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Abstract

The influence of atmospheric planetary waves on the occurrence of irregularities in the low latitude ionosphere is investigated

using Whole Atmosphere Community Climate Model with thermosphere-ionosphere eXtension (WACCM-X) simulations and

Global Observations of the Limb and Disk (GOLD) observations. GOLD observations of equatorial plasma bubbles (EPBs)

exhibit a ˜6-8 day periodicity during January-February 2021. Analysis of WACCM-X simulations, which are constrained to

reproduce realistic weather variability in the lower atmosphere, reveals that this coincides with an amplification of the westward

propagating wavenumber-1 quasi-six day wave (Q6DW) in the mesosphere and lower thermosphere (MLT). The WACCM-X

simulated Rayleigh-Taylor (R-T) instability growth rate, considered as a proxy of EPB occurrence, is found to exhibit a ˜6-day

periodicity that is coincident with the enhanced Q6DW in the MLT. Additional WACCM-X simulations performed with fixed

solar and geomagnetic activity demonstrate that the ˜6-day periodicity in the R-T instability growth rate is related to the

forcing from the lower atmosphere. The simulations suggest that the Q6DW influences the day-to-day formation of EPBs

through interaction with the migrating semidiurnal tide. This leads to periodic oscillations in the zonal winds, resulting in

periodic variability in the strength of the prereversal enhancement, which influences the R-T instability growth rate and EPBs.

The results demonstrate that atmospheric planetary waves, and their interaction with atmospheric tides, can have a significant

impact on the day-to-day variability of EPBs.
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Key Points:9

• A ∼6-day oscillation occurs in observed equatorial plasma bubbles (EPBs) dur-10

ing January 2021.11

• Analysis of simulations reveals that the ∼6-day oscillation in EPBs is due to the12

quasi-six day planetary wave.13

• Planetary waves influence EPBs through modulation of the semidiurnal tide and14

the prereversal enhancement.15
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Abstract16

The influence of atmospheric planetary waves on the occurrence of irregularities17

in the low latitude ionosphere is investigated using Whole Atmosphere Community Cli-18

mate Model with thermosphere-ionosphere eXtension (WACCM-X) simulations and Global19

Observations of the Limb and Disk (GOLD) observations. GOLD observations of equa-20

torial plasma bubbles (EPBs) exhibit a ∼6-8 day periodicity during January-February21

2021. Analysis of WACCM-X simulations, which are constrained to reproduce realistic22

weather variability in the lower atmosphere, reveals that this coincides with an ampli-23

fication of the westward propagating wavenumber-1 quasi-six day wave (Q6DW) in the24

mesosphere and lower thermosphere (MLT). The WACCM-X simulated Rayleigh-Taylor25

(R-T) instability growth rate, considered as a proxy of EPB occurrence, is found to ex-26

hibit a ∼6-day periodicity that is coincident with the enhanced Q6DW in the MLT. Ad-27

ditional WACCM-X simulations performed with fixed solar and geomagnetic activity demon-28

strate that the ∼6-day periodicity in the R-T instability growth rate is related to the29

forcing from the lower atmosphere. The simulations suggest that the Q6DW influences30

the day-to-day formation of EPBs through interaction with the migrating semidiurnal31

tide. This leads to periodic oscillations in the zonal winds, resulting in periodic variabil-32

ity in the strength of the prereversal enhancement, which influences the R-T instabil-33

ity growth rate and EPBs. The results demonstrate that atmospheric planetary waves,34

and their interaction with atmospheric tides, can have a significant impact on the day-35

to-day variability of EPBs.36

1 Introduction37

Equatorial Plasma Bubbles (EPBs) occur in the post-sunset equatorial and low lat-38

itude ionosphere and are an important space weather phenomenon due to their influence39

on radio wave propagation. EPBs are characterized by regions of low plasma density that40

extend upwards from the bottomside of the ionospheric F-region, becoming more tur-41

bulent at higher altitudes. EPBs arise due to the generalized Rayleigh-Taylor (R-T) in-42

stability, which causes the low latitude ionosphere to become unstable under certain con-43

ditions. The occurrence of EPBs has been widely studied observationally, theoretically,44

and with numerical simulations (see reviews by Fejer & Kelley, 1980; Hysell, 2000; Kel-45

ley et al., 2011; Yokoyama, 2017; Huba, 2021). These studies have led to a general un-46

derstanding of the EPB occurrence climatology and the mechanisms controlling the cli-47

matological variability. The seasonal and longitudinal variability of EPBs is largely con-48

trolled by the angle between the sunset terminator and the magnetic field declination49

(Tsunoda, 1985; Burke et al., 2004; Gentile et al., 2006). At times when the two are aligned,50

the E-region conductivity decreases simultaneously in both hemispheres. This leads to51

an increase in the R-T instability growth rate due to the decrease in field-line integrated52

E-region conductivity and by enhancing the early evening upward plasma drifts (i.e., pre-53

reversal enhancement, PRE) (Fejer et al., 1999).54

Although the climatological variability of EPBs can largely be explained by sea-55

sonal changes in the alignment of the the solar terminator and magnetic field lines, this56

does not explain the significant day-to-day variability in observed EPB occurrence. The57

daily variability in EPB occurrence has yet to be fully explained, but several mechanisms58

have been proposed to explain the day-to-day variability in EPBs. Proposed mechanisms59

for driving the day-to-day variability in EPBs include geomagnetic activity (Abdu et al.,60

2003; Ram et al., 2008; Abdu, Kherani, Batista, & Sobral, 2009; Carter et al., 2014), grav-61

ity wave seeding and large-scale wave structures (Makela & Miller, 2008; Abdu, Kherani,62

Batista, de Paula, et al., 2009; Huba & Liu, 2020), F-region neutral winds (Abdu, Iyer,63

et al., 2006; Huba & Krall, 2013), sporadic E-layers (Stephan et al., 2002; Tsunoda, 2007;64

Huba et al., 2020), and the PRE (Fejer et al., 1999; Carter et al., 2014; Aa et al., 2023).65
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Note that these mechanisms are not mutually exclusive, and several different mechanisms66

may be simultaneously driving the EPB day-to-day variability.67

The PRE is an important factor in controlling the occurrence of EPBs. In partic-68

ular, the large upward plasma drifts associated with a strong PRE enhance the R-T in-69

stability growth rate leading to preferential conditions for the formation of EPBs. In con-70

trast, downward (or weakly upward) drifts are stabilizing and are associated with the71

absence of EPBs (Fejer et al., 1999; Su et al., 2008; Kil et al., 2009; Huang & Hairston,72

2015). Variability in the PRE is thus an important factor controlling the day-to-day oc-73

currence of EPBs. On seasonal time scales, the PRE is determined by the alignment of74

the solar terminator with the magnetic declination, which influences the relative impor-75

tance of the E- and F-region dynamos and in-turn the strength of the polarization elec-76

tric fields at the terminator. The strength of the PRE is also determined by the neutral77

winds in the E- and F-regions. The contribution of the E- and F-region winds to the PRE78

is complex, potentially varying with season and time-scale. The F-region winds appear79

to be more important during equinox and on seasonal time scales, while the contribu-80

tion from E-region winds is potentially more important during solstice and on day-to-81

day time scales (Richmond et al., 2015; Liu, 2020). The neutral winds at E-region al-82

titudes are strongly influenced by atmospheric tides, and the amplitude and phase of the83

tides can significantly impact the strength of the PRE, including its day-to-day variabil-84

ity (Liu, 2020; Ghosh et al., 2020; Yamazaki & Diéval, 2021).85

Of relevance to the present study is the connection between atmospheric tides and86

planetary waves, and how they may influence the occurrence of EPBs through modu-87

lating the strength of the PRE. Because planetary waves dissipate below ∼100 km, the88

interaction between planetary waves and tides is considered the primary pathway by which89

planetary waves impact the ionosphere-thermosphere. Planetary waves act to modulate90

the spectrum of atmospheric tides in the mesosphere and thermosphere through two main91

mechanisms. First, the influence of planetary waves on the background tidal propaga-92

tion conditions can lead to the tidal amplitude varying at planetary wave periods (e.g.,93

Pancheva et al., 2002; Forbes, Zhang, et al., 2018). For example, Pancheva et al. (2003)94

observed ∼7 day oscillations in the semidiurnal tide amplitude concurrent with the oc-95

currence of a 6-7 day planetary wave. Second, the nonlinear interaction between tides96

and planetary waves generates secondary waves that can propagate into the ionosphere-97

thermosphere (Teitelbaum & Vial, 1991; Liu et al., 2010; Pedatella et al., 2012). Obser-98

vational and modeling studies have shown that the modulation of the tidal spectrum by99

planetary waves can significantly influence the day-to-day variability in ionosphere elec-100

tron densities and electric fields (including the PRE) as well as thermosphere density and101

composition (Gasperini et al., 2015; Yue et al., 2016; Gan et al., 2017; Gu et al., 2018;102

Forbes et al., 2021; Miyoshi & Yamazaki, 2020; Yamazaki & Diéval, 2021). These im-103

pacts may result in planetary wave periodicities in the occurrence of EPBs (Abdu, Ramku-104

mar, et al., 2006; Abdu, Batista, et al., 2006; Abdu et al., 2015; Aa et al., 2023)105

Recently, the National Aeronautics and Space Administration (NASA) Global-scale106

Observations of the Limb and Disk (GOLD) ultraviolet imager has led to new under-107

standing of how EPBs vary over the American-Atlantic longitude sector. The GOLD ob-108

servations have revealed that EPBs vary significantly over a wide longitudinal region from109

one day to the next. This includes notable day-to-day changes in the occurrence (or ab-110

sence) of EPBs, the EPB longitudinal spacing, and the width of the EPBs (Eastes et al.,111

2019; Aa et al., 2020; Karan et al., 2020; Martinis et al., 2021; Karan et al., 2023). Multi-112

day periodic behavior of EPBs has also been observed by GOLD, which was attributed113

to the influence of atmospheric planetary waves modulating the E-region dynamo (Aa114

et al., 2023).115

The objective of the present study is to use a whole atmosphere model to inves-116

tigate the role of planetary waves on inducing day-to-day, periodic, variability in the oc-117

currence of EPBs. We focus on the 2020-2021 Northern Hemisphere winter time period,118
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when a quasi-six day oscillation in EPBs was observed by GOLD. Whole Atmosphere119

Community Climate Model with thermosphere-ionosphere eXtension (WACCM-X) sim-120

ulations are used to investigate the connection between the quasi-six day planetary wave121

(Q6DW) activity in the middle atmosphere and day-to-day variations in the R-T growth122

rate, which is used as a proxy for EPB occurrence. The results demonstrate the impor-123

tant role that lower atmospheric processes play in controlling the day-to-day variabil-124

ity of EPBs, as well as the potential capabilities of whole atmosphere models for under-125

standing the day-to-day variations in EPB occurrence rates.126

2 WACCM-X Simulations127

WACCM-X is a whole atmosphere chemistry climate model that extends from the128

surface to the upper thermosphere (4.1 × 10−10 hpa). As described in Liu et al. (2018),129

WACCM-X incorporates a comprehensive treatment of chemistry, electrodynamics, physics,130

and thermodynamics to simulate the whole atmosphere from the troposphere to the thermosphere-131

ionosphere. The model horizontal resolution is 1.9◦ in latitude and 2.5◦ in longitude, and132

the vertical resolution is ∼1-3 km in the troposphere-stratosphere and 0.25 scale heights133

above 0.96 hPa. To isolate different drivers of the ionosphere-thermosphere variability134

during the 2020-2021 Northern Hemisphere winter, we perform three different simula-135

tions. The first simulation aims to capture the realistic ionosphere-thermosphere vari-136

ability due to the combination of lower atmosphere and solar/geomagnetic forcing. This137

simulations uses the specified dynamics mechanism (Smith et al., 2017) to constrain the138

model meteorology up to ∼50 km to the National Aeronautics and Space Administra-139

tion NASA Modern-Era Retrospective analysis for Research and Applications version140

2 (MERRA-2) (Gelaro et al., 2017). Realistic, time-varying, solar and geomagnetic vari-141

ability are incorporated through the F10.7 cm solar radio flux and Kp geomagnetic in-142

dex, respectively. The F10.7 cm solar radio flux is used to parameterize the solar irra-143

diance (Solomon & Qian, 2005) and Kp is used for parameterizing the high-latitude elec-144

tric potential and auroral precipitation (Heelis et al., 1982; Emery et al., 2012). The sec-145

ond simulation aims to isolate forcing from the lower atmosphere. This simulation con-146

strains the troposphere-stratosphere to MERRA-2, but the F10.7 and Kp are held con-147

stant at 75 sfu (1 sfu = 10−22Wm−2Hz−1) and 0+, respectively. The third simulation148

consists of a 20-member ensemble of free-running (i.e., not constrained to MERRA-2)149

WACCM-X with realistic solar and geomagnetic activity. The analysis of the S/G Only150

case is performed by taking the ensemble average and performing all subsequent anal-151

ysis on the ensemble average. This effectively removes the day-to-day variability of the152

lower atmosphere, isolating the ionosphere-thermosphere variability due to solar and ge-153

omagnetic forcing. Throughout the following we refer to the above mentioned first, sec-154

ond, and third simulations as LA+S/G (Lower Atmosphere + Solar/Geomagnetic), LA155

Only, and S/G Only, respectively.156

WACCM-X does not simulate the formation of EPBs, and we therefore use the gen-157

eralized R-T instability growth rate as a proxy for the occurrence of EPBs (Sultan, 1996).158

The R-T instability growth rate is given by159

γRT =
ΣF

P

ΣE
P +ΣF

P

(
Vp − UP

L − ge
νeff

)
KF −RT (1)

where ΣE
P and ΣF

P are the flux-tube integrated E- and F-region Pedersen conductivities,160

Vp is the upward plasma drift velocity, UP
L is the neutral wind perpendicular to the mag-161

netic field in the magnetic meridian plane weighted by the Pedersen conductivity, ge is162

the gravitational acceleration, νeff is the flux-tube integrated effective ion-neutral col-163

lision frequency weighted by the electron density, KF is the vertical gradient of the flux-164

tube integrated F-region electron density, and RT is the recombination rate. As in Carter165

et al. (2014) and Q. Wu (2015), we set the recombination rate equal to zero. An altitude166
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of 150 km is used as the boundary of the E- and F-regions. Throughout the following,167

we take the maximum value of γRT between 18-22 local time (LT) at an altitude of 300168

km, which corresponds to an altitude near the maximum of γRT . The seasonal variation169

of the R-T growth rate in the three WACCM-X simulations is shown in Figures 1a-c.170

Although there are differences in the day-to-day variability, the general seasonal and lon-171

gitudinal variability is the same among the three simulations, and matches the observed172

climatology of EPB occurrence rates (e.g., Gentile et al., 2006). The R-T instability growth173

rates in WACCM-X are therefore considered to be a reliable proxy for the EPB occur-174

rence rates.175
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Figure 1. WACCM-X R-T instability growth rate during from January to December 2021

for (a) LA+S/G, (b) LA Only, and (c) S/G Only simulations. (d-f) Same as (a-c) except for the

time period of November 2020 to March 2021.

3 GOLD Observations176

GOLD is an ultraviolet imaging spectrograph observing the 133-163 nm wavelength177

range that is hosted onboard the SES-14 geostationary communications satellite (Eastes178

et al., 2017, 2020; McClintock et al., 2020). During nighttime, GOLD observations of the179

OI 135.6-nm emission provide information on the structure of the equatorial ionosphere,180

including the presence of EPBs. To quantify the EPBs observed by GOLD, we use the181

Bubble Index derived in Aa et al. (2023). Briefly, the Bubble Index is based on calcu-182

lating the standard deviation of the normalized residual radiance at 135.6-nm, and pro-183

vides a quantification of the strength of EPBs on any given night within the GOLD field-184

of-view (∼120◦W-20◦E). As shown in Aa et al. (2023), the GOLD Bubble Index can quan-185

tify the day-to-day, seasonal, and solar cycle variation in EPBs.186
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4 Results and Discussion187

Analysis of the GOLD Bubble Index in Aa et al. (2023) revealed the occurrence188

of periodic variations in EPBs during early 2021, including quasi-six day oscillations in189

January and February. To understand if this variability could be driven by enhanced plan-190

etary wave activity, we first consider the variability in the middle atmosphere during the191

2020-2021 Northern Hemisphere winter. Figures 2a and 2c show the period-wavenumber192

spectra of the WACCM-X temperature and zonal winds during January-February 2021.193

The results are shown at 0.001 hPa (∼95 km) and at 60◦S for temperature and the equa-194

tor for the zonal wind. These locations correspond to where the Q6DW is expected to195

obtain large amplitudes (e.g., Gan et al., 2018). The temperature and zonal wind spec-196

tra both have a prominent peak at a period of 6-7 days with a westward (positive) wavenum-197

ber 1. This indicates the presence of a westward propagating Q6DW with zonal wavenum-198

ber 1 (Q6DW W1) during early 2021. The Q6DW W1 is a commonly occurring plan-199

etary wave in the MLT, and is thought to be due to doppler shifting of the Rossby nor-200

mal mode with 5-day period and/or wave amplification related to the background winds201

(D. L. Wu et al., 1994; Meyer & Forbes, 1997; Talaat et al., 2002; Lieberman et al., 2003;202

Liu et al., 2004). The temporal variability of the Q6DW W1 amplitude is shown in Fig-203

ures 2b and 2d for temperature and zonal wind, respectively. The amplitude was ob-204

tained by fitting the temperature or zonal wind to a westward propagating wave with205

zonal wavenumber-1 and a period of 6.7 days in a moving 19-day window. The Q6DW206

W1 exhibits several small enhancements in November-December 2020 followed by a large207

amplification beginning in middle to late December 2020 and persisting until late Jan-208

uary 2021. The maximum amplitude of the simulated Q6DW in WACCM-X is ∼7 K in209

temperature and ∼16 m/s in zonal wind at these locations, which is consistent with typ-210

ical Q6DW amplitudes seen in observations (Gan et al., 2018).211
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Figure 2. (a) Period-wavenumber spectrum of the WACCM-X temperature at 60◦S and

0.001 hPa (∼95 km) during January-February 2021. (b) Amplitude of the westward propagating

quasi-six day wave with zonal wavenumber-1 from November 2020 to March 2021. (c-d) Same as

(a-b) except the results are for zonal wind at the equator and 0.001 hPa. Results are from the

LA+S/G WACCM-X simulation.

Figures 1d-f show the R-T instability growth rate simulated by WACCM-X from212

December 2020 to February 2021. In all three cases, the R-T instability growth rate max-213

imizes around the American longitude sector, consistent with the seasonal-longitudinal214

variability of EPBs (e.g., Gentile et al., 2006). Significant day-to-day variability is also215

evident. Comparison of the R-T instability growth rate among the three different sim-216

ulations reveals that much of the day-to-day variability that is seen in the LA+S/G sim-217

ulation also appears in the LA Only simulation, indicating that the day-to-day variabil-218

ity in the R-T instability growth rate is primarily driven by lower atmospheric processes219

during this time period. The solar and geomagnetic variability does introduce some day-220

to-day variability; however, it tends to be less prominent compared to the day-to-day vari-221

ability driven by the lower atmosphere. It is also apparent in Figure 1 that the R-T in-222

stability growth rates tend to be slightly larger in the LA+S/G and LA Only cases com-223

–7–
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pared to the S/G Only case. This is due to weaker values of the PRE in the S/G Only224

case (not shown). We attribute this to the S/G Only case being the ensemble average,225

which will tend to result in less extreme values of the daily PRE.226

The results in Figures 1d-f show quasi-periodic behavior of the R-T instability growth227

rate during the 2020-2021 Northern Hemisphere winter. To illustrate the dominant pe-228

riodicities, Figure 3 shows the wavelet power spectra of the R-T instability growth rate229

for the three WACCM-X simulations. The wavelet power spectra are based on the R-230

T instability growth rate averaged between 20-120◦W geographic longitude, which cor-231

responds roughly to the GOLD field of view as well as the longitude of maximum R-T232

instability growth rate and EPB occurrence during Northern Hemisphere winter. The233

wavelet power spectrum of the GOLD Bubble Index is also shown in Figure 3a. The wavelet234

power spectra for the GOLD Bubble Index and the R-T instability growth rate in the235

WACCM-X LA+S/G case exhibit some similarities in terms of the timing of the dom-236

inant spectral peaks. However, the periodicities tend to be slightly different in the ob-237

servations and simulations. For example, both have spectral peaks in middle-late Jan-238

uary (days 15-25), though the dominant periodicity occurs around 3-days and 8-days in239

the GOLD observations compared to near 6-days in the WACCM-X LA+S/G simula-240

tion. Differences between the two may arise for several reasons. First, the GOLD Bub-241

ble Index represents the intensity and occurrence of the observed EPBs while the R-T242

instability growth rate only indicates if the large-scale conditions are favorable for de-243

velopment of EPBs. The two may thus not be directly comparable. Second, capturing244

the full extent of the spatial-temporal variability of the whole atmosphere remains chal-245

lenging, and the WACCM-X simulations may thus not reproduce the spatial-temporal246

variability with sufficient accuracy to match the true state of the atmosphere. Nonethe-247

less, we are encouraged by the broad similarities between the GOLD observations and248

WACCM-X simulations, which indicates that the WACCM-X simulation can capture as-249

pects of the observed periodic behavior of the EPBs during the 2020-2021 Northern Hemi-250

sphere winter months.251

Considering the results of the WACCM-X cases, it is apparent that there are both252

similarities and differences between the LA+S/G case and the LA Only and S/G Only253

cases. This indicates that both the lower atmosphere and solar and geomagnetic activ-254

ity contribute to the periodic variability in the R-T instability growth rate during the255

2020-2021 Northern Hemisphere winter time period. We will first discuss the isolated256

forcing cases, followed by discussion of how the different forcings combine to generate257

the variability in the LA+S/G case. In the LA Only case, there are spectral peaks around258

6-days in mid-December and January. These coincide with amplifications of the Q6DW259

in the MLT (Figure 2b), which has a large amplification in January with weaker enhance-260

ments during December. This suggests that the Q6DW in the MLT is the source of the261

∼6-day spectral peaks in the R-T instability growth rate. Details of the mechanism by262

which the Q6DW may influence the R-T instability growth rate will be discussed later.263

Additional shorter-period spectral peaks are seen at a period of ∼3-days in early and mid-264

February. The ∼3-day spectral peaks are likely related to the quasi-three day planetary265

wave as discussed in Aa et al. (2023). The S/G Only case exhibits spectral peaks around266

4-8 days multiple times in January and February, with maxima around day of year 10,267

25, and 40-45. A weak enhancement is also apparent in late December (day -10). Shorter268

period spectral peaks are also evident in middle-late February (days 40-60). In the LA+S/G269

case, there are notable spectral peaks around 4-8 days in late December (days -15-0) and270

mid-January (days 15-20), as well as a spectral peak at 8-10 days in mid-February (days271

35-55). We note that although these spectral peaks occur at roughly similar timing as272

those in the LA Only and S/G Only cases, the LA+S/G case is not simply the combi-273

nation of the individual forcings. The interaction between the two forcings therefore is274

complex, leading to shifts in both the dominant wave period and timing of the spectral275

peaks. This is likely the result of the two forcings combining constructively or destruc-276

tively at different time periods. The LA+S/G case also exhibits spectral peaks at shorter-277
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periods (∼3-day periods) in early January (days 5-10) and mid-February (days 40-45).278

The later enhancement may be attributed to the aforementioned quasi-three day plan-279

etary wave combined with periodic solar and geomagnetic forcing. The source of the ∼3-280

day spectral peak in early January is less clear as it is not evident in either the LA Only281

or S/G Only cases. This illustrates that complex interactions can lead to periodicities282

not present in either lower atmosphere or solar and geomagnetic forcing. For example,283

the interaction of two periodicities with different phases could give rise to oscillations284

at a period different than the two original periodicities.285
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Figure 3. Wavelet analysis of the (a) GOLD Bubble Index and WACCM-X R-T instability

growth rate for the (b) LA+S/G, (c) LA only, and (d) S/G only simulations. WACCM-X results

are based on the daily mean value of the R-T instability growth rate between 20-120◦W geo-

graphic longitude. The black contour indicates the 90% significance level.
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We now turn our attention to understanding the source of the periodic variations286

in the R-T instability growth rates. The PRE is considered as on of the primary drivers287

of the variations in the R-T instability growth rates, and we thus examine the variabil-288

ity in the post-sunset vertical plasma drift velocities. Figure 4a shows the WACCM-X289

equatorial vertical plasma drift velocity perturbations at 19 local time (LT) for the LA290

Only case. The Q6DW W1 component of the equatorial vertical plasma drift velocity291

perturbations is shown in Figure 4b. Note that 19 LT is selected as this corresponds to292

approximately the time of the PRE in the WACCM-X simulations, and the vertical drift293

velocity at 19 LT are well correlated with the PRE. The perturbations are obtained by294

removing a 19-day running mean at each longitude. The Q6DW W1 component is based295

on fitting the perturbations to a westward propagating wave with a zonal wavenumber-296

1 and a period of 6.7 days in a moving 19-day window and then reconstructing the longitude-297

time variations based on the amplitude and phase of the Q6DW W1. Lines correspond-298

ing to when the Q6DW W1 obtains maximum and minimum values are included as ref-299

erence. The results in Figure 4b reveal that there are two time periods of enhanced Q6DW300

W1 in the equatorial vertical plasma drift velocity. The first time period is in early to301

mid-December (days -30 to -10) and the second time period is from early January to early302

February (days 0 to 35). Evidence of the Q6DW W1 structure can be seen in the equa-303

torial vertical plasma drift perturbations (Figure 4a) during these time periods. There304

are, however, additional sources of variability present in the equatorial vertical plasma305

drift perturbations, indicating that the Q6DW W1 is not the sole factor driving the vari-306

ability. We note that the time periods when the Q6DW W1 component of the equato-307

rial vertical plasma drift at 19 LT is enhanced correspond to the times when there is en-308

hanced ∼6-day variability in the R-T instability growth rates (Figure 3c). This demon-309

strates that the ∼6-day variability in the R-T instability growth rates are most likely310

driven by the Q6DW W1 variations in the PRE.311
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Figure 4. (a) WACCM-X simulated vertical plasma drift velocity residuals at the mag-

netic equator and 19 local time (LT). (b) Westward propagating quasi six-day wave with zonal

wavenumber 1 component of the vertical plasma drift velocity. Results are from the LA Only

WACCM-X simulation.
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Figure 5a shows the wavelet spectrum of the PRE at the magnetic equator aver-312

aged between 20-120◦W geographic longitude. The maximum vertical plasma drift ve-313

locity between 17-21 LT at each longitude is taken as the PRE velocity at that longi-314

tude. The results in Figure 5a are based on calculating the average PRE velocity be-315

tween 20-120◦W for each day. Note that we focus our attention on the results from the316

LA Only case as we are primarily interested in the role of the Q6DW on introducing pe-317

riodic variability in the PRE. The results in Figure 5a reveal that the PRE has a dom-318

inate spectral peak around 6-days that extends from mid-December 2020 to mid-January319

2021. This enhancement is coincident with the occurrence of the ∼6-day spectral peaks320

in the R-T instability growth rate (Figure 3c) as well as the amplification of the Q6DW321

in the MLT. We therefore conclude that the ∼6-day periodicity in the R-T instability322

growth rate during the 2020-2021 Northern Hemisphere winter is primarily driven by pe-323

riodic variations in the PRE. The results in Figure 5a also show a spectral peak in late324

February 2021 near ∼3-days, which is consistent with the ∼3-day spectral peak in the325

R-T instability growth rate, and confirms the results of Aa et al. (2023) that a 3-day plan-326

etary wave in February 2021 led to 3-day oscillations in the PRE and EPBs. Although327

the PRE and R-T instability growth rate wavelet spectra are generally similar, they do328

exhibit some differences, indicating that factors other than the PRE contribute to the329

periodic variability in the R-T instability growth rates.330
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Figure 5. Wavelet analysis of the (a) pre-reversal enhancement vertical drift velocity at the

magnetic equator averaged between 20-120◦W geographic longitude, and (b) migrating semidiur-

nal tide (SW2) amplitude in zonal wind at 10−5 hPa averaged between 40-60◦S. Results are for

the LA Only simulation. The black contour indicates the 90% significance level.

The day-to-day variability in the PRE around solstice is significantly influenced by331

the E-region winds, especially the winds at middle latitudes in the summer hemisphere332

(e.g., Liu, 2020). Figure 6 shows the normalized daily values of the R-T instability growth333

rate, PRE, and the zonal wind multiplied by the Pederson conductivity (U×σp) at 10
−5

334

hPa between 30-60◦S. The normalization is based on removing the mean and dividing335

by the standard deviation for each parameter during the time period shown. The results336

are shown for 300◦E geographic longitude. In all three simulation cases, the day-to-day337

variations in the PRE are similar to the R-T instability growth rates. However, it is also338

evident that the day-to-day variations in the PRE do not directly map to variations in339

the R-T instability growth rates, indicating that other factors also contribute to the day-340
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to-day variability in the R-T instability growth rates. This is consistent with previous341

results that have found generally good agreement between the PRE and R-T instabil-342

ity growth rates (or EPB occurrence rate), but that a large PRE alone does not neces-343

sarily mean large R-T instability growth rates or occurrence of EPBs (Kil et al., 2009;344

Carter et al., 2014). Consistent with Liu (2020), the results in Figure 6 also show that345

the day-to-day variability in U×σp at middle latitudes can be a source of day-to-day vari-346

ations in the PRE. However, it is again evident that other factors also contribute to the347

day-to-day variability in the PRE, which may be expected since winds from a wide range348

of locations can influence the PRE (Liu & Richmond, 2013; Richmond et al., 2015; Liu,349

2020). Nonetheless, the results in Figure 6 do indicate the connection between the mid-350

dle latitude winds, PRE, and R-T instability growth rates on day-to-day time scales.351

The results in Figure 6 also show how the planetary wave driven quasi-six day os-352

cillations in the LA Only simulation are modified by the inclusion of the solar and ge-353

omagnetic activity. In Figure 6b, quasi-six day variations in U×σp, PRE, and R-T in-354

stability growth rate can be seen beginning in the middle of December and extending355

until middle January. Although day-to-day variations occur, the quasi-six day variations356

are absent in the S/G Only case (Figure 6c). The quasi-six day variations can also be357

seen in the LA+S/G case (Figure 6); however, there is clearly additional variability be-358

yond what is present in the LA Only case. The implications of the solar and geomag-359

netic variability on understanding sources of the quasi-periodic variations can be seen360

in a comparison between the R-T instability growth rates during days ∼0-30 in the LA361

Only and LA+S/G cases. In the LA Only case, there is a clear ∼6-day oscillation dur-362

ing this time period. However, the inclusion of solar and geomagnetic activity distorts363

this periodic variability, resulting in a ∼3-4 day oscillation around days 5-15. This is de-364

spite the fact that there is not a strong 3-4 periodicity in the R-T instability growth rates365

in the S/G Only simulation. This illustrates the complexity of the interactions between366

the lower atmosphere and solar/geomagnetic forcing, especially with regards to inter-367

pretation of sources of periodic variability.368
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Figure 6. Normalized time series of the zonal wind multiplied by the Pederson conductivity

(U×σp, purple) at 10
−5 hPa between 30-60◦S, PRE (green), and R-T instability growth rate

(black) in WACCM-X for the (a) LA+S/G, (b) LA Only, and (c) S/G Only cases. The R-T in-

stability growth rate is offset by +2.0 and U×σp is offset by -1.0

A remaining question is what causes the variations in the middle latitude winds369

and the PRE. Due to the migrating semidiurnal tide (SW2) obtaining large amplitudes370

at middle altitudes as well as having significant influence on the PRE (Fesen et al., 2000),371

we consider variability in the SW2 to be a likely source of the periodic variations in the372

winds and PRE. Figure 5b shows the wavelet spectrum of the migrating semidiurnal373

tide (SW2) in zonal wind at 10−5 hPa (∼135 km) averaged between 40-60◦S. The SW2374

has dominant spectral peaks near 6-days around mid-December 2020 and during Jan-375

uary 2021. The timing of these enhancements is consistent with the enhanced Q6DW376

in the MLT as well as the spectral peaks at ∼6-days in the PRE and R-T instability growth377

rate. The ∼6-day variation in SW2 in mid-December corresponds to a weak Q6DW W1,378

which may indicate that even relatively weak planetary wave activity can modulate the379

tidal spectrum. Additional evidence for interactions between the Q6DW and SW2 is shown380

in Figure 7, which shows the spectra of the zonal wind at 10−5 hPa and 45◦S for the381

month of January 2021 for westward propagating wavenumbers 1 and 3. Nonlinear in-382
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teractions between the Q6DW with 6.5 day period and SW2 are expected to generate383

secondary waves with periods of 13.0 and 11.1 and zonal wavenumber of 1 and 3, respec-384

tively (e.g., Teitelbaum & Vial, 1991). Figure 7a shows a clear spectral peak at a pe-385

riod of 13.0 h and westward wavenumber 1. A less pronounced spectral peak is also ev-386

ident near 11.1 h for westward wavenumber 3 (Figure 7b). The results in Figure 7 thus387

indicate the presence of secondary waves arising from the nonlinear interaction between388

the Q6DW and SW2. Based on these results, we conclude that the Q6DW modulates389

the amplitude of the SW2 and that the Q6DW and SW2 interact nonlinearly, giving rise390

to secondary waves. The tidal variations lead to periodic quasi-six day variability in the391

middle latitude winds, which, in-turn, generate quasi-six day variations in the PRE. This392

mechanism is consistent with recent modeling results by Forbes, Maute, et al. (2018),393

who showed that the planetary wave modulation of tides is an important source of vari-394

ability in equatorial vertical plasma drifts and F-region electron density. As factors other395

than the middle latitude SW2 can contribute to the PRE variability, there are some dif-396

ferences between the periodic variations in the SW2 and PRE in Figure 5. However, we397

hypothesize that the SW2 variations are a source of the variations in the PRE. The ∼6-398

day oscillations in the PRE then lead to the ∼6-day oscillations in the R-T instability399

growth rate as well as EPBs.400
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Figure 7. Spectral analysis of the zonal winds at 10−5 hPa and 45◦S during January 2021 for

(a) westward propagating wavenumber 1 and (b) westward propagating wavenumber 3. Results

are for the LA Only simulation.

5 Summary and Conclusions401

In the present study, we have investigated the influence of atmospheric planetary402

waves on the day-to-day variability of EPBs. WACCM-X simulations demonstrate that403

the Q6DW can induce periodic oscillations in the strength of the R-T instability growth404

rate. Since the R-T instability growth rate is related to the formation of EPBs, we thus405

conclude that the Q6DW can lead to day-to-day variability in the occurrence and strength406

of EPBs. This is confirmed by the presence of oscillations at a period of ∼6-days in GOLD407

observations of EPBs during early 2021, coincident with an enhancement in the Q6DW.408

Analysis of the WACCM-X simulations indicates that the Q6DW impacts the formation409

of EPBs through a multi-step process. First, the planetary wave interacts with the SW2,410

leading to a ∼6-day oscillation in the SW2 amplitude as well as the generation of sec-411

ondary waves. Second, the planetary wave modulated tides influence the winds driving412

the E-region dynamo. This results in periodic variations in the PRE. Last, the variations413

in the PRE induce the variations with a period of ∼6-days in the R-T instability growth414
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rate and EPBs. This chain of events appears to be the primary mechanism by which the415

Q6DW impacts the day-to-day variability of EPBs, though there may be additional mech-416

anisms given that there is not a one-to-one correspondence between the variations in the417

SW2, PRE, and R-T instability growth rate.418

The results of the present study provide insight into the mechanisms driving the419

day-to-day variability of EPBs. In particular, it is demonstrated that atmospheric plan-420

etary waves can be an important factor in driving the day-to-day variability in the for-421

mation of EPBs. Planetary waves may have additional impacts on the formation of EPBs422

beyond what is discussed in the present study. For example, the filtering of gravity waves423

by planetary waves (Smith, 1996; Meyer, 1999) may influence the seeding mechanisms424

for EPB formation. The role of planetary waves other than the Q6DW also remain to425

be investigated. It also is unknown the extent to which the influence of planetary waves426

on the day-to-day variability of EPBs may be seasonally dependent. Since winds in the427

E-region are potentially more important around solstice (Liu, 2020), while the F-region428

winds may be more important during equinox (Richmond et al., 2015), the influence of429

planetary waves on the day-to-day variability of EPBs may be more pronounced dur-430

ing solstice conditions. The present study focused only on solstice conditions, and the431

seasonality of how planetary waves may impact EPBs thus remains unknown. The present432

study additionally demonstrates that whole atmosphere models are crucial tools for un-433

derstanding the day-to-day variations in the upper atmosphere, including the formation434

of EPBs.435
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