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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: 14 

(1) We examine ionospheric 6–day oscillation during the September 2019 SSW event 15 

using GAIA simulations. 16 

(2) The 6–day oscillation is not generated by the 6–day wave but generated by 10–14 17 

hour waves. 18 

(3) The nonlinear interaction between the 6–day wave and tides leads to a 6–day 19 

modulation of the 10–14 hour waves. 20 

 21 

 22 
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Abstract 24 

A sudden stratospheric warming (SSW) event in the Antarctic region occurred in September 25 

2019. During the SSW event, the quasi 6–day wave (Q6DW) was enhanced in the mesosphere, 26 

and strong 6–day oscillations are observed in ionospheric parameters, such as the equatorial 27 

electrojet (EEJ) and electron density. The 6–day variation in the EEJ has a westward–moving 28 

structure with the zonal wavenumber 1, indicating the influence of the Q6DW. In this study, we 29 

investigate the excitation mechanism of the 6–day variations in the EEJ and electron density 30 

using numerical simulations. The main results are as follows. The 6–day variations in the 31 

ionosphere are not generated by the Q6DW, but generated by the waves with periods from 10 32 

to 14 hours. The amplitude of the 10–14 hour waves is modulated with a period of 6 days, due 33 

to the nonlinear interaction between the Q6DW and migrating semidiurnal tide. This leads to 34 

the 6–day variations in the EEJ and electron density through the E–region dynamo process. At 35 

a fixed local time, the secondary waves generated by the Q6DW-tidal interaction produce 36 

westward-moving ionospheric 6-day variations with zonal wavenumber 1, which cannot be 37 

distinguished from the ionospheric variations by the Q6DW itself. The interference of 38 

secondary waves leads to a longitudinal asymmetry in the magnitude of the ionospheric 6–day 39 

oscillation. 40 

41 



1. Introduction 42 

A 5–6 day oscillation is one of the significant variations in the mesosphere and lower 43 

thermosphere region (MLT). A 5–6 day oscillation is considered to be caused by the Rossby 44 

wave having zonal wavenumber 1 (s=1), which is widely recognized as the first symmetric 45 

normal mode Rossby wave derived from the classical tidal theory (Madden and Julian, 1972; 46 

Hirota and Hirooka, 1984). The dominant period of the first symmetric normal mode with s=1 47 

is about 5days under the isothermal/motionless condition, so this wave is called “5–day wave” 48 

(Salby, 1981). However, satellite observations (Wu et al., 1999; Riggin et al., 2006) indicated 49 

that the dominant period in the MLT shifted to about 6 days. Thus the first symmetric normal 50 

mode is often called “quasi–6–day wave (Q6DW)”. Using SABER temperature measurements, 51 

Pancheva et al. (2016) showed that the Q6DW is more active during equinoxes and the Q6DW 52 

amplitude reaches the maximum at 105–110 km height.  53 

 54 

Observational studies have revealed a 6–day oscillation in the ionosphere. Takahashi et al. 55 

(2006) reported a 6–8 day oscillation of the F–layer height near the equator. G. Liu et al. 56 

(2010) showed that the wave–4 longitudinal structure of the F–layer height fluctuates with a 57 

period of 6 days. Gu et al. (2014) and Yamazaki (2018) observed the 6–day oscillation of the 58 

total electron content (TEC). Moreover, using CHAMP, Swarm and Aura satellites, Yamazaki 59 

et al. (2018) showed that the 6–day variation in the Equatorial Electrojet (EEJ) intensity occurs 60 

when the amplitude of the Q6DW in the mesosphere is enhanced. The 6–day variation in the 61 

EEJ has a westward–moving s=1 structure, indicating the influence of the Q6DW. Yamazaki et 62 

al. (2018) also pointed out that the amplitude of the 6–day variation in the EEJ has a strong 63 

longitudinal dependence although the Q6DW is a global–scale wave with s=1. For example, 64 

the amplitude of the 6–day variation during the September 2006 event is enhanced at 180–210° 65 

E whereas the 6–day variation of the May 2007 event is most pronounced at 140–170° E. Thus, 66 



there is no systematic longitudinal dependence. The reason for this longitudinal dependence 67 

still remains unclear. 68 

 69 

Whole atmosphere-ionosphere coupled models are powerful tools to investigate the effects 70 

of the atmospheric waves from the lower atmosphere on the ionosphere through the coupling 71 

processes between the neutrals and plasmas (H.-L. Liu et al., 2010; Jin et al., 2011; 72 

Fuller-Rowell et al., 2010). Using TIME-GCM, Gan et al. (2016, 2017) investigated impacts of 73 

the Q6DW on the ionosphere, imposing the wind variation due to the Q6DW in the lower 74 

boundary (30 km height). The 6–day variation in the ionosphere is explained by the 6–day 75 

variation in the day-time E–region electric field generated by the neutral wind variation. They 76 

showed that the secondary waves that are generated by the nonlinear interaction between the 77 

Q6DW and migrating diurnal/semidiurnal tides play an important role on the 6–day variation 78 

in the ionosphere. Using the SABER temperature measurements, Forbes and Zhang (2017) 79 

found signatures of the secondary waves due to the Q6DW-tide nonlinear interaction in the 80 

MLT. For example, the nonlinear interaction between the Q6DW and migrating diurnal tide 81 

generates westward-moving s=2 component with a period of 21 hours (W3_21h) and s=0 82 

component with a period of 29 hours (W0_29h). However, it is not clear how these secondary 83 

waves contribute to the 6–day variation in the ionosphere and how the secondary waves affect 84 

the longitudinal structure of the 6–day variation in the ionosphere. 85 

 86 

Yamazaki et al (2020, hereafter Y20) reported the sudden stratospheric warming (SSW) 87 

event occurred in the southern hemisphere (SH) in September 2019 and its impact on the 88 

ionosphere. The temperature at 30 km height in the Antarctica increased by 50 K within a week, 89 

and the strato-mesospheric jet in the SH was attenuated. Interestingly, the Q6DW activity in 90 

the mesosphere was also enhanced. Swarm satellite observations revealed that the 6–day 91 



variation in the EEJ and electron density is prominent during the SSW event. The variation in 92 

the EEJ shows a westward–moving s=1 structure, indicating the influence of the Q6DW. 93 

However, due to insufficient neutral wind observations in the lower thermosphere, the 94 

interaction processes between plasma and neutrals through the E–region dynamo are not well 95 

understood. Namely, it is not clear how the 6–day variations in the ionosphere are connected 96 

with the Q6DW in the MLT. Therefore, using a whole atmosphere-ionosphere coupled model, 97 

the excitation mechanism of the 6–day variation in the EEJ is examined in this study. In 98 

particular, we focus on the behavior of the secondary waves generated by the Q6DW-tide 99 

nonlinear interaction, and its influence on the 6-day variation in the ionosphere. This paper is 100 

organized as follows. The model and numerical simulation are briefly described in Section 2. 101 

The results and discussion are given Sections 3 and 4, respectively. Finally, our concluding 102 

remarks are presented in Section 5. 103 

 104 

2. Description of the Model and Numerical Simulation 105 

The Ground-to-topside model of Atmosphere and Ionosphere for Aeronomy (GAIA) is a 106 

whole atmosphere–ionosphere coupled model that covers atmospheric regions from the ground 107 

surface to the exobase without any artificial boundaries between the lower and upper regions. 108 

GAIA has been developed by integrating three models: a general circulation model (GCM) of 109 

the neutral atmosphere, an ionosphere model, and an electrodynamics model. It is noteworthy 110 

that GAIA incorporates the interaction processes between plasma and neutral species. A 111 

detailed description of GAIA can be found in Jin et al. (2011) and Miyoshi et al. (2012, 2017). 112 

 113 

For the neutral atmospheric part, a whole atmosphere GCM from the ground surface to the 114 

exobase (Miyoshi & Fujiwara, 2003, 2006) is used. The GCM used here is a global spectral 115 

model with a maximum horizontal wave number of 42, and has 150 vertical layers with a 116 



vertical resolution of 0.2 scale heights. The GCM includes a full set of physical processes 117 

appropriate for the whole atmospheric region. For example, moist convection scheme, a 118 

hydrological cycle, boundary layer process, and radiation process are included in the 119 

troposphere. The effects of topography are also taken into account. In the thermosphere, the 120 

model estimates the interaction processes between neutrals and plasmas, such as ion drag, 121 

Joule heating, and auroral precipitation heating. Meteorological reanalysis data provided by the 122 

Japan Meteorological Agency (JRA55) (Kobayashi et al., 2009) are incorporated below a 123 

height of 40 km by a nudging method. The nudging method forces physical variables, such as 124 

the surface pressure, temperature, zonal and meridional winds, and water vapor, to the JRA55 125 

data. This means that the GCM can reproduce realistic temporal and spatial variations in the 126 

general circulation in the troposphere and lower stratosphere. 127 

 128 

For the ionospheric part, the dynamics and chemical processes of the major ion species 129 

(O+, O2
+, N2

+ and NO+) are taken into account (Shinagawa, 2009). The horizontal resolution is 130 

2.5° longitude by 1.0° latitude. The ionosphere model extends from the ground surface to 131 

about 2000 km height. The coupling processes between plasma and neutral species are also 132 

incorporated. The electrodynamics model (Jin et al., 2008) calculates the global distribution of 133 

the ionospheric currents and electric fields at every 5 min. The model uses a tilted dipole 134 

geomagnetic field and assumes equipotential magnetic field lines.  135 

 136 

The numerical simulation was performed under solar minimum and geomagnetically quiet 137 

conditions to exclude influences from temporal variations in the solar UV/EUV fluxes and 138 

geomagnetic activity. The solar F10.7 flux was set to 68 × 10−22 W m−2 Hz−1, which is the 139 

monthly mean value in September 2019, and the cross polar potential was fixed at 30 kV. We 140 

performed numerical simulation for 2019. The simulation data were output at 30–min intervals. 141 



In the present study, we analyze the data for the period from 1st August, 2019 to 31th October, 142 

2019. 143 

 144 

3. Results 145 

3.1 SSW and Q6DW in September 2019 146 

Y20 reported that a SSW event occurred in the Antarctic region in September 2019, and 147 

that the Q6DW in the stratosphere and mesosphere was enhanced after the SSW. We first 148 

examine how well GAIA can reproduce the SSW event in September 2019. Figure 1a shows 149 

the height–time distribution of the zonal mean temperature near the South Pole (85° S) 150 

simulated by GAIA. The temperature in the stratosphere increases during the period from 20 151 

August to 15 September. The temperature rise within a week in early September is about 50 K 152 

at 30 km. The strato-mesospheric eastward jet is attenuated after 20 August, and the westward 153 

wind appears in the 80–110 km height region on 25 August (Figure 1b). The westward wind 154 

region extends downward and reaches at 36 km height on 18 September. However, this event is 155 

a minor SSW because the reversal of the zonal wind direction did not occur at 30 km height. 156 

The simulated features of the SSW event agree well with those observed by the Microwave 157 

Limb Sounder (MLS) on the Aura satellite and the MERRA-2 reanalysis data (Y20).  158 

 159 

The behavior of the Q6DW simulated by the GAIA is examined next. The procedure to 160 

detect the Q6DW is as follows. Using a space–time spectral analysis (Hayashi, 1971), 161 

westward-moving component of s=1 is extracted. Next a band-pass filter is applied to separate 162 

the dominant periods for the Q6DW (5.0 to 7.0 days). The method to extract the Q6DW is the 163 

same with that used in Miyoshi and Hirooka (1999, 2003). Figure 2a shows the temporal 164 

variation in the geopotential component of the Q6DW at 95 km height, where the Q6DW 165 

amplitude reaches its maximum. The Q6DW was enhanced during 13 September–3 October, 166 



with the maximum of 0.45 km occurring on 23–25 September. Another weak Q6DW event 167 

occurred on 25 August–3 September. Figure 2c shows the height–latitude distribution of the 168 

Q6DW amplitude (geopotential height component) averaged from 10 September to 30 169 

September. The amplitude below 95 km height has maxima at ±45° latitude and increases 170 

with increasing height. The maxima at 60 km and 95 km are 0.15 km and 0.35 km, respectively. 171 

The phase structure is symmetric about the equator (not shown). These features of the Q6DW 172 

is in good agreement with the observation (Figure 3 of Y20). This means that GAIA can 173 

reliably simulate the SSW and Q6DW events in September 2019. Note that the simulated 174 

latitudinal structure of the Q6DW is in agreement with that of the first symmetric mode of the 175 

normal mode Rossby wave derived by the classical tidal theory (Forbes and Zhang, 2017). The 176 

Q6DW amplitude in the 100–120 km height region decreases with increasing height, whereas 177 

that in the 120–150 km height region increases with height. The attenuation of the Q6DW 178 

amplitude in the 100–120 km height is probably due to the large eddy vertical viscosity caused 179 

by the gravity wave breaking/dissipation. Above 120 km height, the peak of theQ6DW 180 

amplitude is located at ±65–70° latitude, and the latitudinal structure is different from that 181 

below 100 km height. 182 

 183 

 The zonal wind component of the Q6DW is largest at the equator, and secondary 184 

peaks are found at high latitudes (Figure 2b). The zonal wind component is enhanced during 185 

13 September–3 October, with the maximum value at of 27 m/s at the equator. The height–186 

latitude distribution of the zonal wind amplitude due to the Q6DW is shown in Figure 2d. The 187 

zonal wind amplitude reaches its maximum at 95 km, and is less than 10 m/s above 150 km 188 

height. Note that the zonal wind amplitude in the 110–120 km height region, where the 189 

E-region dynamo process is active, is about 20 m/s. As for the meridional wind component due 190 

to the Q6DW, the peak is located at ±45° latitude, and the peak values at heights of 60 and 95 191 



km are 4 and 8 m/s, respectively (not shown). 192 

 193 

3.2 EEJ simulated by GAIA 194 

 Figure 3a shows the global distribution of the eastward electric current intensity 195 

(integrate from 80 km to 150 km height) at 12 local time (LT) averaged in September 2019. A 196 

narrow band of strong eastward electric current is evident along the geomagnetic equator. This 197 

means that the GAIA can reproduce the equatorial electrojet (EEJ). Figure 3b shows day–198 

longitude distribution of the EEJ at 12LT. A wave–4 structure in the longitudinal direction is 199 

evident. The peaks of the EEJ intensity are located at around 0°E, 90°E, 180°E and 90°W. The 200 

EEJ intensity is the largest at 80–110°E (90–130 mA/m), and the smallest at 100–130°W (50–201 

90 mA/m). It is clearly seen that the EEJ oscillates with a period of 6 days. To see the 6–day 202 

oscillation in detail, Figure 3c shows the time–longitude distribution of the EEJ with a period 203 

from 5.0 to 7.0 days. A westward–moving component of s=1 with a period of 6 days is 204 

significant after 10 September. The amplitude of the 6–day oscillation ranges from 12 to 24 205 

mA/m, and maximizes at 60–120°W. These features of the simulated EEJ intensity also agree 206 

well with the Swarm observation (Y20). 207 

 208 

Figure 4a shows the day–longitude distribution of the eastward electric field at 110 209 

km height at 11–12 LT. The electric field values are averaged from 10°N to 10°S geomagnetic 210 

latitudes. The westward-moving structure of s=1 with a period of 6 days is clearly seen, and 211 

this feature is similar to that of the EEJ. This similarity is explained by the fact that the EEJ is 212 

generated by the eastward electric field in the E–region (Richmond, 1973). Figure 4b shows 213 

the day–longitude distribution of the TEC at 20°N geomagnetic latitude at 13–15 LT. The 13–214 

15 LT is chosen because the response of the Q6DW on the TEC is the largest at 13–15 LT 215 

(Yamazaki, 2018). Again, the westward–moving structure of s=1 with a period of 6 days is 216 



evident. Thus, the 6–day oscillation is dominant in the ionosphere during September 2019 as 217 

shown in Y20. Note that the EEJ, electric field, and TEC have the 6–day oscillation, even 218 

though the solar F10.7 flux and geomagnetic activity are held constant during the numerical 219 

simulation. This indicates that the 6–day oscillation in the ionosphere is caused by the 220 

atmospheric waves from below. 221 

 222 

3.3 Neutral atmosphere in the E-region 223 

 The neutral wind in the 110–120 km height region, where the neutral-plasma 224 

interaction processes are active, is examined here. Figure 5a shows the temporal variations in 225 

the meridional wind at 43°N and 90°E, averaged over the 110–120 km height range. The 226 

meridional wind velocity shows short-period fluctuations of up to ±150 m/s. The meridional 227 

wind variations are decomposed into these four parts: (1) variations with periods longer than 228 

36 hours (Figure 5b), (2) variations with periods between 16 and 36 hours (Figure 5c), (3) 229 

variations with periods between 10 and 16 hours (Figure 5d), and (4) variations with periods 230 

shorter than 10 hours (Figure 5e). In Figure 5b, variations with a period around 6 days are 231 

unclear, indicating that variations in the meridional wind due to the Q6DW are negligible in 232 

the mid-latitude E–region. The dominant component is the variations with periods between 10 233 

and 16 hours (Figure 5d), which are mainly due to the semidiurnal tide. The range of the 234 

oscillation changes over time with a period of 5–6 days. For example, the 10–16 hour 235 

variations are amplified on 8th, 13th, 18th, 24th, 30th September and 4th October. Variations 236 

with periods between 16 and 36 hours and with periods less than 10 hours are smaller than the 237 

10–16 hour variations by a factor of 3–4. Figures S1a–e show the temporal variations in the 238 

zonal wind at 43° N and 90° E. The features of the zonal wind variations are similar to those of 239 

the meridional wind variations. 240 

 241 



Similar analysis was performed on the zonal wind component near the equator (1°N 242 

and 90°E; Figures 5f-j). The zonal wind variations due to the Q6DW are found in Figure 5g. 243 

The amplitude of the 10–16 hour variations (Figure 5i) are comparable to that of the 16–36 244 

hour variations (Figure 5h), which are mainly due to the diurnal tide. The amplitude of the 10–245 

16 hour variations is modulated with a period of 6 days, whereas the amplitude of the 16–36 246 

hour variations is modulated with a period of 3–6 days. The temporal variations in the 247 

meridional wind near the equator are shown in Figures S1f-j. Again, the amplitude of the 10–248 

16 hour variations is modulated with a period of 5–6 days. Figure S2 shows the 10–16 hour 249 

variations at different latitudes, where ~6–day modulations can also be found.  250 

 251 

3.4 Excitation mechanism of the 6-day oscillation of the EEJ 252 

 Our analysis for the temporal variations in the neutral wind implies that there are two 253 

excitation sources for the 6–day oscillation of the EEJ. One is the 6–day variations in the 254 

neutral wind due to Q6DW. The other is the modulation of the 10–16 hour variations with a 255 

period of 5–6 days. In order to examine the primary cause for the 6–day oscillation of the EEJ, 256 

we performed three additional numerical experiments. In these experiments, the neutral 257 

atmospheric part of GAIA (GCM) is de-coupled from the ionospheric and electrodynamic parts 258 

of GAIA. Using the space–time spectral analysis, the neutral atmospheric temperature, wind 259 

and composition are reconstructed with the wave component having zonal wavenumber from 260 

s=–5 to s=5. In the first experiment (EXP1), the ionospheric and electrodynamics models are 261 

forced by the neutral atmosphere with the zonal wavenumber from s=–5 to s=5. This means 262 

that the effect of the atmospheric waves with relatively small spatial scales (|𝑠| > 5) on the 263 

ionosphere is excluded. Moreover, the effect of the feedback processes from the ionosphere to 264 

the neutral atmosphere, such as the ion drag force, is omitted. In the second experiment 265 

(EXP2), the neutral atmosphere is reconstructed by the Q6DW (westward–moving s=1 266 



components with a period of 5–7 days) and 40–day means (averaged from 1 September to 10 267 

October) of the zonal mean and tidal components of |𝑠| ≤ 5. This means that the day-to-day 268 

variations in the ionosphere are only generated by the Q6DW. In the third experiment (EXP3), 269 

the atmospheric waves with periods longer than 36 hours for |𝑠| ≤ 5 are removed. Day-to-day 270 

variations in the ionosphere are generated by variations in the atmospheric waves with periods 271 

shorter than 36 hours. Namely, the effects of the temporal variations in the tides (24 hour, 12 272 

hour, 8hour, 6 hour,,,) on the ionosphere are considered, whereas the effect of the Q6DW is 273 

removed. A brief summary of EXP1–EXP3 is given in Table1. The three experiments are 274 

conducted from 1st September 2019 to 10th October 2019. By comparing the 6–day oscillation 275 

of the EEJ in the three experiments, we can identify the excitation source of the 6–day 276 

oscillation of the EEJ.  277 

 278 

Figure 6a shows the day–longitude distribution of the EEJ obtained by EXP1. The 279 

EEJ has the wave–4 longitudinal structure with maxima at 0°E, 90°E, 180°E and 90°W. The 280 

westward–moving component of s=1 with a period of 6 days is significant after 10 September 281 

(Figure 6d). These features of the EEJ are quite similar to those obtained by the original GAIA 282 

simulation. This result indicates that the 6–day oscillation of the EEJ is generated by the 283 

large-scale waves (|𝑠| ≤ 5). 284 

 285 

 The day–longitude distribution of the EEJ simulated by EXP2 is presented in Figures 286 

6b and 6e. The amplitude of the wave–4 structure of the EEJ is reduced, and day-to-day 287 

variations in the EEJ are much weaker than those in EXP1. The westward–moving component 288 

of s=1 with a period of 6 days is visible in Figure 6e, however, the amplitude of the 6–day 289 

oscillation is only 2–3 mA/m, which is weaker than that in EXP1 and the original GAIA 290 

simulation by a factor of 6–8.  291 



 292 

 The day–longitude distribution of the EEJ obtained by EXP3 is quite similar to that 293 

in EXP1 and the original GAIA simulation (Figures 6c and 6f). This indicates that the 6–day 294 

oscillation of the EEJ is primarily generated by the planetary-scale waves with periods less 295 

than 36 hours. Day-to-day variations in the TEC simulated by EXP1, EXP2 and EXP3 are 296 

shown in Figures 7. Note that day-to-day variations in EXP1 and EXP3 agree well with those 297 

in the original GAIA simulation.  298 

 299 

3.5 10–16 hour variations  300 

To investigate the dominant periods of the planetary-scale waves in more detail, the space–301 

time spectral analysis was performed. Figure 8a shows the frequency–zonal wavenumber 302 

distribution of spectral density of the meridional wind at 43°N averaged between 110 and 120 303 

km height. A narrow band of enhanced spectral density is found at ω = 2 /day (12hours 304 

period) with s = −2~4. The maximum is located at ω = 2 with s=2, which is due to the 305 

migrating semidiurnal tide (SW2). Other distinct peaks are evident at ω = 1 with s=1 306 

(migrating diurnal tide, DW1) and at ω = 3 with s=3 (migrating terdiurnal tide). It is 307 

important that spectral peaks are found at ω = 1.833 (about 13 hours period) withs =308 

−1~1, and 3  and at ω = 2.167 (about 11 hours period)  with s = 0, 3 and 4 . In these 309 

waves, westward moving component of s=1 with ω = 1.833  (W1_13h), and westward 310 

moving component of s=3 with ω = 2.167 (W3_11h) are larger. These two waves are 311 

considered to be the secondary waves generated through the nonlinear interaction between the 312 

Q6DW and SW2 (e.g., Gan et al., 2017). The wind variations due to Q6DW (𝑢6𝑑) and SW2 313 

(𝑢𝑠𝑤2) are expressed as equations (1) and (2), respectively: 314 

𝑢6𝑑 = 𝐴1 cos(𝑥 + 0.167Ω𝑈𝑡 + 𝜙1) (1),   𝑢𝑠𝑤2 = 𝐴2 cos(2𝑥 + 2Ω𝑈𝑡 + 𝜙2) (2) 

where 𝑥, 𝑈𝑡 and 𝛺 are the longitude, universal time (in hours), and 2π/24, respectively. 315 



𝐴𝑘 and 𝜙𝑘 are the wave amplitude and phase, respectively. The generation of W1_13h and 316 

W3_11h through the nonlinear interaction is described in equation (3): 317 

𝐴1 cos(𝑥 + 0.167Ω𝑈𝑡 + 𝜙1) × 𝐴2 cos(2𝑥 + 2Ω𝑈𝑡 + 𝜙2) = 

𝐴1𝐴2

2
[cos(𝑥 + 1.833Ω𝑈𝑡 − 𝜙1 + 𝜙2) + cos(3𝑥 + 2.167Ω𝑈𝑡 + 𝜙1 + 𝜙2)]   (3) 

Furthermore, westward moving component of s=3 with ω = 1.833 is the secondary wave by 318 

the nonlinear interaction between the Q6DW and SW4 (westward moving semidiurnal tide 319 

with s=4), whereas s=0 component with ω = 1.833 is the secondary wave by the nonlinear 320 

interaction between the Q6DW and SW1 (westward moving semidiurnal tide with s=1). The 321 

secondary waves generated by the Q6DW and tides are described in detail by Forbes and 322 

Zhang (2017). In the following, the behaviors of W1_13h and W3_11h, which are the largest in 323 

the secondary waves, are examined. 324 

 325 

 Figure 9a shows 9.6–16 hour variations in the westward–moving s=1 component of 326 

the meridional wind at 43°N and 0°E. The meridional wind variations are modulated with a 327 

period of about 5–6 days. The black and red lines in Figure 9b show temporal variations with 328 

periods from12.5 and 14 hours (W1_13h) and variations with periods from 11.5 and 12.5 hours 329 

(SW1), respectively. Neither of the two shows 6–day periodicity. However, their superposition 330 

reveals a modulation with a period of 6 days (Figure 9c), because the two components are in 331 

phase every 6 days. Thus, the 6–day periodicity in Figure 9a is primarily explained by the 332 

interference of W1_13h and SW1. 333 

 334 

 A similar analysis was conducted on the westward–moving s=3 component with 335 

periods from 9.6 to 16 hours. The westward–moving s=3 component also shows variations 336 

with a period about 6 days (Figure 10a). Figure 10b shows the temporal variations with periods 337 

from 12.5 and 14.0 hours (W3_13h), whereas Figure10c shows the variations with periods 338 



from11.5 and 12.5 (SW3; red line) and with periods from 10.0 and 11.5 hours (black line; 339 

W3_11h), respectively. During 13 September –25 September, the amplitude of W3_11h is 340 

larger than that of W3_13h, and day-to-day variations in the westward–moving s=3 component 341 

are primarily explained by the superposition of SW3 and W3_11h. On the other hand, W3_13h 342 

is not negligible before 13 September and after 25 September. The interference between SW3 343 

and W3_11h (as well as between SW3 and W3_13h) is also found at other latitudes and in the 344 

zonal wind component (not shown). 345 

 346 

 Figures 11a and 11b show the amplitudes of the zonal and meridional wind 347 

components of the W1_13h averaged over 10 September to 30 September. The maxima of 8–348 

13 m/s are located at ±60–70° latitude and 110–120 km height. Secondary peaks of the 349 

meridional wind (6 m/s) appear at ±20° latitude and 120–140 km height. The amplitude 350 

below 80 km height is negligibly small, whereas the amplitude above 150 km height decreases 351 

with increasing height. Day-to-day variations of the W1_13h amplitude (the meridional wind 352 

component) at 115 km height is shown in Figure 12a. Day-to-day variations in the W1_13h 353 

amplitude are prominent. The amplitude at high latitudes in the NH has a peak of 23 m/s on 354 

14–19 September, whereas the amplitude at middle and high latitudes in the SH is enhanced 355 

after 20 September. The amplitudes of the W3_11h in the zonal and meridional wind 356 

components are shown in Figures 11c and 11d, respectively. The amplitudes in the zonal and 357 

meridional winds has maxima of 10 m/s at ±50–60° latitudes and 110–120 km heights. A 358 

secondary peak of the zonal wind amplitude (7.5 m/s) is found near the equator at 130 km 359 

height, whereas that of the meridional wind amplitude (6 m/s) appear at ±20–30° latitudes. 360 

Day-to-day variations in W3_11h indicates that the amplitude in the NH (SH) is enhanced on 361 

15–20 (20–30) September (Figure 12b). 362 

 363 



 The spectral density distribution of the zonal wind near the equator is shown in 364 

Figure 8b. The spectral density is larger at ω = 1 /day (24 hours period) than at ω = 2 /day 365 

(12 hours period). In particular, strong peaks are found at ω = 1 with eastward-moving s=–3. 366 

Peaks associated with the Q6DW (ω = 0.167 and s=1) and Ultra Fast kelvin wave (ω =367 

0.3~0.5 and s=–1) are visible. Distinct peaks at ω = 0.833 (29 hours period) and  ω =368 

1.167  (21 hours period) with s = −2~ − 4  are considered to be the secondary waves 369 

resulting from the nonlinear interaction between the Q6DW and the diurnal tides. The spectral 370 

peak due to the wave at ω = 0.833 with s = −3 (E3_29h) is the largest in the secondary 371 

waves, and is generated by the interaction between the Q6DW and eastward–moving diurnal 372 

tide with s = −2 (DE2). Figure S4 shows the height-latitude distribution of the E3_29h 373 

amplitude. The amplitude of the zonal wind E3_29h has the maximum of 10 m/s at the equator 374 

and 110 km height, whereas the amplitude of the meridional wind E3_29h is less than 5 m/s. 375 

The zonal wind variations due to E3_29h also affect the 6–day variation in the ionosphere. 376 

Furthermore, a spectral peak due to W3_11h (ω = 2.167 and s=3) is found. 377 

 378 

3.6 Semidiurnal variation in the ionosphere 379 

  It is considered that the neutral wind variations, such as SW1, SW2, SW3 W1_13h 380 

and W3_11h, influence the temporal variations in the electron density. Let us first examine the 381 

TEC variations associated with W1_13h and SW1. Black and red lines in Figure 9d indicate 382 

the westward–moving s=1 component of the TEC variations with periods between 12.5 and 383 

14.0 hours and with periods between 11.5 and 12.5 hours, respectively. The amplitude of the 384 

both variations ranges from 0.3 to 1.2 TEC unit. It is seen that neither variation has clear 6–day 385 

periodicity, whereas the superposition of the two has a 6–day oscillation. This means that the 386 

amplitude of the semidiurnal variation (11.5–14.0 hours) in TEC is modulated with a 6–day 387 

period due to the interference of W1_13h and SW1. The westward–moving s=3 component 388 



also has similar feature. Namely, the superposition of the TEC variations with periods between 389 

10.5 and 11.5 hours and with periods between 11.5 and 12.5 hours shows clear 6–day variation 390 

(Figures 10e and 10f). 391 

 392 

3.7 Variations in the fixed local time frame 393 

As presented in Figures 3, 4, 6 and 7, the 6–day oscillation in the EEJ and TEC at 394 

fixed local times have the westward-moving s=1 structure, which is consistent with Swarm 395 

observations during September 2019 (Y20). As demonstrated in 3.4, these 6–day ionospheric 396 

oscillations are not due to the Q6DW with s=1, but due to 10–14 hour waves with s=1 and s=3. 397 

In this subsection, we explain how the 10–14 hour waves produce westward-moving s=1 398 

ionospheric perturbations in the fixed LT frame. 399 

 400 

Let us consider the neutral wind variations due to Q6DW, W1_13h and W3_11h at a 401 

fixed LT. The relation between UT and LT is expressed in equation (4), so that the wind 402 

variation due to the Q6DW (1) at a fixed LT is described as equation (5): 403 

𝑥 + 𝛺𝑈𝑡 = 𝛺𝐿𝑡  (4), 𝑢6𝑑 = 𝐴1 cos(0.833𝑥 + 0.167Ω𝐿𝑡 + 𝜙1) (5) 404 

The wind variation due to W1_13h is described in equation (6): 405 

𝑢𝑤1_13 = A3 cos(𝑥 + 1.833Ω𝑈𝑡 + 𝜙3)  (6) 

Using equation (4), the wind variation of W1_13h at a fixed LT is expressed in equation (7):  406 

             𝑢𝑤1_13 = A3 cos(0.833𝑥 + 0.167Ω𝐿𝑡 − 𝜙3)    (7) 

By comparing equations (5) and (7), it is obvious that the time–longitude structure of the wind 407 

variation due to the Q6DW is the same with that due to the W1_13h. Figures S5a and S5b 408 

shows the day–longitude wind variations due to the Q6DW and W1_13h at 12 LT, respectively.  409 

 410 

Similarly, the wind variation due to the W3_11h is described in equation (8). The 411 



wind variation due to the W3_11h at the fixed LT (Figure S5c) has the same longitudinal 412 

dependence as Q6DW and W1_13h. 413 

𝑢𝑤3_11 = A4 cos(3𝑥 + 2.167Ω𝑈𝑡 + 𝜙4) =  𝐴4 cos(0.833𝑥 + 0.167Ω𝐿𝑡 + 𝜙4) (8) 

 414 

 On the other hand, the wind variations due to the W1_11h and W3_13h are described 415 

in equations (9) and (10), respectively.  416 

𝑢𝑤1_11 = 𝐴5 cos(𝑥 + 2.167Ω𝑈𝑡 + 𝜙5) = 𝐴5 cos(−1.167𝑥 + 0.167Ω𝐿𝑡 + 𝜙5) (9) 

𝑢𝑤3_13 = A6 cos(3𝑥 + 1.833𝑦7Ω𝑈𝑡 + 𝜙6) = A6 cos(−1.167𝑥 + 0.167Ω𝐿𝑡 − 𝜙6) (10) 

The wind variations due to the W1_11h and W3_13h at a fixed LT have eastward–moving 417 

structure (Figures S4d and S4e), which is quite different from that of the Q6DW, W1_13h and 418 

W3_11h. 419 

 420 

Based on these results, we can conclude that the wind variations due to the Q6DW, 421 

W1_13h and W3_11h at a fixed LT have the westward–moving s=1 structure with a period of 6 422 

days. Furthermore, using the same procedure, it can be shown that the wind variations due to 423 

W3_21h and S0_29h, which are the secondary waves from the nonlinear interaction between 424 

the Q6DW and the migrating diurnal tide, also have the westward–moving s=1 structure with a 425 

period of 6 days in the fixed LT frame. 426 

 427 

 Figures 13a and 13b show the day–longitude distributions of the meridional wind 428 

associated with the W1_13h and W3_11h at 43°N and 110–120 km height, as derived from 429 

GAIA at 12 LT. As shown before, the wind variations due to these two waves have the 430 

westward–moving s=1 structure with a period of 6 days. On the other hand, the meridional 431 

wind variation due to the W3_13h at 12 LT, shown in Figure 13c, indicates eastward–moving 432 

structure having s=1. Figure 13d shows the day–longitude distribution of the meridional wind 433 



obtained by the superposition of W1_13h, W3_11h and W3_13h at 12 LT. The westward–434 

moving s=1 structure with a period of 6 days is dominant in Figure 13d. Based on the results 435 

obtained in the current study, we can conclude that the 6-day variation with s=1 in the 436 

ionosphere is primarily caused by the neutral wind variation due to superposition of the 437 

secondary waves generated by the nonlinear Q6DW-tide interaction, such as the W1_13, 438 

W3_11h and W3_13h. Similar day–longitude distributions of the neutral wind are found at 439 

other latitudes. 440 

 441 

 The amplitude of the 6-day variation in the neutral wind due to the superposition of 442 

the W1_13, W3_11h and W3_13h depends on longitude. On 10-20 September, the 6–day 443 

variation in the neutral wind is enhanced at 90–30°W longitudes. A strong 6–day variation in 444 

the EEJ and TEC on 10–20 September also occurs at 90–30°W longitudes. This suggests that 445 

the longitudinal dependence of the 6–day variation in the EEJ and TEC is caused by the 446 

longitudinal dependence of the amplitude of the neutral wind variation. 447 

 448 

4. Discussion 449 

Pancheva et al. (2010) showed that the Q6DW is active during equinoxes in both 450 

hemispheres reaching the maximum at 105–110 km height. Using the Aura/MLS, Yamazaki 451 

(2018) investigated the climatology of the Q6DW during a period from 2004 to 2017. The 452 

Q6DW amplitude of the geopotential height at a height of 97 km ranges from 0.15 km to 0.3 453 

km. The Q6DW amplitude in September 2019 exceeds 0.4 km, and is the largest since 2004. 454 

Thus, the Q6DW event in September 2019 is exceptional. 455 

 456 

 Using the TIME-GCM, Gan et al. (2017) studied the 6-day oscillation in the 457 

ionosphere and its relation with the Q6DW. They showed that the W0_21h, W2_29h, W1_13h, 458 



and W3_11h, which are generated by the nonlinear interaction between the Q6DW and the 459 

DW1/SW2, played an important role on the 6-day variation in the ionosphere, which is 460 

consistent with the present results. The maxima of the W1_13h and W3_11h amplitudes 461 

simulated by Gan et al. (2017) are 3–5 m/s, and are smaller than those simulated in this study 462 

by a factor of 3–4. The Q6DW amplitude is exceptionally large during September 2019, and 463 

the amplitude of the SW2 at 100–120 km height in this study (Figures S3) is 40–60 m/s, larger 464 

than that in Gan et al. (2017) by 5–10 m/s. Thus, the larger amplitudes of the parent waves (the 465 

Q6DW and SW2) are likely the reason for the larger secondary waves in this study. On the 466 

other hand, the amplitudes of the W0_21h and W2_29h simulated in this study are smaller than 467 

those in Gan et al. (2017). The DW1 amplitude at 100–120 km in this study is also smaller 468 

than that in Gan et al. (2017). Therefore, the smaller amplitudes of the secondary waves 469 

(W0_21h and W2_29h) in this study are probably due to the smaller amplitude of the DW1.  470 

 471 

  Pedatella et al. (2012) reported that eastward–moving waves with periods of 21 and 472 

29 hours at low latitudes, which are generated by the nonlinear interaction between the Q6DW 473 

and eastward–moving diurnal tides. The amplitude of these waves is about 10m/s, and is 474 

consistent with the present result. 475 

 476 

Next, we compare the 6–day variation in the EEJ in September 2019 with the 6–day 477 

variation in other years. Yamazaki (2018) investigated the behavior of the 6–day variation in 478 

the EEJ for five events (September 2006, May 2007, September 2007, August 2010 and 479 

September 2016). In these 5 events, the westward–moving s=1 structure with a period of 6 480 

days is not as clear as the September 2019 event, and the amplitude of the 6–day variation in 481 

the EEJ has a more pronounced longitudinal dependence. For example, the 6–day variation in 482 

EEJ in September 2006 event is clearly seen at 180–210° E longitudes, but nearly absent at 483 



30–60° E longitude. For the September 2006 event, the amplitude of the Q6DW amplitude in 484 

in geopotential height is ~0.2 km at 95 km height, which is half the amplitude of the September 485 

2019 event. From this, it is expected that the amplitudes of the secondary waves (W1_13h and 486 

W3_11h) in the September 2006 event are much smaller than those in the September 2019 487 

event. The smaller amplitudes of the secondary waves could be the reason for the unclear 488 

westward-moving s=1 structure in the EEJ for the September 2006 event. The evaluation of the 489 

secondary waves during other Q6DW events and their impacts on the 6–day ionospheric 490 

oscillation requires further studies. 491 

 492 

5. Concluding Remarks 493 

 Using an atmosphere–ionosphere coupled model (GAIA), the excitation mechanism 494 

of the 6–day variations in the EEJ and TEC has been investigated. The main results are as 495 

follows: 496 

(1) The Q6DW in the stratosphere and mesosphere is extremely enhanced during the SSW 497 

event in September 2019. The Q6DW amplitude reaches its maximum at 95 km height, 498 

and decreases with increasing height at 95–120 km height. The Q6DW amplitude in the 499 

zonal wind at 95 and 110 km heights are 27 and 20 m/s, respectively. The Q6DW 500 

amplitude in the zonal wind above 150 km is less than 10 m/s. 501 

(2) By a series of numerical experiments, we demonstrate that the 6–day variations in the EEJ 502 

and TEC are not caused by the neutral wind variation due to the Q6DW, but caused by 503 

waves with periods of 11–14 hours. The amplitude of the 11–14 hour waves in neutral 504 

wind is modulated with a period of 6 days, and play an important role on the excitation of 505 

the 6–day variation in the ionosphere. Specifically, the W1_13h and W3_11h waves, which 506 

are the secondary waves generated by the nonlinear interaction between the Q6DW and 507 

SW2, are important. 508 



(3) At the fixed local time, the wind variations due to the W1_13h and W3_11h have the 509 

westward–moving s=1 structure with a period of 6 days. This is the reason why the EEJ 510 

and TEC in the fixed LT frame show 6–day variations with the westward–moving s=1 511 

component. 512 

(4) Secondary waves reinforce or cancel each other depending on the longitude. As a result, 513 

the 6–day variation in the neutral wind depends on the longitude. This, in turn, leads to a 514 

longitudinal asymmetry in the magnitude of the ionospheric 6–day variation. 515 

 516 

In this study, we showed the excitation mechanism of the 6–day variation in the ionosphere. 517 

However, the excitation mechanism of the Q6DW in the stratosphere and mesosphere remains 518 

to be identified. The reason why the Q6DW in September 2019 is extremely enhanced is also 519 

unclear. Furthermore, additional GAIA simulations for other years are desirable to study the 520 

interannual variability of the Q6DW activity and its relation with the 6–day variation in the 521 

ionosphere. These are subjects of future studies. 522 
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 636 

Figure Captions 637 

Figure 1(a) Height-time distribution of the zonal mean temperature at 85º S. Units are K. (b) As in 638 

Figure 1a but for the zonal mean zonal wind at 60º S. Positive and negative values indicate 639 

eastward and westward winds, respectively. Units are m/s. 640 

 641 

Figure 2(a) Latitude–time distribution of the geopotential height component of the Q6DW 642 

amplitude at 95 km height. Units are km. (b) As in Figure 2a but for the zonal wind component. 643 

Units are m/s. (c) Height-latitude section of the Q6DW amplitude in geopotential height component 644 

averaged from 10 September to 30 September, 2019. Units are km. (d) As in Figure 2c but for the 645 

zonal wind component. Units are m/s. 646 

 647 

Figure 3(a) Latitude–longitude distribution of the eastward current at 12 LT in September 2019. 648 

Units are mA/m. (b) Day–longitude distribution of the eastward current at 12 LT on the 649 

geomagnetic equator. Units are mA/m. (c) Variations with a period between 5 and 7 days in the 650 

eastward current at 12 LT. 651 

 652 

Figure 4(a) Day–longitude distribution of the eastward electric field at 12 LT in low latitudes 653 

(±10º geomagnetic latitude). Units are mV/m. (b) Day–longitude distribution of the total electron 654 

content (TEC) at 13–15 LT at 20º geomagnetic N. Units are TECU. 655 

 656 

Figure 5(a) Temporal variations in meridional wind at 43º N and 90º E from 1 September to 10 657 

October, 2019. The meridional wind is averaged between 110 km and 120 km height. Units are m/s. 658 



(b) Temporal variations in meridional wind due to waves with periods longer than 36 hours. (c) 659 

Temporal variations in meridional wind with periods between 16 and 36 hours. (d) Temporal 660 

variations of meridional wind with periods between 9.6 and 16 hours. (e) Temporal variations with 661 

periods shorter than 9.6 hours. (f) As in figure 5(a) but for the zonal wind at 1º N. (g) As in figure 662 

5(b) but for the zonal wind at 1º N. (h) As in figure 5(c) but for the zonal wind at 1 ºN. (i) As in 663 

figure 5(d) but for the zonal wind at 1º N. (j) As in figure 5(e) but for the zonal wind at 1º N. 664 

 665 

Figure 6(a) Day–longitude distribution of the eastward current at the geomagnetic equator at 12 666 

LT obtained by EXP1. Units are mA/m. Contour intervals of black lines are 10 mA/m. (b) As in 667 

Figure 6a but for EXP2. (c) As in Figure 6a but for EXP3. (d) 5-7 day variations of the eastward 668 

current obtained by EXP1. Contour intervals of black lines are 4 mA/m. (e) As in figure 6d but for 669 

EXP2. (f) As in Figure 6e but for EXP3. 670 

 671 

Figure 7(a) Day–longitude distribution of the TEC at 20º geomagnetic N latitude at 13–15 LT 672 

simulated by EXP1. Units are TEC unit. (b) As in Figure 8b but for EXP2. (c) As in Figure 8a but 673 

for EXP3. 674 

 675 

Figure 8(a) Zonal wave number–frequency spectral distribution of the spectral density of the 676 

meridional wind component at 43º N averaged from 110 and 120 km height (10–30 September, 677 

2019). Positive and negative values of zonal wavenumber indicate westward–moving and 678 

eastward–moving waves, respectively. (b) As in Figure 8a but for the zonal wind component at 01º 679 

N. 680 

 681 

 682 

Figure 9(a) Temporal variations in meridional wind with s=1 at 43º N and 0º E. Variations due to 683 



the waves with periods between 9.6 and 16 hours are shown. The meridional wind is averaged 684 

between 110 km and 120 km height. (b) Black solid (red broken) line shows temporal variations 685 

with periods between 12.5 and 14 (11.5 and 12.5) hours. (c) Black solid line is superposition of 686 

back solid line and red broken lines of Figure 9b. (d) Black solid (red broken) line shows temporal 687 

variations of westward moving s=1 components of TEC with periods between 12.5 and 14.0 (11.5 688 

and 12.5) hours at 20º N geomagnetic latitude. Units are TECU. (e) Black solid line is 689 

superposition of these two components (s=1, 11.5–14.0 hour) 690 

 691 

Figure 10(a) Temporal variations in the meridional wind with s=3 at 43º N and 0º E. Variations due 692 

to waves with periods between 9.6 and 16 hours are shown. The meridional wind is averaged 693 

between 110 km and 120 km height. (b) Temporal variations with periods between 12.5 and 14 694 

hours. (c) Black solid (red broken) line shows temporal variations with periods between 10.0 and 695 

11.5 (11.5 and 12.5) hours. (d) Black solid line is superposition of back solid line and red broken 696 

line of Figure 10c. (e) Temporal variations in TEC with s=3 at 20º geomagnetic N and 0ºE. Black 697 

solid (red broken) line shows variations with periods between 10.0 and 11.5 (11.5 and 12.5) hours. 698 

(f) Black line is superposition of black solid and red broken line of Figure 10e. 699 

 700 

 701 

Figure 11(a) Height–latitude distribution of the W1_13h amplitude in the zonal wind component 702 

averaged from 10 September to 30 September, 2019. Units are m/s. (b) As in Figure 11(b) but for 703 

the meridional wind component. (c) Height–latitude distribution of the W3_11h amplitude in the 704 

zonal wind averaged from 10 September to 30 September, 2019. (d) As in Figure 11(c) but for the 705 

meridional component. 706 

 707 

Figure 12(a) Latitude–time distribution of the W1_13h amplitude in the meridional wind at 115 708 



km height. Units are m/s. (b) As in Figure 12(a) but for the W3_11h amplitude. 709 

 710 

Figure 13(a) Day–longitude distribution of meridional wind at 43º N and 12 LT (fixed local time 711 

framework) due to the W1_13h. Units are m/s. (b) As in Figure 13a but for the W3_11h. (c) As in 712 

Figure 13a but for the W3_13h. (d) Day–longitude distribution of superposition of all three waves. 713 

 714 

Supplemental Figures 715 

Figure S1(a)Temporal variations in the zonal wind at 43º N and 90º E from 1 September to 10 716 

October, 2019. The zonal wind is averaged between 110 km and 120 km height. Units are m/s. (b) 717 

Temporal variations in the zonal wind due to waves with periods longer than 36 hours. (c) 718 

Temporal variations in the zonal wind with periods between 16 and 36 hours. (d) Temporal 719 

variations in the zonal wind with periods between 9.6 and 16 hours. (e) Temporal variations in the 720 

zonal wind with periods shorter than 9.6 hours. (f) As in figure S1(a) but for the meridional wind at 721 

1º N. (g) As in figure S1(b) but for the meridional wind at 1º N. (h) As in figure S1(c) but for the 722 

meridional wind at 1º N. (i) As in figure S1(d) but for the meridional wind at 1º N. (j) As in figure 723 

S1(e) but for the meridional wind at 1º N. 724 

 725 

Figure S2 Temporal variations in the zonal wind due to waves with periods between 9.6 and 16 726 

hours. The zonal wind is averaged between 110 km and 120 km height. Units are m/s. 727 

 728 

Figure S3(a) Latitude–zonal wavenumber distribution of the diurnal tide amplitude in the zonal 729 

wind at 110 km height. Units are m/s. Plus and minus of zonal wavenumber indicate westward and 730 

eastward moving components, respectively. (b) As in Figure S3a but for the meridional wind 731 

components. (c) As in Figure S3a but for semidiurnal ride. (d) As in Figure S3c but for the 732 

meridional wind components. 733 



 734 

Figure S4(a) Height–latitude distribution of the E3_29h amplitude in the zonal wind averaged 735 

from 10 September to 30 September, 2019. Units are m/s. (b) As in Figure S4(a) but for the 736 

meridional wind. 737 

 738 

Figure S5(a) Day–longitude distribution of the wind variations due to the Q6DW at 12 LT (fixed 739 

local time frame). (b) The wind variation due to the W1_13h. (c) As in S5(b) but for the W3_11h. 740 

(d) As in Figure S5(a) but for W1_11h. (e) As in Figure S5(a) but for W3_13h. 741 

 742 

 743 



Figure 1.



  

 

Figure 1(a) Height-time distribution of the zonal mean temperature at 85º S. Units are K. (b) As in 

Figure 1a but for the zonal mean zonal wind at 60º S. Positive and negative values indicate eastward 

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

  



Figure 2.



 

 

  

   

 

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.



  

  

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.



 

  

Figure 4(a) Day–longitude distribution of the eastward electric field at 12 LT in low latitudes (±10º 

geomagnetic latitude). Units are mV/m. (b) Day–longitude distribution of the total electron content 

(TEC) at 13–15 LT at 20º geomagnetic N. Units are TECU. 

 

  



Figure 5.



Figure 5(a) Temporal variations in meridional wind at 43º N and 90º 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 01º N. (g) As in figure 5(b) but for the zonal wind at 01º N. (h) As in figure 5(c) but for the zonal wind at 

01 ºN. (i) As in figure 5(d) but for the zonal wind at 01º N. (j) As in figure 5(e) but for the zonal wind at 01º N.



Figure 6.



   

   

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.



      

Figure 7(a) Day–longitude distribution of the TEC at 20º 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.
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Figure 8(a) Zonal wave number–frequency spectral distribution of the spectral density of 
the meridional wind component at 43º 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 01º N.

ω=1.167 →



Figure 9.



Figure 9(a) Temporal variations in meridional wind with s=1 at 43º N and 0º 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. (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 20º N geomagnetic latitude. Units are TECU. (e)
Black solid line is superposition of these two components (s=1, 11.5–14.0 hour)

(a) 9.6-16 hours

(c) 11.5-14 hours

(b) 12.5-14 hours；11.5-12.5 hours

(d) 12.5-14 hours； 11.5-12.5 hours

(e) 11.5-14 hours



Figure 10.



Figure 10(a) Temporal variations in the meridional wind with s=3 at 43º N and 0º 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 20º geomagnetic N and 0ºE. 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.

(a) 9.6-16 hours

(b) 12.5-14 hours

(c) 10.0-11.5 hours; 11.5-12.5 hours

(d) 10.0-12.5 hours

(e) 10.0-11.5 hours; 11.5-12.5 hours

(f) 10.0-12.5 hours



Figure 11.



  

   

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.



  

 

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. 

  



Figure13.



  

  

 

Figure 13(a) Day–longitude distribution of meridional wind at 43º 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. 
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