EEJ
and TEC in the fixed LT frame show 6-day variations with the westward-moving s=1
component.

(4) Secondary waves reinforce or cancel each other depending on the longitude. As a result,
the 6-day variation in the neutral wind depends on the longitude. This, in turn, leads to a

longitudinal asymmetry in the magnitude of the ionospheric 6-day variation.

In this study, we showed the excitation mechanism of the 6—day variation in the ionosphere.
However, the excitation mechanism of the Q6DW in the stratosphere and mesosphere remains
to be identified. The reason why the Q6DW in September 2019 is extremely enhanced is also
unclear. Furthermore, additional GAIA simulations for other years are desirable to study the
interannual variability of the Q6DW activity and its relation with the 6—day variation in the

ionosphere. These are subjects of future studies.
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Figure Captions
Figure 1(a) Height-time distribution of the zonal mean temperature at 85° S. Units are K. (b) As in
Figure 1a but for the zonal mean zonal wind at 60° S. Positive and negative values indicate

eastward and westward winds, respectively. Units are m/s.

Figure 2(a) Latitude—time distribution of the geopotential height component of the Q6DW
amplitude at 95 km height. Units are km. (b) As in Figure 2a but for the zonal wind component.
Units are m/s. (c) Height-latitude section of the Q6DW amplitude in geopotential height component
averaged from 10 September to 30 September, 2019. Units are km. (d) As in Figure 2c but for the

zonal wind component. Units are m/s.

Figure 3(a) Latitude—longitude distribution of the eastward current at 12 LT in September 2019.
Units are mA/m. (b) Day-longitude distribution of the eastward current at 12 LT on the
geomagnetic equator. Units are mA/m. (c) Variations with a period between 5 and 7 days in the

eastward current at 12 LT.

Figure 4(a) Day-longitude distribution of the eastward electric field at 12 LT in low latitudes
(£10° geomagnetic latitude). Units are mV/m. (b) Day-longitude distribution of the total electron

content (TEC) at 13—15 LT at 20° geomagnetic N. Units are TECU.

Figure 5(a) Temporal variations in meridional wind at 43° N and 90° E from 1 September to 10

October, 2019. The meridional wind is averaged between 110 km and 120 km height. Units are m/s.
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(b) Temporal variations in meridional wind due to waves with periods longer than 36 hours. (c)
Temporal variations in meridional wind with periods between 16 and 36 hours. (d) Temporal
variations of meridional wind with periods between 9.6 and 16 hours. (e) Temporal variations with
periods shorter than 9.6 hours. (f) As in figure 5(a) but for the zonal wind at 1° N. (g) As in figure
5(b) but for the zonal wind at 1° N. (h) As in figure 5(c) but for the zonal wind at 1 °N. (i) As in

figure 5(d) but for the zonal wind at 1° N. (j) As in figure 5(¢) but for the zonal wind at 1° N.

Figure 6(a) Day—longitude distribution of the eastward current at the geomagnetic equator at 12
LT obtained by EXP1. Units are mA/m. Contour intervals of black lines are 10 mA/m. (b) As in
Figure 6a but for EXP2. (c) As in Figure 6a but for EXP3. (d) 5-7 day variations of the eastward
current obtained by EXP1. Contour intervals of black lines are 4 mA/m. (e) As in figure 6d but for

EXP2. (f) As in Figure 6e but for EXP3.

Figure 7(a) Day—longitude distribution of the TEC at 20° geomagnetic N latitude at 13-15 LT
simulated by EXP1. Units are TEC unit. (b) As in Figure 8b but for EXP2. (c) As in Figure 8a but

for EXP3.

Figure 8(a) Zonal wave number—frequency spectral distribution of the spectral density of the
meridional wind component at 43° N averaged from 110 and 120 km height (10-30 September,
2019). Positive and negative values of zonal wavenumber indicate westward-moving and
eastward—moving waves, respectively. (b) As in Figure 8a but for the zonal wind component at 01°

N.

Figure 9(a) Temporal variations in meridional wind with s=1 at 43° N and 0° E. Variations due to
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the waves with periods between 9.6 and 16 hours are shown. The meridional wind is averaged
between 110 km and 120 km height. (b) Black solid (red broken) line shows temporal variations
with periods between 12.5 and 14 (11.5 and 12.5) hours. (c) Black solid line is superposition of
back solid line and red broken lines of Figure 9b. (d) Black solid (red broken) line shows temporal
variations of westward moving s=1 components of TEC with periods between 12.5 and 14.0 (11.5
and 12.5) hours at 20° N geomagnetic latitude. Units are TECU. (e) Black solid line is

superposition of these two components (s=1, 11.5-14.0 hour)

Figure 10(a) Temporal variations in the meridional wind with s=3 at 43° N and 0° E. Variations due
to waves with periods between 9.6 and 16 hours are shown. The meridional wind is averaged
between 110 km and 120 km height. (b) Temporal variations with periods between 12.5 and 14
hours. (c) Black solid (red broken) line shows temporal variations with periods between 10.0 and
11.5 (11.5 and 12.5) hours. (d) Black solid line is superposition of back solid line and red broken
line of Figure 10c. (e) Temporal variations in TEC with s=3 at 20° geomagnetic N and 0°E. Black
solid (red broken) line shows variations with periods between 10.0 and 11.5 (11.5 and 12.5) hours.

(f) Black line is superposition of black solid and red broken line of Figure 10e.

Figure 11(a) Height—latitude distribution of the W1_13h amplitude in the zonal wind component
averaged from 10 September to 30 September, 2019. Units are m/s. (b) As in Figure 11(b) but for
the meridional wind component. (c) Height—latitude distribution of the W3_11h amplitude in the
zonal wind averaged from 10 September to 30 September, 2019. (d) As in Figure 11(c) but for the

meridional component.

Figure 12(a) Latitude—time distribution of the W1_13h amplitude in the meridional wind at 115
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km height. Units are m/s. (b) As in Figure 12(a) but for the W3_11h amplitude.

Figure 13(a) Day—longitude distribution of meridional wind at 43° N and 12 LT (fixed local time
framework) due to the W1_13h. Units are m/s. (b) As in Figure 13a but for the W3_11h. (c) As in

Figure 13a but for the W3_13h. (d) Day—longitude distribution of superposition of all three waves.

Supplemental Figures

Figure S1(a)Temporal variations in the zonal wind at 43° N and 90° E from 1 September to 10
October, 2019. The zonal wind is averaged between 110 km and 120 km height. Units are m/s. (b)
Temporal variations in the zonal wind due to waves with periods longer than 36 hours. ()
Temporal variations in the zonal wind with periods between 16 and 36 hours. (d) Temporal
variations in the zonal wind with periods between 9.6 and 16 hours. (€) Temporal variations in the
zonal wind with periods shorter than 9.6 hours. (f) As in figure S1(a) but for the meridional wind at
1° N. (g) As in figure S1(b) but for the meridional wind at 1° N. (h) As in figure S1(c) but for the
meridional wind at 1° N. (i) As in figure S1(d) but for the meridional wind at 1° N. (j) As in figure

S1(e) but for the meridional wind at 1° N.

Figure S2 Temporal variations in the zonal wind due to waves with periods between 9.6 and 16

hours. The zonal wind is averaged between 110 km and 120 km height. Units are m/s.

Figure S3(a) Latitude—zonal wavenumber distribution of the diurnal tide amplitude in the zonal
wind at 110 km height. Units are m/s. Plus and minus of zonal wavenumber indicate westward and
eastward moving components, respectively. (b) As in Figure S3a but for the meridional wind
components. (c) As in Figure S3a but for semidiurnal ride. (d) As in Figure S3c but for the

meridional wind components.
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Figure S4(a) Height-latitude distribution of the E3_29h amplitude in the zonal wind averaged
from 10 September to 30 September, 2019. Units are m/s. (b) As in Figure S4(a) but for the

meridional wind.

Figure S5(a) Day—longitude distribution of the wind variations due to the Q6DW at 12 LT (fixed
local time frame). (b) The wind variation due to the W1_13h. (c) As in S5(b) but for the W3_11h.

(d) As in Figure S5(a) but for W1_11h. (e) As in Figure S5(a) but for W3_13h.
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Figure 1(a) Height-time distribution of the zonal mean temperature at 85° S. Units are K. (b) As in
Figure 1a but for the zonal mean zonal wind at 60° S. Positive and negative values indicate eastward

and westward winds, respectively. Units are m/s.
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(a) 6—day wave (GPH); 95 km (b) 6—day wave (zonal wind); 95 km
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Figure 2(a) Latitude—time distribution of the geopotential height component of the Q6DW amplitude
at 95 km height. Units are km. (b) As in Figure 2a but for the zonal wind component. Units are m/s.
(¢) Height-latitude section of the Q6DW amplitude in geopotential height component averaged from
10 September to 30 September, 2019. Units are km. (d) As in Figure 2c but for the zonal wind

component. Units are m/s.
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Figure 3(a) Latitude—longitude distribution of the eastward current at 12 LT in September 2019. Units
are mA/m. (b) Day—longitude distribution of the eastward current at 12 LT on the geomagnetic equator.
Units are mA/m. (¢) Variations with a period between 5 and 7 days in the eastward current at 12 LT.
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(a) eastward E—field,11—=12 LT, 110 km (b) TEC (20N, 13—15 LT)
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Figure 4(a) Day—longitude distribution of the eastward electric field at 12 LT in low latitudes (+10°
geomagnetic latitude). Units are mV/m. (b) Day—longitude distribution of the total electron content
(TEC) at 13—15 LT at 20° geomagnetic N. Units are TECU.
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Figure 5(a) Temporal variations in meridional wind at 43° N and 90° E from 1 September to 10 October, 2019. The meridional wind is
averaged between 110 km and 120 km height. Units are m/s. (b) Temporal variations in meridional wind due to waves with periods
longer than 36 hours. (c) Temporal variations in meridional wind with periods between 16 and 36 hours. (d) Temporal variations of
meridional wind with periods between 9.6 and 16 hours. (e) Temporal variations with periods shorter than 9.6 hours. (f) As in figure
5(a) but for the zonal wind at 01° N. (g) As in figure 5(b) but for the zonal wind at 01° N. (h) As in figure 5(c) but for the zonal wind at
01 °N. (i) As in figure 5(d) but for the zonal wind at 01° N. (j) As in figure 5(e) but for the zonal wind at 01° N.
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Figure 6(a) Day—longitude distribution of the eastward current at the geomagnetic equator at 12 LT obtained by EXP1. Units are mA/m. Contour intervals of black lines
are 10 mA/m. (b) As in Figure 6a but for EXP2. (c¢) As in Figure 6a but for EXP3. (d) 5-7 day variations of the eastward current obtained by EXP1. Contour intervals of
black lines are 4 mA/m. (e) As in figure 6d but for EXP2. (f) As in Figure 6e but for EXP3.
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Figure 9(a) Temporal variations in meridional wind with s=1 at 43° N and 0° E. Variations due to the waves with periods between
9.6 and 16 hours are shown. The meridional wind is averaged between 110 km and 120 km height. (b) Black solid (red broken) line
shows temporal variations with periods between 12.5 and 14 (11.5 and 12.5) hours. (¢) Black solid line is superposition of back
solid line and red broken lines of Figure 9b. (d) Black solid (red broken) line shows temporal variations of westward moving s=1
components of TEC with periods between 12.5 and 14.0 (11.5 and 12.5) hours at 20° N geomagnetic latitude. Units are TECU. (e)
Black solid line is superposition of these two components (s=1, 11.5-14.0 hour)
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Figure 10(a) Temporal variations in the meridional wind with s=3 at 43° N and 0° E. Variations due to waves with periods between 9.6
and 16 hours are shown. The meridional wind is averaged between 110 km and 120 km height. (b) Temporal variations with periods
between 12.5 and 14 hours. (c) Black solid (red broken) line shows temporal variations with periods between 10.0 and 11.5 (11.5 and
12.5) hours. (d) Black solid line is superposition of back solid line and red broken line of Figure 10c. (e) Temporal variations in TEC with
s=3 at 20° geomagnetic N and 0°E. Black solid (red broken) line shows variations with periods between 10.0 and 11.5 (11.5 and 12.5)
hours. (f) Black line is superposition of black solid and red broken line of Figure 10e.
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Figure 11(a) Heightlatitude distribution of the W1_13h amplitude in the zonal wind component
averaged from 10 September to 30 September, 2019. Units are m/s. (b) As in Figure 11(b) but for the
meridional wind component. (¢) Height—latitude distribution of the W3_11h amplitude in the zonal
wind averaged from 10 September to 30 September, 2019. (d) As in Figure 11(c) but for the

meridional component.
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Figure 12(a) Latitude—time distribution of the W1_13h amplitude in the meridional wind at 115 km
height. Units are m/s. (b) As in Figure 12(a) but for the W3_11h amplitude.
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(a) s=1 and T=12.5-14 h (b) s=3 and T=10-11.5 h
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Figure 13(a) Day—longitude distribution of meridional wind at 43° N and 12 LT (fixed local time
framework) due to the W1 _13h. Units are m/s. (b) As in Figure 13a but for the W3 _11h. (¢) As in
Figure 13a but for the W3 _13h. (d) Day—longitude distribution of superposition of all three waves.
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