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Abstract A sodium Doppler lidar system with three-directional measurements of sodium density,
atmospheric wind field, and temperature was established at Zhongshan (69.4°S, 76.4°E), Antarctica. On
November 14, 2019, a sporadic sodium layer (SSL) was observed at an altitude range of 93-103 km. The
temporal/spatial sodium density variations of this SSL are associated with a strong sporadic E (E,) layer at
nearly the same height, which is modulated by the convective electric field. By considering the structures
and the time lags of the SSL's growth at three positions, the SSL appears to have a horizontal advection

in an approximately westward direction with a velocity of the order of 80 m/s. This is consistent with the
zonal wind velocity derived from the lidar system itself. The temporal/spatial sodium density variations
strongly indicate that the formation and perturbation of SSLs are related to the evolution of E layers due
to varied electric fields and atmospheric gravity waves, while it is advected by the horizontal wind.

Plain Language Summary A sporadic E layer (E,) could be formed by metallic ions and then
modified or transported by the action of magnetospheric electric fields in the high latitude ionosphere.

It has been widely proposed that E_ layers play an important role in the formation of sporadic sodium
layers (SSL), but detailed studies of their dynamic process and evolution are still lacking. A three-
frequency Sodium (Na) resonance fluorescence Doppler lidar has been recently deployed by the Polar
Research Institute of China, which could measure the sodium density, temperature, and wind profiles
simultaneously in three directions. To clarify the dynamic properties of E /SSL, we have performed
observations of an event at Zhongshan Station (69.4°S, 76.4°E), Antarctica, which includes sodium density
profiles and wind velocity measured by the multidirectional lidar system, detection of the E layer by a
collocated Digisonde radar, F region ion velocity, that is, electric field, derived by the SuperDARN HF
radar network, as well as gravity wave perturbations determined from the Davis medium frequency radar.

1. Introduction

Since the discovery of a sporadic sodium layer (SSL) that was superposed on a normal sodium layer in the
mesosphere/lower thermosphere (MLT; Clemesha et al., 1978), numerous SSL events have been reported
(cf. Clemesha, 1995; Qiu et al., 2016; and references therein). The SSLs, with rapid growth of the sodium
atom density over a narrow height range (e.g., Clemesha, 1995; Tsuda et al., 2011), usually show an extend-
ed life span from a few tens of minutes to several hours (e.g., Batista et al., 1991; Cox & Plane, 1998). One
of the interests in SSL studies is thus exploring the generation mechanism for SSLs and understanding the
controlling factors of their temporal and spatial evolution.

Tonospheric sporadic E (E,) layers have been widely accepted as a good candidate for the source of sodium
atoms in SSLs (e.g., Cox & Plane, 1998; Kirkwood & Zahn, 1991; Takahashi et al., 2015). Some good cor-
relations between the occurrence of SSLs and Ej layers have also been reported (cf. Croskey et al., 2006;
Dou et al., 2009, 2010; Heinselman et al., 1998). Rocket-borne mass spectrometric measurements have
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demonstrated that the E layers consist of metallic ions (Grebowsky & Aikin, 2002; Kopp, 1997), such as
Fe*, Mg*, Nat, etc., and can be vertically driven by the neutral wind and/or the electric field (Kirkwood
& Zahn, 1991). When horizontal and vertical convergence of ions occurred under some conditions (e.g.,
MacDougall & Jayachandran, 2005), the E layers could descend/ascend in altitude, such as due to the
atmospheric tide and/or gravity waves (e.g., MacDougall et al., 2000). As the atmospheric density increases
exponentially with decreasing altitude, the rate of ion neutralization increases rapidly at lower heights (Col-
lins et al., 2002); hence a neutral SSL could thus form via this rapid ion neutralization (Cox & Plane, 1998).

The other candidates for the source of sodium atoms could be direct meteor deposition, and/or release
from aerosol particles, as well as redistribution of existing atoms (e.g., Batista et al., 1991; Clemesha, 1995;
Clemesha et al., 1978). However, direct meteor deposition requires a meteor shower with a large mass, and
aerosol particle release requires a background temperature increase (Qiu et al., 2015, 2018). The redistri-
bution of existing atoms is another good explanation for SSLs. Using a steerable sodium lidar system at
Winkfield (51.4°N, 0.7°W) that pointed sequentially in three different directions (at zenith angles of 30°).
Thomas et al. (1977) first observed clear evidence of a horizontal variation of the sodium concentration near
the peak of the normal layer. Based on steerable lidar system observations at Sdo José dos Campos (23°S,
45°W), Batista et al. (1991) systematically investigated sodium density variations in 12 SSL events at three
horizontal positions. There was no case where the advent of SSLs occurred simultaneously at all three po-
sitions; time lags of each SSL among the different positions were always observed. The inferred horizontal
velocities from the time lags of SSLs were mostly less than 100 m/s, except for one case observed by Cleme-
sha et al. (1980) with a velocity of the order of 200 m/s. However, their hypothesis of horizontal advection
was not confirmed by background wind observations.

In a recent study, an SSL event detected with a five-directional lidar system was reported by Tsuda
et al. (2015). By utilizing the SSL onset time differences recorded at the five positions, the horizontal velocity
of the SSL was derived and compared with the background wind velocity from the collocated meteor radar
and European Incoherent Scatter radar (Tsuda et al., 2015). They found both velocities were consistent.
Moreover, the amount of the sodium atom increase at the five positions was mostly equal, which strongly
indicates that the observed SSL was just advected by the background wind. Nevertheless, the end time of the
SSL event was not observed by Tsuda et al. (2015) due to the sky becoming cloudy.

Although a causal link between the Es layer and SSL has been observed and reported (e.g., Heinselman
et al., 1998; Kirkwood & Collis, 1989; Kirkwood & Zahn, 1991), how the temporal and spatial variations of
SSL relate to the evolution of the E_ layers and the horizontal advection by background wind is still unclear.
Comprehensive evaluation of the sodium atom production process in a SSL and its related temporal and
spatial variations with the E_ layer and background wind is still an important open question.

Since February 2019, a three-frequency sodium resonance fluorescence Doppler lidar system has been oper-
ating at Zhongshan Station (ZHS, 69.4°S, 76.4°E), Antarctica. With three-directional beams pointing toward
the zenith, and 30° off-zenith to the south and west, this system can obtain sodium density, line-of-sight
wind, and temperature at three positions simultaneously. In this article, an SSL event on November 14, 2019
that was detected by this lidar system is analyzed. We have performed detailed observations to clarify the
temporal and spatial variations of the SSL, including the Ej layer detected by a colocated DPS-Digisonde,
electric field measurements by the Super Dual Auroral Radar Network (SuperDARN; e.g., Ruohoniemi &
Baker, 1998), as well as wind velocity by the lidar system itself. In addition, the 1.94 MHz medium frequency
(MF) radar (e.g., Reid et al., 2018) data from Davis station (68.6°S, 78.0°E), which lies ~116 km northeast of
ZHS, is used to assess the gravity wave activity below the SSL when it occurs. All these observations are com-
bined to better understand the rapid sodium atom production process and its related dynamic properties in
the MLT region. In Section 2, we will briefly describe instruments and data sets. The observational results
are presented in Section 3, while possible generation processes and mechanisms of SSLs are discussed and
proposed in Section 4. This article finally ends with a summary in Section 5.
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2. Instruments and Data Sets
2.1. The Sodium Lidar

The three-frequency Sodium (Na) resonance fluorescence Doppler lidar at ZHS mainly consists of the lidar
transmitter, receiver, data acquisition and system control modules. The lidar laser pulses are produced by a
four-stage pulsed dye amplifier seeded with a state-of-the-art 589 nm frequency-doubled solid-state diode
laser. As required by the classic three-frequency probing technique (Chu & Papen, 2005 and reference there-
in), the seed laser is locked to one of the Na D, Doppler-free saturation absorption features within +2 MHz,
and then sequentially shifted +630 MHz by a free-space acoustic-optical modulator. Three 82-cm diameter
microcrystal-glass substrate telescopes with parabolic reflecting surface are used to receive returning lidar
photons in three directions, that is, the zenith, 30° off-zenith to the south, and 30° off-zenith to the west,
for wind field measurements, respectively. An ultra-narrow Na Faraday filter is implemented to suppress
the solar background during daytime for continuous diurnal operation. With transmitted laser power of
about 0.55 W in each direction, lidar signal photons collected by the receiving telescopes were detected by
photomultiplier tubes, integrated and recorded for 15 s with a 45 m range resolution. The uncertainties
in temperature and vector wind measurements induced by photon noise, around the peak of Na layer (at
~90 km) with 1 hr and 0.5 km resolutions, can achieve less than +0.3 K and +1.6 m/s for nighttime and
+1.0 K and +2.8 m/s for daytime observations, respectively.

2.2. The Ionosonde Radar (DPS-4D)

The Digisonde Portable Sounder (DPS-4D) operated at ZHS can be used to monitor the overhead iono-
sphere. It uses one simple crossed delta antenna for transmission, and four crossed magnetic dipole an-
tennas for reception. Using six digitally synthesized off-vertical reception beams in addition to the vertical
beam, the DPS-4 Digisonde can operate in multibeam sounding mode (Reinisch et al., 2009). For each fre-
quency-range pixel, the beam with the maximum amplitude is selected, and the amplitude and beam num-
bers are recorded in the output data (Reinisch et al., 2008). Currently, the Digisonde operates at 0.05 MHz
frequency step from 0.5 to 9.5 MHz and a range resolution of 2.5 km from 80 to 640 km (virtual height),
while the ionograms are recorded at a time interval of 7.5 min. By manually scaling the ionograms via the
SAO software, ionospheric characteristics parameters, such as E_ critical frequency (f,E,) and virtual height
(WE,) can be obtained.

2.3. The SuperDARN Radar

The combined fields of view of the SuperDARN radar network cover the majority of the northern and
southern hemisphere polar regions. Utilizing HF radio wave refraction to achieve orthogonality with the
Earth's magnetic field in the E- and F-region ionosphere, field-aligned irregularities at ~10 m Bragg scale
produce maximum backscatter power (Milan et al., 1997). From the received signal-to-noise ratios the ion-
ospheric plasma Doppler line-of-sight velocity, the Doppler spectral power, and the Doppler spectral width
can be derived (Greenwald et al., 1995). Based on all the available line-of-sight velocity data and merging
it from pairs of radars within common-volume areas (Ruohoniemi & Baker, 1998), a large-scale plasma
convection map is produced covering the high-latitude ionosphere. From this, the global convection electric
field can also be obtained (see Chisham et al., 2007 for more details).

2.4. The MF Radar at Davis

The MF radar at Davis station (68.6°S, 62.9°E) lies ~116 km northeast of ZHS and can be used to measure
the strength of turbulence through velocity variances (Murphy & Vincent, 2000). The MF radar consists of
a square transmitting array (~40° in beam half-width at half maximum) and three cross-dipole receiving
arrays. By operating in space-antenna mode at a frequency of 1.94 MHz and using pulsed transmission with
half-power full pulse widths of 30 us, the three complex time series were analyzed using full correlation
analysis to produce wind measurements. The horizontal wind components are theoretically sampled at
2 km intervals between the heights of 64 and 102 km.
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Z; s E A 10-hr continuous daytime observation by lidar and radar was made on
3oz November 14, 2019 from 14:00 to 24:00 UT (UT = MLT [Magnetic Local

) _% Time] — 1.75 hr; UT = LT — 5 hr). The temporal and altitude variation

g of the sodium density profile from the vertical beam, with a 5 min time

! :; and a 450 m altitude resolution, is shown in Figure 1a. The number of

0 simultaneous ionospheric echoes recorded by the colocated DPS-4 Di-

20 gisonde in the E layer at 130 frequencies from 3 to 9.5 MHz, with 7.5 min

200 time and 2.5 km height resolution, is shown in Figure 1b as a function of

150 virtual height and UT time. By manually scaling the E_ layer, the height

variations of the layer are overlaid in Figure 1a (i.e., blue asterisks). Fig-
ure 1c shows the corresponding electric field with 10 min time resolution

E (mV/m)

50 in the northward and eastward components over ZHS derived from the
0 SuperDARN data.
Eastward From Figure 1a, it can be seen that the normal sodium layer occurs at al-

Northward

titudes of ~85-95 km. Starting at 17:00 UT, there is an isolated enhanced
sodium density layer (i.e., the so-called SSL) observed at around 101 km,
which gradually ascends to about 103 km by 17:30 UT. Half an hour later,
a particular region with much higher sodium density at 93-100 km until
19:15 UT can be easily identified. These regions with maximum sodium

20 : ; : ; density of ~3.2 X 10’ m~2 are about 10 times higher than the normal so-
14:00 16:00 1o 2000 22:00 24:00 dium layer density. We notice that this SSL exists in two separated layers
with different altitudes. One above 96 km with a descending trend, and
Figure 1. (a) Height-time intensity variations of the sodium density the other below it with an ascending trend. After 20:00 UT, an SSL with a
from 14:00 to 24:00 UT on November 14, 2019 between 80 and 105 km. short time duration of about 10 min is observed at an altitude of 97 km.
Blue asterisks denote the height of the E, layer derived from the DPS-
4 Digisonde. (b) The number of ionospheric echoes recorded by the The sodium density of the SSL observed from 17:00 to 20:20 UT changed

colocated DPS-4 Digisonde in the E layer at frequencies from 3 to 9.5 MHz.
(c) The corresponding electric field derived from SuperDARN data.
The blue and red lines represent eastward and northward components,

significantly with time and altitude. This is almost consistent with the oc-
currence and variations of ionospheric echoes for the E layer. The strong-

respectively. In this study, we mainly focus on the sporadic sodium est SSL observed during the time interval of 18:10-19:00 UT corresponds
layer (SSL) occurring for time intervals shown in the gray shade (i.e., to a large number of ionospheric echoes at almost the same height. The

17:00-20:20 UT).

number of ionospheric echoes decreases at higher altitudes around 17:45

and 19:05 UT, which time interval precisely corresponds to the decreased

sodium density at the upper levels. Moreover, the starting and ending
times of the SSLs observed from the lidar vertical beam (indicated by the gray shading in Figure 1) are
aligned to the appearance and disappearance of the E layer. This implies that the Es layer provides the
source of sodium atoms to the SSL. From plasma convection observations by SuperDARN over Antarctica
during the SSL/E_ time interval, the strength of the horizontal electric field over ZHS is less than ~12 mV/m
(see Figure 1c), except for time at 19:20 UT, and is dominated by an eastward horizontal ion flow in the F
region with velocities less than 170 m/s (i.e., E = v X B, assuming the geomagnetic field 5.4 x 10° nT). This
means that the SSL/E_ is located in the duskside convection cell.

To investigate the relationship between the SSLs sodium density and ionospheric E layer variations in more
detail, Figure 2a shows variations of the SSL's maximum sodium density from 16:30 to 20:30 UT between
93 and 103 km. Figure 2b represents the ratio of the maximum sodium density to the background normal
sodium density in the same altitude range. The background normal sodium density is the averaged value be-
tween 14:30 and 16:30 UT at each altitude where the sodium density varied smoothly with time. We should
notice that both sodium density in Figure 2a and the ratio in Figure 2b are plotted with an exponential scale
on the Y-axis. The critical frequency of the Ej layer (f E,) is shown in Figure 2c. The altitude of the maxi-
mum sodium density is shown in Figure 2d (blue line), while the E_ layer-related virtual height variations
(i.e., WE,), with a 2.5 km error bar indicating possible manual scaling errors, are also overlaid.

The SSL starts at an altitude of around 102.5 km, and the maximum sodium density increases from ~1.0 x 10°
to ~3.4 X 10° m~3 within 10 min between 17:02 and 17:12 UT. Soon thereafter, the maximum sodium
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A : : : : ; ; ; before the end of the SSL at 20:15 UT, we find the maximum sodium
density is almost equal to the onset of SSLs at 17:05 UT and 18:10 UT,
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but at a lower height of 96.5 km. From Figure 2c, we observe the ending
of the SSL at ~19:00 UT is associated with the E_layer weakening with
f.E, at ~5 MHz. This would correspond to an ionospheric electron den-
sity of 3.1 x 10! m~3. Moreover, it can be seen that the enhancement of
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density corresponding to the maximum sodium density of the SSL cannot
\‘\ / ~__ be properly estimated over this time interval. In Figure 2d, we observe the
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erage height of the E_ layer. The correlation coefficients for the SSL height
% b within 5 km (29 points) and 2.5 km (18 points) of the E_layer are 0.72 and

t % % b 0.94, respectively. All these observational results strongly indicate that
+'+H'*£%\%ﬁ\w%%+ the E_ layer is most likely the source supply of sodium for the SSL in
[ this event. However, it is difficult to explain the formation of SSL with a

T
16:30  17:00

Figure 2. (a) Variations of the sporadic sodium layer (SSL)'s maximum

T
17:30

T
18:00

o0 Tonn 100 2000 200 double layer (i.e., with upper-layer and lower-layer) at 18:30-18:45 UT.

ut To better understand the dynamic properties of the SSL, Figures 3a-3c

show height and time variations of the raw photon count, with temporal

sodium density from 16:30 to 20:30 UT. (b) The ratio of the maximum and spatial resolutions of 15 s and 45 m, respectively, from the (a) south,
sodium density to background sodium density at the same altitude. The (b) vertical, and (c) west beams at 90-100 km during 18:00-19:00 UT. We
horizontal black dash line denotes values with a ratio greater than 2. (c) have normalized the count data with the Rayleigh scattering intensity

The variations of critical frequency in the E layer from the colocated DPS-
4 Digisonde. (d) Variations in altitude of the maximum density of the SSL
(blue line) and the E_ layer (red asterisks with error bar).

at the lower height, removing the effects of the fluctuations in the laser
power and the transmittance in the lower atmosphere. The normalized
raw photon count intensity would thus be in proportion to the sodium
number density and the resonance scattering cross-section. The SSLs
with upper layer and lower layer located above and below 96 km, respec-
tively, are observed at all three positions. Both the upper-layer and lower-layer of the SSLs are characterized
by an increased photon count with a narrow altitude range (i.e., typically ~1 km full width at half max-
imum). The corresponding time variations in the raw count intensity data for 92-96 km height are also
shown in Figures 3d-3f. The red, blue, and black lines represent the mean, median, and peak values of the
raw count intensity. (Note that the peak values have been reduced by a factor of 3.) The timings (i.e., onset
and ending times) of the SSL lower-layer determined at each beam for both the mean and the medium are
denoted by vertical dashed lines in each panel. These times occur when the ratio of the maximum density
to the background normal density is greater than 2 (cf. Simonich et al., 2005). For the mean values, it can be
seen that the SSL lower-layer first occurred in the south beam at 18:25:42 UT. After 50 s, the enhanced raw
photon count is observed by the vertical beam, whereas the onset time in the west beam lagged by 11 min.
A similar situation with a time lag of ~9.08 min is also observed when comparing the ending time from
vertical to west positions. Moreover, by comparing the median values between the vertical and west beams,
time lags of ~11.82 and ~10.73 min for onset and ending time, respectively, are also observed. However, the
ending of the SSL lower-layer at the south beam is different. This is due to the ending of the SSL lower layer
being accompanied by a wavelike perturbation (see Figure 3a). Considering the time lags for onset and end
of the SSL in the raw count intensity variations between the vertical and west beams, it is suggested that the
horizontal advection of enhanced sodium density plays an important role for the SSL.
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Figure 3. (a-c) Height and time variations of raw photon counts, with 15 s time and 45 m height resolution, from the (a) south, (b) vertical, and (c) west
beams. (d-f) The corresponding time variations in the raw count intensity data for 92-96 km height. Red, blue, and black lines represent data obtained with the
mean, median, and peak values, respectively. (Note that the peak values have been reduced by a factor of 3). The onset and end times, defined as the time when
the intensity became twice that before the event, are shown by vertical dash lines.

4. Discussion
4.1. SSL Production From the E, Layer

It is important to understand the origin of the source that is producing/providing a large number of sodium
atoms for SSLs within a short timescale and a narrow vertical range. In this article, we report an SSL with
spatial and temporal variations over Zhongshan, Antarctica. The dynamic process of the SSL is closely asso-
ciated with the evolution of the E_ layer, which means that the conversion of sodium ions to sodium atoms
in the E_ layer occurred. Previous studies have discussed the E_ layer as a major source for high-density SSLs
appearing between 90 and 100 km. Kane et al. (1993) estimated that the sodium ion abundance in an E|
layer was 10% of that of the atoms at most, while a 4% assumption for the sodium ion abundance was an
underestimation (Hansen & von Zahn, 1990). In our observations, the SSL occurring after 18:10 UT is at a
height below 100 km and the SSL and E layer have a good height correlation. An SSL-related sodium den-
sity more than twice higher than the background intensity is observed at 18:10-18:45 UT and 20:10-20:15
UT (see Figure 2b). The averaged maximum sodium density of the SSLs (using an altitude resolution of
0.45 km) at these time intervals are ~1.67 X 10'° and ~2.8 X 10° m~3, respectively. If we assume that the
averaged maximum sodium density is charge exchanged from sodium ions in the Es layer at the 10% rate
noted above, this should correspond to an ionospheric density of at least ~1.67 x 10! and ~2.8 X 10" m™3
at the same height. During these intervals, the E layer with f,E_ more than 5 MHz (i.e., ~3.1 x 10" m~3) is
always observed. This means that the hypothesis that the E_ layer alone can provide enough of a supply of
sodium atoms in this event is plausible.

Simultaneous ground-based sodium lidar and ionosonde observations of SSL and Es layers in time and
spatial location have been extensively studied by previous authors (e.g., Dou et al., 2009; von Zahn &
Hansen, 1988; Williams et al., 2007). Although the E_ layer is expected to be acting as the sodium reservoir,
and a strong correlation of simultaneous occurrence of SSLs and E_ layers was observed, the sodium ion
chemistry seemed to not provide a satisfactory explanation for the fast rise of sodium atom density within
the growth phase of SSLs with time constants of 5 min (von Zahn & Hansen, 1988). For our current study,
the growth phase of the SSLs had typical time constants of 10-15 min (see Figure 2a, i.e., the time dura-
tion from onset to the maximum of the SSL), and the electron density enhancement of the E_layer always
preceded the sodium enhancement (see Figures 2a and 2c), which means that our E layer is the source
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Table 1

Estimates of Average Descent Velocity of the E, Layers

of sodium for the SSL. From a statistical point of view, the seasonal de-
pendence of SSL occurrence correlates well with the annual variation of

E,, as studied by Dou et al. (2010). A “meteor-Es-SSL” chain responsi-

Time interval Initial height  Ending height = Descending

(hh:mm:ss) (km) (km) velocity (m/s) ~ ble for the recombination process was taken into consideration by them.
However, because meteoric ablation should simultaneously generate so-

16:45:10-17:30:10 120 100 ~74 dium and electron density enhancements at the same altitude (Clemesha

17:37:40-18:30:10 2255 92.5 ~9.52 et al., 1978), the observed pre-existing E_ layer with wavelike fluctuations

19:00:10-19:30:10 122.5 97.5 ~13.89 should rule out direct meteor deposition as the cause of the SSL.

19:52:40-20:15:10 102.5 97.5 ~3.7

To exclude the possible redistribution of the background layer resulting

in SSLs, the time-sequential relationship of the SSL/Es is investigated in

more detail. Table 1 gives the estimates of the average descent velocity
of the E_ layer for the four-time intervals at the lower E region. Comparing these times to the SSL onset
times of ~17:02, ~18:30, and ~20:00 UT at the altitudes of ~101, ~93, and ~97 km, it seems likely that the
descent of the E_ layer would trigger the release of sodium atoms, while its height variations regulate the
SSL's lifetime. A theoretical explanation proposed by Cox and Plane (1998) has shown that sodium ions can
be neutralized via an ion-molecule mechanism which describes the conversion of sodium ions to atomic
sodium in a descending Es layer. Similar observational events were also reported by previous studies (Beatty
et al., 1989; Kane et al., 1993; Williams et al., 2007). By identifying the vertical and temporal structures of
the SSL sodium and the E_ layer electron density, Kane et al. (1993) found the electron enhancement and
the sodium enhancement at an altitude of 93-97 km were in phase. In our event, sodium enhancements
always correlate with the descent of the E_ layer. The high correlation between the altitude and abundance
variations of the SSL and E_ layers illustrates that the SSL formation is strongly related to descending E_
layer and most likely involves the neutralization of sodium ions.

4.2. SSL/E_Related Dynamics and Electrodynamics

Dynamic processes are evident in the temporal and spatial wavelike structures of the SSL/E_layers. With the
thin E_layer declining into the E region, both the electric field and neutral wind are expected to modulate
the E_ layer (e.g., Nygrén et al., 1984, 2008). According to dynamic and electrodynamic theory (Kirkwood &
Nilsson, 2000), the vertical motion of the ion is governed by electric fields, neutral wind, gravity, and am-
bipolar diffusion. Ignoring ion diffusion due to gradients in the plasma pressure and to the force of gravity,
the vertical motion of ions can be expressed as:

Cos 2

vy = W, (1)

! |:ﬁ+WNsinI}COSI+ }”'2{—ﬂ+WE}cosl+ 1- 3

1+I;-2 B() 1+7 B()

i

1+

where v, is the vertical motion of ion (positive downward), r, is the ratio of the ion-neutral collision frequen-
cy to the ion gyrofrequency, E;, and E,, represent the eastward and northward components of the electric
field, and W, W, and W, are the horizontal (northward and eastward) and vertical (positive downward)
components of the neutral wind. The magnetic dip angle I is 71.6° at ZHS. The ion motion above 120-
130 km is dominated by the first term (i.e., eastward electric field and meridional wind) because the ion
gyro-frequency exceeds the collision frequency, while the zonal wind and north-south component of the
electric field control ion motion at heights below 100-110 km through the second term. Moreover, when an
atmospheric gravity wave exists, the third term may be significant at any height in the presence of strong
vertical motion. The present SSL/E_ event mainly occurs in altitude range of 93-100 km with a southward
electric field, and both the zonal wind and gravity waves contribute to the vertical motion of the E_ layer.

The contours of the zonal and meridional wind observed by the lidar system between 14:00 and 24:00 UT
are illustrated in Figures 4a and 4b, respectively. Wind variations with height are shown in Figure 4c for
17:30 to 19:30 UT. The zonal wind shows a persistent westward velocity at the heights of 92.5-97 km until
20:00 UT, while a downward propagating phase structure is apparent in the wind. Kirkwood and Nils-
son (2000) studied the relative contributions of the electric field and neutral wind for the second term in
Equation 1. A strong wind of 100 m/s has almost the same effect as a rather small electric field of only
5 mV/m. During the time interval of 17:00-20:15 UT the northward electric field had a median value of —8.7
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Figure 4. Time-height contours of the zonal (a) and meridional (b) winds between 14:00 and 24:00 UT derived from the sodium lidar. The data have been
smoothed to have a vertical resolution of 0.5 km and a temporal resolution of 1 hr for the wind field. (c) Profiles of zonal (red and blue) and meridional (black
and green) winds at 17:30-18:30 and 18:30-19:30 UT. Zonal (d) and meridional (¢) 10 min average winds from the Davis MF radar for 2 days around the
Zhongshan Station (ZHS) sporadic sodium layer (SSL) occurrence. The tidal variations have been removed with the gravity wave activity remaining. (f) Zonal
(red) and meridional (black) perturbation winds at 92 km.

(£4.1) mV, assuming a zonal wind with a constant velocity of —50 m/s and adopting the height-dependent
ratio r, (Xue et al., 2013, see their Figure 5a), the combined electric field and neutral wind will result in the
E_ layer descending with a speed of ~7.82 (+6.04) m/s at 110 km and ~0.42 (+0.32) m/s at 95 km. This is
consistent with the estimates of the average descent velocity of the E_layers shown in Table 1, which implies
that the vertical wind velocity decreased sharply with decreasing altitude. An accumulation of metal ions
and/or electrons modulated by the varied north-south electric field component and zonal wind at a certain
altitude would be expected.

The downward propagating phase structure of horizontal wind implies that the formation of the SSL/E_ lay-
ers could also be related to atmospheric gravity wave activity. MacDougall et al. (2000) suggested that such
atmospheric wave motion is very efficient in moving ionization up or down, particularly at lower heights.
The ionization will be concentrated near the gravity wave nulls, with a downward motion from above and
upward motion from below. This process has been observed in this event at around 18:30 UT at a height of
~93 km, where the sodium density is largest. During this interval, the SSL upper layer is descending with
the downward motion of the E_ layer, followed by the SSL lower layer ascending.

To assess the gravity wave activity, the 1.94 MHz MF data from Davis station, which lies ~116 km northeast
of ZHS, has been analyzed. To balance short-term variations against the quality of tidal fit, a 4-day window
of hourly averaged winds is chosen to calculate the amplitude and time of the maximum of the diurnal,
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semidiurnal, and terdiurnal components of the zonal and meridional winds. These fitted parameters are
then used to reconstruct the underlying tidal wind field over a 2-day interval centered on the occurrence
of the SSL. The MF radar wind determinations were averaged into 10 min bins over the days surrounding
the ZHS SSL event. Tidal fits were made to a 4-day interval of these data and the reconstructed tides were
removed from the time series (Murphy, 2002). The resulting perturbation winds, with a three-point smooth-
ing applied, are thus shown in Figure 4d (zonal) and Figure 4e (meridional), while the corresponding per-
turbation velocities at 92 km are shown in Figure 4f. Downward propagating phase structures are apparent
in the upper levels of Figures 4d and 4e suggesting the presence of an upward propagating gravity wave.
These phase structures are steep, with rapid velocity transitioning from positive to negative at the time
of the SSL, indicating a large vertical wavelength node at the observed heights. The gravity wave activity
illustrated by the MF radar data at the nearby station suggests such atmospheric wave motions could also
modulate the temporal and spatial variations of the SSL intensities.

In comparison to 5 min averaged data shown in Figure 1a, there is another interesting feature that the 15 s
data in Figure 3 reveals considerably more fine structures of the SSL. In Figures 3a-3c, the double layers
of the SSL show predominant wavelike structures with periods of 7-11 min at 96-100 km and ~3-4 min at
94-96 km, which is especially evident in the south direction in Figure 3a. This is very different from the ob-
servations of the E_ layer by the ionosonde and the gravity wave by the MF radar, in which only long period
perturbations could be derived. Quasiperiodic fluctuations on a timescale on the order of several minutes
at the peak height and the peak density of SSLs are a universal feature but could be concealed by lower
temporal resolution observations (Pfrommer et al., 2009). Tsuda et al. (2011) suggested that the 7-11 min
wavelike structure would be signatures of atmospheric gravity waves, while the 3 min wavelike structure
may be signatures of an atmospheric gravity wave or acoustic wave. Moreover, Hansen and von Zahn (1990)
analyzed sodium density data with time-resolution of 1-min and demonstrated upward and downward
movements of the SSL height with the time scale of ~20 min. They also suggested that such movements are
signatures of atmospheric gravity waves. However, the fine-scale ~3 min wavelike structure seems to occur
locally (see Figure 3a) because the vertical and west beams do not detect such fine-scale wavelike structure
in the lower layer of the SSL. In conclusion, as the lidar probes the sodium in three directions, variations
will occur as the SSL is carried across the beams by the neutral wind. The changes that we see could be some
combination of intrinsic temporal changes and spatial variations along the direction of advection.

As mentioned in the Section 1, horizontal advection of the SSLs was hypothesized by Clemesha et al. (1980),
but they had no background wind data to confirm it. By detecting the onset time and amounts of sodi-
um density in the SSLs via a five-direction lidar system, combined with derived background wind, Tsuda
et al. (2015) verified the horizontal advection of the SSLs. However, the ending time of their SSLs was not
available due to cloudy sky conditions. Since the sodium lidar observed SSLs in the vertical, and 30° off-ze-
nith to the south and west, it is possible to assess the role of advection in the SSL variation. From Figures 3e
and 3f, we observe the SSL lower layer has similar structures in the vertical and west beams, while the life-
time of the SSL is about 14.63 min in the vertical position and 12.65 min in the west position, respectively.
The onset and ending time lags between the vertical and west beams are about 11 and 9.1 min, respectively.
Cross-correlation analysis of the SSL upper-layer and lower-layer also indicates that both layers had a time
lag of about 11 min between the vertical and west beams. The height of the SSL at 94 km corresponds to a
distance of about 54.27 km between the vertical and west beams. Assuming the time lags of the SSL in the
vertical and west beams are due to horizontal advection only, the bulk velocity of the SSL onset and end is
estimated to be 82.2 (+£1.8) and 99.4 (+1.8) m/s westward, respectively. These velocities are fairly consist-
ent with the observed zonal wind velocity derived from the lidar system shown in Figure 4c (~80-90 m/s
westward). This suggests that the temporal and spatial variations of the SSL are consistent with advection
by the background wind.

5. Summary

A new sodium resonance fluorescence Doppler lidar system with three-directional beams has been estab-
lished at Zhongshan, Antarctica. In this article, we report an SSL with spatial and temporal variations on
November 14, 2019. By examining the dynamic properties of this SSL, and comparing it with a collocated
E_ layer, we find the dynamic process of the SSL is closely associated with the evolution of the E, layer.
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We suggest the formation and perturbation of the SSL correlates with the convective electric field and at-
mospheric gravity wave activity. The onset/end of the SSL was observed by lidar at different times in the
different beams, especially in the east-west direction. By using observational atmospheric wind field values
obtained by the lidar system itself, we have compared wind velocities to the calculated horizontal advection
effect and found the velocities are consistent. We conclude that the major source for sodium atoms in this
SSL event is from the E_ layer and the dynamic properties of the SSL are modulated by the E_ layer electro-
dynamics and the background wind field.
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