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Abstract

Unusual vertical oscillations with some wave structures were observed in the sodium (Na) density
layers (SLs) in Antarctica on 1 September 2019, by means of the lidar located at Zhongshan (69°S, 76°E).
There was a clear vertical convection of the wavy sodium density layers which populated the region
at an altitude of between ~90 and ~102 km producing the Sporadic/Sudden Sodium Layers (SSLs).
The vertical oscillations had an average wavelength, average speed and period of ~3.0-4.5 km,
~7.8 m/s and ~7.3-8.5 min, respectively. The possible cause of these vertical oscillations, as well
as the mechanisms that could be behind the generation of these oscillations and wavy SSLs, were
investigated. The Global Positioning System (GPS) satellite receiver located at Davis (68.6°S, 77.9°E),
116 km away from Zhongshan, was used to derive the Total Electron Content (TEC) perturbations
in the region surrounding Zhongshan. SuperDARN HF radar at Zhongshan also showed some
waves in the first 10 range gates (180-800 km away), suggesting that the Traveling Ionospheric
Disturbances (TIDs) were propagating in the E-region. The cross-correlation between GPS and lidar
wave structures was computed. A good to strong correlation of -0.6--0.9 was found between waves
observed by GPS and lidar. Additionally, a moderate correlation was found between the SuperDARN
radar and lidar wave structures. The lidar neutral temperature showed upward Atmospheric Gravity
Waves (AGWs), while SuperDARN and GPS showed the downward TIDs. Based on the polar cap (PC)
index, TIDs could have been generated by Joule heating due to geomagnetic storm effects in the
region. The estimated Richardson number values between 80 and 105 km at 16:00-24:00 UT suggest
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that convective and dynamic instabilities could have generated the observed SSLs and AGWs.
Vertical oscillation of the sodium density layers could have taken place because of waves breaking
and interference from the downward TIDs and upward AGWs.

Keywords: Vertical oscillations; SSL; Convective and dynamic instabilities; AGWs and TIDs; Neutral
wind; Neutral temperature

1. Introduction

Sodium density Layers (SLs) are formed by means of physical and chemical processes (Plane et al., 2015).
Sodium (Na) atoms and Na* ions are absorbed in atmospheric dust, smoke particles, energetic auroral particles
(Von Zahn et al., 1987; Heinselman et al., 1998) and Na from the meteor ablation (Swenson and Gardner, 1998).
The SLs develop in the lower part of the ionospheric E-region where most space weather phenomena are coupled
with other phenomena resulting from terrestrial weather. This coupling between space and terrestrial weather
is governed by the momentum and energy exchange between internal waves, such as the Atmospheric Gravity
Waves (AGWs) and tides, Sudden Stratospheric Warmings (SSWs), and solar activity events such as solar irradiance,
solar wind, solar flares, and Coronal Mass Ejections (CMEs) (Avakyan, 2008; Yigit et al., 2016). This momentum
and energy exchange between the two systems is not well understood, especially within the Earth’s stratosphere,
mesosphere and thermosphere (Qiu et al., 2021). SLs variations and Sudden or Sporadic Sodium Layers (SSLs)
during different geomagnetic conditions have been reported in the past. For example, Yuan et al. (2025) found that
Na number density above an altitude of 105 km in the mid-latitude was depleted during a geomagnetic storm likely
through the vertical heat advection and adiabatic processes. Takahashi et al. (2015) demonstrated that the SSL
was caused mainly by the sodium ions from the Na number density layers by means of the electric field during low
background temperatures at high latitudes. Es-layer and auroral particle precipitation also would have contributed
to the SSL generation to some extent. Heinselman et al. (1998) found that the sodium number density decreases
during the aurora, but it is generated by the Es-layer. A review paper about the SSLwas published by Qiu et al. (2016).
It highlights most of the abovementioned mechanisms responsible for the SSL. Yu et al., (2017) reported that
thunderstorms can enhance the Na number density. There are other studies that report the propagation of AGWs
through the Na density layers (Shelton et al. 1980; Gardner and Shelton, 1985; Kirkwood, 1989; Sato, 1992).

The AGWs generated in the lower part of the atmosphere transport energy and momentum to the upper atmosphere
and sometimes break at the mesopause to generate secondary waves with short periods that lose some of their energy
to the medium (Hecht et al., 2000; Snively and Pasko, 2003). AGWs have proven to contribute to the considerable
variations in SLs and SSLs (Cai et al., 2017). On the other hand, the waves caused by heating or by the Lorentz force
in the ionosphere may propagate downward from the thermosphere during geomagnetic activity (Richmond, 1978;
Hocke et al., 1996). Waves propagating in the thermosphere take different names such as AGWs (Roble et al., 1978;
Richmond, 1979; Hocke et al., 1996), Thermospheric Gravity Waves (TGWs), Traveling Atmospheric Disturbances (TADs)
(Bruinsma and Forbes, 2007, 2009) and Traveling Ionospheric Disturbances (TIDs) (Hocke et al., 1996). In this study, the
waves generated in the auroral zone of the ionospheric high latitudes are referred to as TADs/TIDs. TIDs are wavelike
perturbations of the ionospheric plasma or simply the manifestations of the AGWs (Munro, 1950; Hunsucker, 1982;
Hocke et al., 1996; Shinbori et al., 2022). AGWs can be observed directly using interferometer, satellite mass
spectrometer/accelerometer, airglow imager, and lidars (Nomura et al., 1987; Hocke et al., 1996; Hecht et al., 2001).
AGWs can be observed indirectly as the TIDs using radio techniques (Hocke et al., 1996). There are other mechanisms
that could be responsible for the generation of TIDs, such as Joule heating, the Perkins instability and the Lorentz
force (Cherniak and Zakharenkova, 2018b; Hiyadutuje et al., 2022). The TIDs generated by AGWs would have the
same scales (Hunsucker, 1982) as Large (L), Medium (M) and Small (S), and can also generate variations in SLs. TIDs
are observed by radio techniques such as incoherent scatter radars, HF Doppler, ionosondes or Global Positioning
System (GPS) satellites (Williams et al., 1988; Hocke et al., 1996). Both types of waves are observed in the lower part
of the ionospheric E-region where the SLs are formed at altitudes between 80 and 110 km.

In this study, Na number density vertical oscillation and the formation of SSLs at Zhongshan in Antarctica are
reported. Vertical oscillating wavy SLs and SSLs were observed using the recently installed sodium lidar. TIDs,
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AGWs and instabilities were observed on 1 September 2019 and were considered as the contributing mechanisms.
The Zhongshan Super Dual Auroral Radar Network known as SuperDARN High Frequency (HF) radar (Greenwald et al.,
1995; Chisham et al., 2007), the lidar located at 69°S, 76°E, and GPS receiver (Liu et al., 1996; Ding et al., 2007) at
Davis station (68.6°S, 77.9°E) were used to observe the TIDs/TADs.

2. Instruments and Methods
2.1 Zhongshan Na Lidar

The lidar at Zhongshan was installed in 2019 to measure the sodium density, horizontal neutral wind, and
temperature in the lower part of the E-region (Chen et al., 2021). The three-frequency sodium resonance fluorescence
Doppler lidar has a transmitter, receiver, data acquisition and system control modules (Krueger et al., 2015).
It transmits pulses in four stages using a dye amplifier that has a 589 nm frequency-doubled solid state diode laser.
Photons are received from 3 directions using three 82 cm diameter microcrystal-glass subtrate parabolic telescopes.
The first, second and third telescopes are at zenith, 30° from the zenith to the south and 30° from the zenith to the
west, respectively, to measure the wind (Chen et al., 2021). It transmits 0.55 W in each direction and photons are
detected by photomultiplier tubes with a time and spatial resolution of 15 s and 45 m, respectively. The data were
smoothed by averaging the data points within 1 km and a 25 min rolling window. Linear detrending was done before
computing the period. The period of TADs was computed by means of the autocorrelation (https://pandas.pydata.
org/docs/reference/api/pandas.plotting.autocorrelation_plot.html). Figure 1 shows the Zhongshan station (black
dot) where the lidar was installed.
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Figure 1. The geographic locations of the Zhongshan and Davis stations relative to the Ionospheric Pierce Points (IPPs)
between the ground-based receiver and the satellite are shown by a black and red dot, respectively. Six Pseudo-
Random Noise codes (PRNs) P1, P3, P4, P22, P25 and P29 overlapped a few gates of the first 15 beams of the
Zhongshan radar during the period 08:00-22:00 UT. Coordinates of the gates of 16 beams of the Zhongshan
radar, where the backscatter was available on 1 September 2019 between 19:00 and 22:00 UT, are shown in its
Field Of View (FOV). Gate 0 (68.6°S, 77.8°E) at 180 km slant range of beam 0 almost coincided with the Davis
station (68.6°S, 77.9°E).
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2.2 Davis GPS TEC receiver

The Davis TEC receiver, located at 68.6°S, 77.9°E is one of 10 International GNSS (Global Navigation Satellite
System) Service (IGS) stations in Antarctica (Xi et al., 2020). Davis station is located ~116 km northeast of
Zhongshan, as illustrated in Fig. 1. The TEC in TEC unit (TECU) is derived from either the signal phase difference
or from pulse travel time measurements of the orbiting satellite and geostationary signals (Otsuka et al., 2002;
Rama Rao et al., 2006). To derive the vertical TEC (VTEC), the GPS TEC software developed at Boston College
(Seemala and Valladares, 2011; Seemala, 2022) was used. Some assumptions were made in order to derive the
VTEC. These assumptions were taken from the book by Singh and Tiwari (2022) in the chapter by Seemala (2022):
the ionosphere does not change rapidly, the ionosphere and plasmasphere are horizontally stratified and spatially
uniform, the ionosphere ranges between 350 and 400 km (known as the thin shell model) in order to determine
the Ionospheric Pierce Point (IPP). Minimizing the standard deviation or least squares method which both rely on
some assumptions, were used to estimate the Differential Code Biases (DCBs). The Optimal receiver DCB, which
was used with the original dataset to estimate VTEC, was estimated by assuming that the receiver DBC is constant
throughout the 24-hour time period.

Data from elevation angle >35° were selected to avoid the multipath effects (Cherniak and Zakharenkova, 2018a).
The data resolution was 30 s. A linear least-squares fit was subtracted from the derived data to remove the trend
(Ding et al., 2007). Before computing the autocorrelation, the data were smoothed using a 25-minute rolling window.
Figure 1 shows the Davis station (big red dot), which supplied the raw data used to derive TEC perturbation, from
the six PRNs namely P1, P3, P4, P22, P25 and P29, which can also be identified by the color.

2.3 Zhongshan SuperDARN radar

Zhongshan SuperDARN radar (69°S, 76°E) is one of more than 35 HF radars that have been installed in the mid- to
polar latitudes of both the northern and southern hemispheres and operate in the frequency range between 8 and
20 MHz (Greenwald et al., 1995; Chisham et al., 2007; Nishitani et al., 2019, Zhang et al., 2024). Each of the radars
has at least 16 beams with more than 1200 range gates, but some have more (Zhang et al., 2024). A full azimuth
of around 53° is scanned every 1 or 2 min with an integration time of between 3 and 7 s for each beam. Each radar
transmits a sequence of 7 or 8 unevenly separated pulses, where each has a length of 100 or 300 us corresponding
to a range resolution of 15 or 45 km, respectively (Nishitani et al., 2019). The Auto-Correlation Function (ACF)
lags are generated by means of a sequence of pulse combinations. Backscatter power or signal-to-noise ratio in dB
and spectral width in m/s are obtained by fitting a linear or quadratic function of the ACF power after applying the
logarithm. Doppler line-of-sight velocity can be estimated by fitting a least-square function to the measured phase
of the complex value of the ACF (Chen et al., 2022). To determine the periods of TIDs, the average backscatter
received by each of the radar’s beams (He et al., 2004) was used. The data were smoothed using a 25-min rolling
window, because the waves in this study were of large scales, that is, their periods were greater than one hour. After
smoothing the SuperDARN data, a linear detrend was done before the wave period was determined. Figure 1 shows
the Zhongshan radar’s FOV of 16 beams numbered from 0 (left) to 15 (right) in geographic coordinates. In this study
the radar was used to get the backscatter measurements needed to identify the TID signatures (He et al., 2004).
The colors on the plot indicate the number of each beam.

3. Observations

From the vertical beam of the lidar, Fig. 2 shows the sodium density profile, with a 15 s time and 45 m height
resolution. Wave structures were observed on 1 September 2019 from 13:00 to 24:00 UT, corresponding to
18:00-05:00 LT of the next day, Magnetic Local Time (MLT = UT + 1.75 hours). Wavy structures of enhanced density
were indicated by the contour lines where the maximum sodium density exceeded 3 x 103 cm™3. Waves of different
scales were clearly seen within the data. Some of these structures are the signature of passing TADs (Kirkwood and
Collis, 1989). Above an altitude of 90 km wavy structures of Na layers populated the upward region up to an altitude
of ~100 km. As a result, there were SSLs at around 20:00-21:30 UT above an altitude of ~92.5 km. An SSL is a layer
of sodium density increased by at least twice the normal background density within several minutes (Hansen and
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Figure 2. The TADs detected within the sodium density were derived from the lidar at Zhongshan. SSLs are obvious between
20:00 and 22:00 UT just above an altitude of 92.5 km.

Von Zahn, 1990; Qiu et al., 2021; Chen et al., 2021). For a duration of ~90 min, the sodium density was lifted upward
by means of convection to form the SSL at an altitude of around 92-102 km at 19:00-21:40 UT. There were other
oscillating peaks of sodium density that could be considered SSLs which were caused by the waves’ propagation.
These SSLs could have been formed as a result of the waves, neutral wind, electrodynamic processes and instabilities
in the E-region. Signatures of the passing TADs were clearly identified within the sodium layer and SSL densities.

In order to determine the direction of wave propagation, sodium density slices at 1 km intervals at altitudes
between 85 and 96 km were plotted (Kubota et al., 2006) (see Fig. 2). The used linear detrend was successful at all
altitudes, except at 90 km, due to the data structure to which the linear method could not be applied. Figure 3 shows
the sodium density perturbation at altitudes between 85 and 96 km. There were at least three peaks at each altitude
at around 13:40, 17:00 and 20:00 UT. The maximum sodium density enhancement after removing the linear trend
at 1 km intervals at altitudes between 85 and 96 km respectively, exceeded ~+50-~+200 cm™3. According to the
method used by Kubota et al. (2006), these enhancements are much greater than the normal background density
as indicated by the sine curve fit to the data. Na number density reached saturation before and a few minutes after
16:00 UT at altitudes from 85 to 92 km with some exceptions at 86 and 89 km. They may be due to the vertical
oscillations, but the data processing method could also have contributed to the saturation.

Figure 4 shows the cross-correlation between Na number density of two consecutive altitudes at 1 km vertical
intervals, based on the periods 13:00-22:00 UT (a) and 16:00-24:00 UT (b) in Fig. 3. Period in panel (b) was chosen
to cover the peaks that took place after 22:00 UT. Also note that peaks were not equally distributed at different
altitudes. The average wavelength of the vertical oscillations at the asterisks A, B, C, D, E and F (vertical peaks)
is ~4.0 km (see Fig. 4a and b). The reversed phase of Na number density fluctuations phenomenon was described
by Swenson and Gardner (1998) and was evident in the stack plot of the Na number density data computed by
Kubota et al. (2006). Shelton et al. (1980) also discussed the phase reversal in the SL. In the current study, there
are negative and positive phase reversal oscillations. The oscillations are seen up to 85 km, but they may have also
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Figure 3. Sodium density perturbation at altitudes from 85 to 96 km between 13:00 and 24:00 UT. The saturation of
the Na number density before and a few minutes after 16:00 UT at altitudes between 85 and 92 km with some
exceptions at 86 and 89 km, are due to the vertical oscillations.

reached the lower altitudes. Negative and positive time lags show that there was upward and downward propagation
of Na number density oscillations. The method described by Kubota et al. (2006) was applied to show that the
oscillations slowly moved downward. Figure 4a shows that the average time lag was 7.9 min, that is, the vertical
average phase velocity was 2.1 m/s. This lower value is due to the fact that there are negative and positive values.
Figure 4b demonstrates that the average time lag estimated by cross-correlation was +2.4 min, indicating that the
average vertical phase velocity was ~6.9 m/s. These velocities were verified by the method of Kubota et al. (2006).
A vertical wavelength, 1z = 4.5 km was calculated. Other parameters that were estimated for the vertical direction
by means of the Kubota et al. (2006) method (namely sine curve fitting) are presented in Table 1. Table 1 shows that
the amplitudes of the Na number density (Ap Na) changed between +10 and +50 cm™3. The vertical velocities (vz )
were estimated from the values in Table 1 by means of Eq. (1):

v, = D

where AZ = Zpe,i — Zpeak+1 1 the distance between the two consecutive vertical peaks while At = tp.q () — tpeak(z—az)
is the time lag between consecutive peaks of the wave. It may be positive (downward), negative (upward), and
zero (constant vertical peak). The time lag was used to find the phase velocity, which in most cases was less than
5.5 m/s in magnitude.

The velocities presented in Table 1 are in the same range as those estimated by Kubota et al. (2006). The downward
wave moved at an average speed of ~7.8 m/s and had an average period of ~8.5 min (T = Az/vz). These values are
close to the above which were calculated by means of cross-correlation. Figure 4c shows peaks of very short duration
between altitudes of 88 and 96 km, except at altitudes between 86 and 88 km, where the time lag was ~7.3 min. Note
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Figure 4. The cross-correlation between Na number density of two consecutive altitudes at 1 km vertical intervals, based
on the periods 13:00-22:00 UT (a) and 16:00-24:00 UT (b) in Fig. 3. Vertical oscillations within sodium layers
were computed for the periods 13:00-22:00 UT (a), 16:00-24:00 UT (b) and 18:00-22:00 UT (c) when the SSLs
occurred. On the right-hand of each panel the pair of altitudes that were cross-correlated is indicated. Hyp, Hpc,
Hpg, and Hgg show an average vertical wavelength of 4 km. The average correlation coefficient for the TEC of
PRN 3 and Na number density at different altitudes, as shown in Fig. 4d was -0.7. The negative sign indicates
that the GPS and lidar TIDs/TADs were out of phase.

that data for the period between 18:00 and 22:00 UT, when the SSLs occurred, were used. As will be elaborated upon
in the Discussion section of this article, the instability took place at an altitude of between 84 and 88 km at around
18:45-22:00 UT. It is obvious that wave activity is stronger before 22:00 UT than after. That is why the oscillations
in panel (a) are different from those in panel (b). There was multiple wave activity (TIDs) which started before
09:00 UT, as indicated by the SuperDARN radar (figure not shown).

Figure 4d shows the correlation coefficients of the TEC of PRN 3 and Na number density at different altitudes.
PRN 3 TEC was used because the data were available for all three instruments at the same time period, namely
19:00-22:00 UT. Other PRNs had data for periods either before or after the availability of the lidar and SuperDARN
data. The average correlation coefficient was -0.7, but generally it varied between -0.6 and -0.9 for different altitudes.
The anti-correlation could be due to the fact that the TEC TIDs and Na number density AGWs were out of phase
during the selected period (Smith, 1997; Fritts and Alexander, 2003). The phase difference between the vertical
and horizontal components of TIDs and AGWs as well as the effects of the neutral temperature and vertical wind
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components could have caused the obtained negative correlation. Note that, there is a distance of ~116 km between
the Zhongshan and Davis stations. An out of phase modulation was found between the AGWs and tides variances
(Manson et al., 1998). There is a good correlation between the waves observed by the two instruments. Similarly,
the correlation between the SuperDARN backscatter power data of beams 0-7 and Na number density was computed
for different altitudes and found that there was a moderate correlation coefficient of around 0.5. It indicates that
waves detected in Na number density by the lidar and those detected by the Zhongshan SuperDARN HF radar were
moderately correlated. In short, these correlation coefficients indicate that the three instruments were partially
observing the same waves. On the other hand the coefficients indicate that there was some interference by waves
from other sources within the data of each instrument.

There were Na number density peaks that had amplitudes of between +50 cm™ and +200 cm™3 (Fig. 3), but
those in the sine fitted curves (Kubota et al., 2006) had amplitudes of between +10 cm™3 and +50 cm 3. Based on
the definition of the SSL, those large peaks in Fig. 3 could be considered as SSLs because the density variation may
reach up to ten times the background density variation, as illustrated by the sine fit (Kubota et al., 2006). Based
on other studies, for example, the one by Takashashi et al. (2015), those enhancements could be considered as
normal SLs.

Table 1. The TAD parameters in a vertical direction estimated from the sodium density on 1 September 2019 between
16:00 and 24:00 UT. Negative time values lead to negative velocities and indicate the upward phase propagation,

meaning that the motion of the waves was downward while the upward propagating waves had positive velocities.

Altitude
(km)

96 50 20.7
95 10 20.9 528.0 1.9
94 50 20.8 -198.0 -5.1
93 50 20.7 -383.0 -2.6
92 25 20.5 -759.0 -1.3
91 50 20.5 17.0 58.8
89 50 20.6 395 5.1
88 20 20.5 -445.0 -2.2
87 25 20.5 0.0
86 20 20.7 858.0 1.2
85 10 20.5 -858.0 -1.2

4. Discussions

To explain the reason behind the unusual vertical oscillations and the formation of SSLs, the presence of waves
and instabilities, as well as their impact on the region are discussed. It is important to be aware of geomagnetic
activity before, during and after the events described in this study.
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The Auroral Electrojet (AE) and Polar Cap (PC) indices were used to understand the geomagnetic activity at high
latitudes. Figure 5 shows the AE and PC indices between 30 August 2019 and 3 September 2019. During this time the
Kp index increased from 1 to 31 on 30 August 2019. It reached the active levels and started to recover on 3 September

2019 when the Kp index dropped to <2~. On 1 September 2019, when the waves occurred during the day, the Kp
index was 41-5*. The blue vertical dashed lines in the figure show the start and end of the storm. Figure 5a shows
the AE indices. The AE index represents the total current density in the auroral region and can be used as a proxy
for the magnitude of Joule heating rate during geomagnetic storms (Iyemori and Rao, 1996). Data for a few hours

before and after the storm are also shown. There is a linear relationship between the Joule heating rate (JH) and

AE, but it has been suggested that the PC index is more accurate than the AE index for the estimation of the JH
(Chun et al., 1999). The AE index is derived from the northern hemisphere’s instrumentation data, that is, the AE
index does not reflect the magnetic activity in the southern hemisphere accurately. Fortunately, the PCS index can be
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Figure 5. The geomagnetic indices with 1-min resolution: AE (a) and PC (b) indices for the period 30 August to 3 September
2019. The blue vertical dashed lines indicate the start and end time of the storm, while the black dashed line
shows the end of each day in UT. There is a horizontal black dashed line in panel (b) where PC = 5 mV/m.
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used to estimate the JH. Figure 5b of the figure shows both the North (N) and South (S) PC index fluctuating between
~—1and ~12 mV/m. There are 11 and 6 peaks indicating an extreme storm during five days and on 1 September 2019,
the day of the event (highlighted in grey on the figure), respectively. The PCS index at each peak was >5 mV/m for
the duration of the storm. A PC index of =5 nT in the northern hemisphere polar cap would be equivalent to the JH
of >~237 GW from the quadratic model developed by Chun et al. (1999).

Additional figures similar to Fig. 2 on 30 August 2019, 02 and 04 of September 2019 are presented in Section 1 of
the supporting document (Figs. 1-4). There was a strong correlation between the PC/AE index and Na number density
of 1-min data resolution at altitudes between 85 and 95 km during the geomagnetic storm main phase. A weak
correlation was determined for the data set on 1 and 4 September 2019 (see Section 2 of the supporting document).
Yuan et al. 2025 found no correlation between the nightly average Na number density and Dst index at altitudes
of 80-98 km in the mid-latitudes, but a positive correlation between the two was found at altitudes above 100 km.

4.2 TIDs and AGWs

Instruments observed waves that were generated by different sources and it is not possible to determine all their
characteristics due to insufficient data and instrumentation in the region. For example, TIDs are only visible in a few
beams and gates of the Zhongshan radar and there are only two GPS receivers near the radar. At least three GPS
receivers are needed to determine TID propagation direction. In order to estimate TID characteristics by means of
cross-spectral analysis, one needs to use several beams that are separated by a given distance based on the scale
of the TIDs (He et al., 2004). For this reason, AGW/TID characteristics were not investigated in detail and it is not
within the scope of the current study. The analysis of the vertical oscillations of the sodium density, as well as the
formation of SSLs and their possible causes, are discussed.

Figure 6 shows the TEC perturbation derived from GPS observations over Davis station. PRNs P1, P3, P4, P22, P25
and P29 passed over Zhongshan radar FOV from the 4th gate of beam 0 to the 10th gate of beams 8 and 9 (see Fig. 1)
during the period 08:00-22:00 UT when TIDs were observed. PRN 29 crossed beams 0-14 at around 10:00-13:00 UT.
PRNs were arranged according to the time of their initial recording in UT, that is, the time when the receiver first
received a measurement from a specific satellite on 1 September 2019. Perturbations (TIDs/TADs) are assumed to be
triggered by the geomagnetic storm effects within the ionosphere. Figure 6a shows that TEC of various amplitudes
was derived from PRN 25. The TEC varied between +~2 to +~0.5 TECU during the period between 07:50 and
11:13 UT. PRN 29 in panel (b) recorded TEC of +~1 TECU amplitude between 09:45 and 12:42 UT. A decreasing
amplitude from +~2 to +~0.2 TECU was derived from the PRN 4 in panel (c) during the period 12:50 to 16:16 UT.
PRN 1 in panel (d) showed that the derived TEC perturbation was + ~1 TECU and sometimes reached ~2 TECU from
17:00 to 20:00 UT. Perturbation of TEC derived from the PRN 22 was nearly constant with +~1.5 TECU between
18:16 and 21:20 UT (see panel (e)). Figure 6f shows variation in perturbation of +~0.2-+~2 TECU between 19:00
and 22:10 UT.

The Zhongshan SuperDARN radar observed TIDs during the periods 09:00-12:00 UT (figure not shown)
and 19:00-22:00 UT. Figure 7 shows the backscatter power (panel a), Doppler velocity (panel b) and spectral
width (panel ¢) in slant range 180-800 km (gates 0-14) of beam 0 of the Zhongshan radar at 19:00-22:00 UT.
The fact that TID signatures are seen in the backscatter received by gate 0 indicates that TIDs were propagating at
altitudes of ~100 km and higher above the lidar and HF radar station. TIDs in beam 0 are seen as forward-slanting
enhancements (indicated by forward-slanting black lines inserted manually) followed by depletions in each of the
three SuperDARN products, namely backscatter power, Doppler velocity and spectral width. Similar TIDs recorded by
the same instruments were reported by Hiyadutuje et al. (2022), Hiyadutuje et al. (2024a) and Hiyadutuje et al. (2024b).
Forward-slanting black lines in all panels indicate that TIDs were moving away from the radar. Figure 7a shows that
the backscatter perturbation was ~5-~40 dB. Figure 7b shows that the Doppler velocity fluctuated between -500
and 0 m/s, while Fig. 7c shows that the spectral width was ~0-~400 m/s. The earlier waves, between 09:00 and
12:00 UT, are shown in the backscatter power and were received by the far ranges of beam 15 of the Zhongshan HF
radar, indicating that those TIDs were at a higher altitude (Senior et al., 2006).

TIDs/TADs were observed at the lowest altitude of around 100 km (in the ranges 180-600 km) away from the
radar as indicated by the ray tracing (figures not shown). SSLs were observed at altitudes of between 85 and 105 km
over the Zhongshan station and at around 116 km from gate 0 of beam 0 of the radar. Note that SuperDARN does not
perform well during geomagnetic storms (Currie et al., 2016; Hiyadutuje et al., 2024a), implying that it is difficult
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Figure 6. TEC perturbation derived from the Davis GPS receiver on 1 September 2019.

to determine when the TADs/TIDs started in Fig. 7 due to a possibility of missing data as a result of the storm.
Other TADs/TIDs were observed earlier during the period 09:00-12:00 UT in the far ranges, meaning that they
were traveling in the ionospheric F-region. The TIDs in the far ranges may have affected the E-region instabilities
through the polarization electric field (Otsuka et al., 2007, 2009; Hiyadutuje et al., 2022, 2024a). SuperDARN slant
ranges are not exactly horizontal distances, that is, they have some components of the vertical distances (altitudes)
based on the hops and elevation angles (Liu et al., 2012). The closer the slant range, the lower the altitude. Those
waves were seen between 180 and ~800 km slant range, meaning that waves had vertical components in the
ionosphere as previously reported by Senior et al. (2006). The forward trend indicates the upward phase velocity
and corresponds to the downward group velocity, meaning that their energy had a downward component. At
high latitudes, Joule heating as discussed above, could be the source of these TIDs in the ionospheric E-region
(Nijimbere, 2020).

Autocorrelation was done to determine the periodicity in the dataset (figure not shown). It was found that waves
observed by different instruments differed. The computation of other characteristics of the TIDs/AGWs is beyond the

11



Alicreance Hiyadutuje et al.

Zhongshan Station (fitACF)  Beom 00 01/Sep/2019
= 105
N.Sky W 100 N.Search
Fre E 60
(i) £ 0 Nave
cPID
2 E
£ E
§ E
@ E
E
=
] - M-s2
= E -125'w
g -187 €
g F E -2507
@ T -312F
g N B3
# - -437 >
E [ E -
& e 350"
= E 300 g
8 = 250
g E E 200 £
« £ 150 =
t = 100 ;
S E 50 &
wv t ‘%.
‘L_
19:00 19:30 20:00 20:30 21:00 21:30 22:00
Time UT

Figure 7. Traveling ionospheric disturbances observed by the Zhongshan HF radar on 1 September 2019 between 19:00 and
22:00 UT. Panels (a), (b) and (c) show the backscatter power, Doppler velocity and spectral width, respectively.

scope of this study and as mentioned earlier, the data were not sufficient, probably due to the effects of geomagnetic
activity on the radar and a scarcity of other instrumentation in the region.

The neutral temperature and neutral wind at altitudes between 80 and 105 km were examined. Figure 8a shows
the neutral temperature between 150 and 230 K plotted with contour lines. The neutral wind data in Figs. 8b and c
exhibit wave structures. These wave structures and the alternation between enhancement (see black dashed lines)
and decrease in neutral temperature indicate a downward phase velocity, hence the group velocity of the AGWs
was upward, indicating that their source was below an altitude of ~90 km. On the other hand, in Fig. 7 SuperDARN
ray tracing showed that the TID/TAD backscatter echoes in the slant ranges 180-800 km came from an altitude of
~100 km. In this context, if the TIDs were horizontal then the oscillations would have been caused by the TID vertical
amplitudes (in km) when the AGWs were moving upward. The downward TADs interfered with upward AGWs to
generate the observed sodium density oscillations (see Fig. 4) at altitudes between 80 and 105 km. The reduction
of the wavelength at altitudes between 86 and 90 km obtained by means of the method of Kubota et al. (2006) is an
indication of wave breaking and/or the destructive mutual interference of downward TADs and upward AGWs.
The same method showed the forward trend of the peaks (figure not shown) which indicates that the group energy
of the resultant oscillating waves moved downward, meaning that the downward components, that is, TIDs/TADs
slightly dominated.

It was found that the zonal neutral wind showed a downward propagating phase structure. It was westward for
the duration of around 8 hours at an altitude above 90 km (Chen et al., 2021). The meridional neutral wind also
showed a downward phase. Figure 8 shows the same downward trend observed in this study as in the one observed
in Fig. 8 by Chen et al. (2021). Downward phase structures were also obvious in the neutral temperature.

Wavy structures in the sodium density can be generated by multiple mechanisms, such as TADs, AGWs, neutral
wind, and some instabilities. Sodium density caused by either the ion recombination processes or was directly
carried by substances that contain sodium by means of waves and/or neutral wind. At high latitudes, the sporadic
E (Es) layer’s vertical drift is governed by the neutral wind (U), convectional electric field (E), particle interactions,
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Earth’s magnetic field (B), ambipolar diffusion and the force of gravity (Kirkwood and Von Zahn, 1991; Kirkwood
and Nilsson, 2000; Chen et al., 2021; Hiyadutuje et al., 2024b). When SSLs are secondary features of metal ions from
the Es-layers or if SSLs are generated through the recombination of ions (Kirkwood and Von Zahn, 1991; Kirkwood
and Nilsson, 2000; Chen et al., 2021), the dynamics strongly depend on the electric field.

When SSLs are generated directly by the sodium layers and are not formed by the ion recombination processes,
which is likely the case in this study, then the neutral wind and neutral temperature as well as the acceleration due to
gravity would play an important role in the dynamics of neutral particles. Note that downward TADs or upward AGWs
would also contribute to the dynamics. Myrabg et al. (1987) suggested that the convective instability, also known as
convective wave breakdown advected by the neutral wind, could generate the SSL (Sherman and She, 2006). SLs that
took place between 13:00 and 24:00 UT (Fig. 2) could have been caused by the action of downward TADs, upward
AGWs and the neutral wind in the region (Sherman and She, 2006). Myrabg et al. (1987) proposed that ripples such
as those in Fig. 2 are due to the superposed short and long wavelength of the interfered waves. Ripples are also due
to the dynamic instability which is associated with Kelvin-Helmholtz billows (Taylor and Hapgood, 1990) or wave
structures that are not easily differentiated from the instability (Li et al., 2017). In the next subsection, convection
and dynamic instabilities are proposed as the mechanisms behind the formation of SSLs. The instabilities may
also have participated in the vertical oscillation of the sodium density layers against the downward propagating
TADs/TIDs.
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Figure 8. Neutral temperature (a), meridional wind (b), and zonal wind (c) at Zhongshan on 1 September 2019 between
17:00 and 24:00 UT. AGWs are seen in the repeated neutral temperature perturbation shown in the wavy structures
of the contour lines.
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4.3 Convective instability

The atmospheric dynamic instability that causes convective instability can be demonstrated using the Richardson
number (Ri), expressed by the following (Sherman and She, 2006). First, the square of buoyancy, also known as
Brunt-Viisild frequency, N2 was estimated:

N? =g(a—T+i). @

0z G,

It characterizes the atmospheric convective stability associated with temperature inversion. Next, the square
magnitude of vertical shear of horizontal neutral wind, S2 was estimated as:

- () 3 s
“\oz 0z) )
Finally, the Ri can be estimated by means of the Egs. (2) and (3) as:

Ri=—. )

Note that g, T, Cp, U and V are the acceleration due to gravity, neutral temperature, specific heat at constant
pressure, neutral zonal and meridional wind velocities (see Fig. 8), respectively.

Figure 9a is similar to Fig. 2, but shows sodium density between 16:00 and 24:00 UT. Figure 9b shows the Ri
values estimated by means of the Eq. (4) during the period 16:00-24:00 UT. The purpose of the comparison was to
see the region of SSLs in (a) and the possible location of the instabilities in (b). The red and blue trends in this panel
show the maxima of the sodium main and sporadic sodium layer, respectively. Dynamic and convective instabilities
occur when 0 < Ri < 0.25 and Ri < 0, respectively (Fritts and Alexander, 2003; Sherman and She, 2006; Nappo, 2012).
The signature of the upward AGWs are present as the enhanced values of Ri which are indicated by the backward
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Figure 9. (a) shows the same figure as Fig. 2 at 16:00-24:00 UT. (b) Shows the estimated Ri values for 1 September 2019 at
16:00-24:00 UT in the altitudes between 80 and 105 km. The red trend indicates the mesospheric main sodium
layer, while the blue line shows the SSLs observed in Fig. 2 superimposed on the estimated Ri values. The bins
in pink and green show the distribution of convective and dynamic instabilities, respectively. The long-lived
instability (encircled by the gray line) at an altitude between 84 and 88 km at 18:45-22:00 UT is the source of
the SSLs.
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oblique lines. Nappo (2012) suggested that AGWs could be generated by turbulence through exchange of kinetic
energy. In our case, it is possible that the upward AGWs were generated by the convective (Sato, 1992) and dynamic
instabilities. Other studies reported that AGWs could be generated in the lower part of the atmosphere by numerous
sources. They can also be reflected from the ground and move upward. Instabilities occurred at different altitudes and
times, but the long-lived one occurred at an altitude between 84 and 88 km at around 18:45-22:00 UT. The neutral
temperature in this region was below 180 K and the meridional wind was southerly (see Fig. 8). The convective
instability is more likely to be the primary source of the observed SSLs in Fig. 2 due to the upward convectional
displacement of the already existing sodium density layers.

5. Conclusions

Unusual vertical oscillations in sodium density layers with some wave structures were observed by means of

a lidar during a geomagnetic storm. SSLs were also observed just after the start of the instabilities that lasted for

about 2.5 hours. SuperDARN HF radar and Na lidar, both located at the Zhongshan station in Antarctica were used

to investigate these structures. A nearby GPS receiver station at Davis ~116 km northeast of Zhongshan was also
used to investigate the ionospheric perturbations. The findings of this study can be summarized as follows:

1) The average vertical wavelength, speed and period of the vertical waves were ~3.0-4.5 km, ~7.8 m/s, and
~T7.3-8.5 min, respectively.

2) There was a good anti-correlation of 0.6-0.9 between the TEC perturbation of PRN 3, derived from a GPS receiver
at Davis station, and Na number density perturbations at different altitudes. The anti-correlation indicates that
the correlated waves were out of phase. A moderate correlation was found between the Zhongshan SuperDARN
HF radar backscatter power and the same Na number density data. This correlation indicated that GPS, lidar and
SuperDARN radar observed varying wave activity in the region coming from both common and non-common
sources. A strong correlation between the PC/AE index and Na number density is found during a few hours of
the main phase of the storm, but for the rest of the storm time there was a weak correlation.

3) Sodium density at the bottom of the ionospheric E-region was enhanced periodically due to the wave propagation
resulting in the formation of SLs of enhanced density at altitudes between 80 and 90 km. It has been suggested
that the vertically oscillating layers are caused by mutual interference of the downward propagating TADs and
upward propagating AGWs. TIDs/TADs were possibly triggered by an electrodynamic process like Joule heating.
The SSLs between 20:00 and 21:30 UT were generated by the convective and dynamic instabilities at an altitude
between 84 and 88 km and were modulated by neutral wind dynamic processes.

Data availability statement. The lidar data can be accessed via the Chinese National Polar Scientific Data center
(https://en.pric.org.cn/).

GNSS data are available at https://www.unavco.org/data/gps-gnss/file-server/file-server-access-examples.html or
https://cddis.nasa.gov/Data_and_Derived_Products/GNSS/GNSS_data_and_product_archive.html.

SuperDARN radar data at Zhongshan station belong to the Chinese Meridian Project and Chinese National Polar
Scientific Data Center (https://en.pric.org.cn/). The Zhongshan HF radar raw data of the event on 1 September 2019 can
be downloaded from Super Dual Auroral Radar Network (2022). The SuperDARN raw data can also be found at the BAS
SuperDARN data mirror (https://www.bas.ac.uk/project/superdarn/#data). Alternatively, the data can be found at https://
data.meridianproject.ac.cn/.

The PC Magnetic Index data are available at https://pcindex.org/. The AE index can be downloaded from the OMINWeb
page at https://omniweb.gsfc.nasa.gov/ow_min.html.
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were not working in this study due to the complexity of the data (with vertical oscillations present).

The GNSS receiver networks, International GNSS Service (IGS) and SuperDARN community made the satellite and radar
data freely available. SuperDARN is a collection of scientific HF radars funded by national scientific funding agencies of
Australia, Canada, China, France, Italy,Japan, Norway, South Africa, the United Kingdom and the United States of America.
The Zhongshan sodium lidar operation was supported by the Chinese Antarctic Expedition. The authors acknowledge
the use of data from the Chinese Meridian Project.
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