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Lidar Discovery of Annual and Semiannual Oscillations of
Thermosphere-Ionosphere Na (TINa) Layers and the First
Na Climatology of 75-150 km: Connections to Metallic Ions,
Wave and Eddy Transport, and Meteoric Influx

Xinzhao Chu' ©© and Yingfei Chen'

!Cooperative Institute of Research in Environmental Sciences & Department of Aerospace Engineering Sciences,
University of Colorado Boulder, Boulder, CO, USA

Abstract First characterization of year-round Na layers from 75 to 150 km is enabled with 7 years (2011—
2017) of high-detection-sensitivity lidar observations over Boulder (40.13°N, 105.24°W). Clear annual and
semiannual oscillations (AO and SAO) are revealed in the nightly-mean thermosphere-ionosphere Na (TINa)
(~105-150 km) number density and volume mixing ratio with the summer maximum but spring equinox
(March/April) minimum. Such stark contrast to the summer minimum in the main Na layers (~75-105 km)
supports the theory of TINa formed via TINa* ion neutralization (TINa* + ¢~ — TINa + hv). The SAO/AOQ
amplitude ratio profiles (75-150 km) exhibit significant changes (~0.06-2), linking TINa SAO to
thermospheric density SAO and the minimal wave/eddy transport around midlatitude equinoxes which hinders
TINa" ion production and upward transport via reduced diffusion of the main Na layer. Stronger TINa in
autumn than in spring equinox is explained by the maximal (minimal) meteoric influx occurring in September
(April).

Plain Language Summary Atmospheric metallic layers in the mesosphere and lower thermosphere
(MLT) with altitudes of ~75-105 km have been observed for nearly a century since the 1920s. Studies of their
seasonal and diurnal variations as well as vertical and horizontal structures have provided crucial information
bearing on the meteoric origin of these metals along with various chemical and dynamical processes in the MLT.
However, the existence of neutral metal layers higher up in the thermosphere and ionosphere (E and F regions)
was unknown until a lidar discovery of thermosphere-ionosphere metal (TIMt) layers made in Antarctica in
2011 which was followed by numerous observations globally. Sensitive lidar detections of TIMt in Na species
(TINa) over Boulder not only led to the discovery of TINa regular occurrence reported earlier but also enable the
first-ever study of year-round TINa climatology (~105-150 km) reported here. This study is the first of its kind
for characterizing the entire meteoric Na layers from 75 to 150 km. Such studies offer a unique opportunity to
explore the fundamental processes and coupling mechanisms in the mesosphere and thermosphere that separate
interplanetary space from the lower atmosphere and biosphere, protecting life on Earth.

1. Introduction

The regular occurrence of thermosphere-ionosphere Na (TINa) layers discovered by high-detection-sensitivity
Na Doppler lidar observations over Boulder, Colorado (Chen & Chu, 2023; Chu et al., 2021) has significantly
augmented the research of thermosphere-ionosphere metal (TIMt) layers, establishing TIMt as excellent tracers
for exploring the “thermospheric gap” region around 100-300 km (Oberheide et al., 2011). The initial discovery
of TIMt was made in Fe species by Fe Boltzmann lidar observations at McMurdo, Antarctica (Chu et al., 2011),
that is, the thermosphere-ionosphere Fe (TIFe) layers named in Chu and Yu (2017). Many following reports of
TIMt in K, Na, Fe, and Ca™ species (termed TIK, TINa, TIFe, and TICa*) and thermosphere-ionosphere sporadic
metal (TISMt) layers reveal intriguing features (e.g., Chu et al., 2020; Friedman et al., 2013; Gao et al., 2015; Jiao
et al., 2022; Raizada et al., 2015, 2020; Sun et al., 2025; Wu et al., 2022). Most of these events appear to be
intermittent except for the reports of TINa from McMurdo and Boulder. While the McMurdo TINa distribute
diffusely and persist long beyond TIFe disappearance (Chu et al., 2020), the Boulder TINa layers occur regularly,
descending from ~150 km before dawn all year round and from ~125 km after dusk in winter months with
semidiurnal tidal phases (Chen & Chu, 2023; Chu et al., 2021). Boulder TINa enables the first investigation of
year-round Na layers through the entire altitude range of 75-150 km, which is the subject of this study.
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Year-round Na density variations from ~80 to 105 km have been studied extensively at midlatitudes (e.g.,
Gardner et al., 1986; Gardner & Liu, 2010; Li et al., 2018; She et al., 2000, 2023; States & Gardner, 1999; Yi
et al., 2009); however, year-round Na density above 105 km (i.e., TINa layers) had not been reported until this
study. The low density of TINa requires very high detection sensitivity (better than 0.1 cm™>) like that of the Na
Doppler lidar at Boulder (Chu et al., 2021; Smith & Chu, 2015) but beyond the detection limit (about a few cm™)
of many Na lidars. Regular TINa occurrence and nighttime lidar operation available in every month at Boulder
allow reliable measurements of TINa layers all year round. Chen and Chu (2023) reported the annual phase
variations of predawn TINa occurring ~2.5 hr earlier in summer than in winter, which closely correlate to annual
phase variations of sunrise and semidiurnal tidal winds.

Using the extensive Boulder lidar data set, we characterize variations of Na density and volume mixing ratio
(VMR) year-round from 75 to 150 km. An interesting discovery is the semiannual oscillation (SAO) in Na layers
and its relative strength to the annual oscillation (AO) varying with altitude from 75 to 150 km, complementing
the studies of thermospheric density SAO (e.g., Fuller-Rowell, 1998; Jones et al., 2018; Qian et al., 2009). This
investigation provides an opportunity to examine the influences of meteoric influx, chemical processes, wave and
eddy transport, and plasma-neutral coupling on atmospheric metals.

2. Year-Round Na Density and Volume Mixing Ratio From 75 to 150 km Over Boulder

Lidar data used in this study were collected from 2011 to 2017 at Table Mountain Observatory (40.13°N,
105.24°W), north of Boulder, with the University of Colorado Boulder Student Training and Atmospheric
Research (STAR) Na Doppler lidar (Lu et al., 2015, 2017; Smith & Chu, 2015). While raw photon counts were
collected in resolutions of 3 s and 24 m, Na number densities were retrieved with uniform binning of 7.5 min and
960 m to ensure sufficient signal-to-noise ratios (SNRs). Na volume mixing ratios (VMRs) were derived by
dividing Na densities with the corresponding atmospheric number densities calculated from the MSISEOO model
(Picone et al., 2002). Totally 239 observational nights are used in forming monthly composites after thorough data
screening as described in Chen and Chu (2023). All 12 months from January through December have sufficient
cases as listed in Table S1 in Supporting Information S1. Each monthly composite of lidar data covering from
dusk to dawn is obtained by averaging TINa densities or VMRs of the same local time at the same altitude bin but
on different nights within the same month. Monthly composites reduce incoherent features while preserving
coherent tidal structures. All monthly composite contours (not shown) exhibit clear signatures of predawn TINa
layers, similar as Figure 1 in Chen and Chu (2023).

Monthly profiles of nightly-mean Na densities and VMRs are derived by taking temporal means through the
entire nighttime at each altitude of the monthly composites. The raw profiles retrieved to 155 km, are vertically
smoothed above ~125 km in a log-10 scale with a 6-km full width (FW) Hamming window first and then
smoothed again in the log-10 scale with a 3-km FW Hamming window through the entire altitude range. Such
double smooths are to reduce noise at TINa altitudes (~110-150 km) while keeping the main layer's peak, top-
and bottom-sides as close to the original profiles as possible. The obtained monthly profiles are shown in
Figures 1a and 1b for Na density and VMR, respectively. The raw and smoothed monthly profiles are compared in
Figures S1A and S1B in Supporting Information S1 along with the raw standard deviations. Two summer months
(June and July) show the maximum TINa densities but the minimum peak Na densities in the main layer. This
contrast becomes stronger in VMR (Figure 1b). The April profile exhibits the lowest density/VMR above
~100 km. The raw contours (Figures 1c and 1d) of these monthly composites show the seasonal variations of Na
density and VMR through the entire year from 75 to 150 km.

To further quantify such year-round variations, a harmonic fitting consisting of an annual mean (4,), AO, and
SAOQ, given by Equation 1, is applied to Figures 1c and 1d at each altitude:

2r

Na Density or VMR = A + A
a Density or o+ 12005[365

2
(day — Pu)] + Ag cos %(day —Py)
2

where A, and Ag are the AO and SAO amplitudes. P;, and Py are the AO and SAO phases, that is, the day of year
corresponding to the maximum Na density or VMR. The fitted values are then subtracted from the original 12
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Figure 1. 12 monthly profiles of (a) nightly mean Na density and (b) Na volume mixing ratio (VMR) from January through December. Raw contours of year-round
variations of (c) Na density and (d) VMR. Harmonic fitted annual mean, annual oscillation, and semiannual oscillation amplitudes and phases of (e—f) Na density and

(g-h) VMR.

monthly profiles, and the resultant residuals are smoothed with a Hamming window of 100-day FW. The
smoothed residuals are added back to the fitted values to form the climatology of Na density and VMR from 75 to
150 km. The fitted annual means, AO and SAO amplitudes and phases are plotted for Na density and VMR in
Figures le—1h. The resultant climatology of Na density and VMR are illustrated in Figures 2a and 2b.

Figure 2 represents the first year-round climatology of Na density and VMR covering the entire altitude range
from 75 to 150 km. AO and SAO signatures are clearly shown in TINa density and VMR: Two minima occur
around the spring (March-April) and autumn (September-October) equinoxes with spring being the primary
minimum, and two maxima occur in summer and winter with summer being the primary maximum. An oval
around 115 km spanning from late September to late October in Figure 2b reflects the enhanced Na VMR above
the turning point ~115 km in the monthly profiles of September and October (Figure 1b). The AO phase tran-
sitions from November/December in the main layer to late summer (July-August) in TINa (Figures 1f and 1h).
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Figure 2. Climatology of year-round nightly-mean (a) Na density and (b) volume mixing ratio (VMR) from 75 to 150 km
over Boulder. The semiannual oscillation to annual oscillation amplitude ratio for (c) Na density and (d) VMR from 75 to
150 km.
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The SAO phases are in summer (June-July) through most of the altitudes except a gradual phase transition from
~83 to 99 km.

The most salient features in Figure 2 are the SAO of TINa but strong AO of the main Na layer in both density and
VMR contours. To quantify the features, the SAO to AO amplitude ratio is computed from the harmonic fitting
amplitudes in Figures le and 1g for every altitude of Na density and VMR and displayed in Figures 2c and 2d,
respectively. The significant changes of the SAO/AO ratio with altitude are stunning, from the minimum ratio of
~0.1 at ~97 km to the maximum of ~1.99 at ~109 km for Na density and ~2.33 at ~108 km for VMR.

1. AO dominates the main Na layer around its density peak (~91.5 km) in ~87-99 km with small SAO/AQ ratios
(<0.4) where the Na density is mainly controlled by neutral chemical reactions that are highly dependent on the
temperature annual variation.

2. The SAO/AO ratio increases rapidly above ~99 km and reaches a peak around 109 km. The ratio exceeds 1
from ~103 to 118 km for Na density and from ~102 to 122 km for VMR, which basically overlaps with the
TISMt altitudes (Wu et al., 2022).

3. After decreasing to ~0.7 at 123 km, the SAO/AO ratio profile in Na density turns to be nearly vertical at ~0.7
through the remaining TINa to 150 km while the ratio in VMR is ~0.8 from ~130 to 150 km.

4. Below ~87 km, the SAO/AO ratio increases rapidly and then stabilizes around 0.8 below ~82 km in Na
density and VMR.

The annual mean profiles of the nightly-mean Na density and VMR from 75 to 150 km are shown as black curves
in Figures le and 1g. The Na densities at 105 and 110 km are ~120 and 18 cm™, comparable to the results of main
Na layers reported for nearby locations (She et al., 2023). Above 110 km, the Boulder TINa densities reduce to
about 4.0, 1.8, 1.0,0.5,0.3,0.2,and 0.1 cm ™ at 115, 120, 125, 130, 135, 140, and 150 km. The annual-mean peak
density ~3,840 cm™ of the main Na layer at Boulder is higher than previous reports for midlatitudes but on a par
with the trend of Na peak density increase with decade and solar flux reported by She et al. (2023). Note that the
annual-mean peak Na density of 3,040 cm™ at Urbana (40°N, 88°W) was obtained during a solar minimum from
February 1996 through January 1998 (States & Gardner, 1999), corresponding to the minimal Na abundance in
Figure 4b of She et al. (2023) (see Figure S4 in Supporting Information S1). Because Boulder 2011-2017 data is
distributed nearly symmetrically around the solar maximum in the 24th solar cycle, the annual mean over these
7 years represents a relatively high level of midlatitude Na, corresponding to the maximal Na abundance in Figure
S4b in Supporting Information S1. About 20% increase from the solar minimum (~1996-1997) to the solar
maximum (~2012-2015) is consistent with the Na trend inferred from the 28 years of lidar observations (1990—
2017) at Fort Collins (41°N, 105°W) and Logan (42°N, 112°W) (She et al., 2023).

3. Characterization of SAO and AO and Connections to Transport, Metallic Ions,
and MIF

We compute the column abundance, centroid altitude, and root-mean-square (RMS) width of the main layer (75—
105 km) in Figures 3a—3c, along with the TINa column abundance from 150 km downward to 130, 120, 110, and
105 km (Figure 3e). We define the TINa top altitude as the altitude where TINa density drops to 0.20 cm™ or
TINa VMR drops to 4.20 x 107'2, and the Na layer bottom-side altitude at [Na] = 11cm™ or
VMR = 1.0 x 107!3. The year-round results are plotted in Figures 3f and 3g and overplotted onto the clima-
tology in Figure S2 in Supporting Information S1. The entire Na layer width is calculated as the range from the top
to bottom altitudes (Figure 3h). Harmonic fittings are made to Figure 3 parameters using Equation 1 to derive their
annual means, AO and SAO amplitudes and phases. The fitted parameters are listed in Table S2 in Supporting
Information S1, where the SAO/AO amplitude ratios change from ~0.12 in column abundance to ~2.19 in
centroid altitude and to ~3.93 in RMS width of the main Na layer. Besides dominating the RMS width and
centroid (Figures 3c—3b), the SAO signatures are obvious in TINa column abundance, Na layer's top and bottom
altitudes, and full Na layer range (Figures 3e-3h), and the corresponding SAO/AO amplitude ratios range from
~0.7 to ~1.7 (Table S2 in Supporting Information S1).

Consistent with reports for the main Na layers at Urbana, Fort Collins, and SOR (e.g., Gardner & Liu, 2010; Plane
et al., 1999; She et al., 2000; States & Gardner, 1999), AO dominates the main layer's column abundance
(Figure 3a) and density variations (Figure 2a) with the minimum in June and maximum in November at Boulder.
Such AO was explained by the positive (negative) correlation of Na density with the mesospheric temperature
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Figure 3. Year-round variations of (a) column abundance, (b) centroid altitude, and (c) RMS width of the main Na layer (75-105 km) at Boulder, (d) wave-induced
temperature variance at SOR (blue) and Ft. Collins (green) (Gardner & She, 2022) along with meteoric influx (MIF, red) at 40°N. Year-round variations of

(e) thermosphere-ionosphere Na (TINa) column abundance from 150 to 130 (blue), 120 (red), 110 (cyan), and 105 (black) km, (f) TINa top altitude, (g) Na layer bottom
altitude, and (h) full Na layer range, determined by density and volume mixing ratio criteria, respectively, over Boulder. Thick, red-dotted curves in (a—c) and thick solid
curves in (e-h) are harmonic fittings using Equation 1.

below (above) ~98 km (Plane et al., 1999; States & Gardner, 1999). That is, the cold summer mesopause tem-
perature leads to a large fraction of Na atoms tied up in the NaHCOj reservoir species below 95 km, while above
98 km the nighttime production of Na via neutralization of Na* ions is slowed down by the warm temperature and
increased photoionization during summer at the main layer topside. These factors lead to the minimum Na density
and column abundance in summer. The opposite occurs in November when the temperature below ~92 km is
warmest while the temperature from ~95 to 105 km is colder than other months (Chu et al., 2005), resulting in the
maximum Na density and column abundance. Such dominant AO signals help explain the minimal SAO/AO
amplitude ratio around the Na layer peak altitude (Figures 2¢ and 2d).

SAO dominates the main layer's RMS width (Figure 3c) with the narrowest widths at two equinoxes and the
variations of centroid altitude (Figure 3b) contain a combination of SAO and AO with the primary and secondary
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peaks at the spring and autumn equinoxes, respectively. Plane et al. (1999) state that the SAO signature in the
RMS width appears to be consistent with seasonal variations in the vertical eddy diffusivity (Garcia & Solo-
mon, 1985), that is, eddy-induced K is large in summer and winter but small at two equinoxes. Gardner and
Liu (2007, 2010) point out that gravity-wave-induced dynamical and chemical transport can be much larger than
eddy transport by multiple times. The lidar-measured temperature variance Var(7’) at SOR and Fort Collins
(used to represent wave-induced Kz) is minimum at two equinoxes but at maxima during summer and winter
(shown as the blue and green curves in Figure 3d, taken from Gardner and She (2022)). The linear correlation
coefficient between the Boulder RMS width and SOR/Fort Collins wave activity Var(7’) is 0.90/0.93 at a
confidence level of 100%. Basically, weaker wave and eddy transport results in less diffusion and thus less
extension of the main Na layer, consequently the narrowest RMS width at two equinoxes as lidar observed at
midlatitudes.

The Var(7T’) averaged from 83 to 103 km at SOR is dominated by SAO with a SAO/AO amplitude ratio of ~2.63,
which is confirmed by lidar data (85-100 km) at Fort Collins from 1996 to 2005, showing a SAO/AO ratio of
~3.73 (Gardner & She, 2022). The dominant SAO signatures in gravity wave activity are likely responsible for
the significant increase of the SAO/AO ratio from ~100 to 110 km (Figures 2c and 2d). Instead of highly-
temperature-dependent chemical reactions controlling the Na density around its layer peak, wave and eddy
transport play a key role at the topside of the main Na layer where Na density of 100—110 km mainly comes from
the upward diffusion of main Na layer, although ion-molecular chemistry starts to become effective (Plane
et al., 2015). Therefore, the minimal wave transport at equinoxes leads to minimal Na density in 100-110 km
twice a year, resulting in the strongest SAO signature. Although the SAO/AO ratio still exceeds 1, the quick
decrease of SAO/AO ratio from ~109 to ~120 km suggests that the production of TINa from neutralization of
TINa™ ions starts to compete well with the wave and eddy transport effect above 110 km. Once above ~120 km,
direct neutral transport of Na atoms by wave and eddy and dissociative recombination of TINa™ ions cease
functioning but the production of TINa via TINa* + ¢~ — TINa + hv dominates the TINa density. The TINa
SAO above 120 km most likely results from TINa™ ion density and transport affected by the wave activity SAO
(see Section 4), leading to a SAO/AO ratio balanced at ~0.7. Approaching the Na layer bottom-side (below the
peak), wave transport SAO affects both the layer bottom altitude (thus the RMS width) via diffusion and many
neutral species including atomic O and Na species. A balance between the dynamical transport (wave and eddy)
and chemical transport (chemical production and loss of Na that is affected by the atomic oxygen shelf) likely
leads to a SAO/AO ratio of ~0.8. These qualitative explanations of the observed SAO/AO amplitude ratios should
be verified by future numerical simulations.

The TINa top altitude (Figure 3g) determined from Na density shows both AO and SAO signatures with the
lowest value (~127 km) in March/April but the highest in July (~150 km). The top altitude determined from
VMR reveals even stronger SAO—the lowest heights ~108—112 km at two equinoxes and ~150 km highest in
July. Since the wave-induced transport is proportional to —Kw,,. - 0 pc/ 0 z, where Ky, is the effective wave-
induced diffusivity and dp./ 0z is the vertical gradient of mean density of constituent (Gardner, 2024), while
inducing upward transport of Na on the topside of the main Na layer (above ~100 km), the strong wave activity in
summer induces downward transport of O from the middle-upper thermosphere to the lower thermosphere, which
decreases the thermospheric mass and number densities at TINa altitudes (below 200 km) in summer. Figure S3b
in Supporting Information S1 illustrates the year-round total number density, molecular nitrogen (N,), and atomic
oxygen (O) at 130 km provided by MSISEQO. The total number density reaches two minima in summer and winter
while two maxima in April and October. Such thermospheric density SAO signals help enhance two summer and
winter maxima and two equinox minima of TINa VMR when it is derived from dividing TINa density with total
thermospheric density. The lidar-measured wave transport lends support to modeling studies suggesting that
thermospheric density SAO is mainly induced by the lower atmosphere SAO (e.g., Jones et al., 2017, 2018;
Pilinski & Crowley, 2015; Qian et al., 2009; Qian & Yue, 2017).

TINa are unlikely to be formed by direct transport of neutral Na atoms as concluded in earlier studies (Chen &
Chu, 2023; Chu et al., 2020, 2021). This is because Na VMR profiles of individual nights show enhanced mixing
ratios at TINa altitudes above a turning point, invoking in situ generation of TINa via neutralization of converged
TINa™ (TINa* + e~ — TINa + hv) (Chen & Chu, 2023; Chu et al., 2021). This conclusion is supported by the
reduced summer wave activity in recent decades due to the megadrought in Southwestern North America
(Gardner & She, 2022). The winter wave activity is higher than the summer wave activity at both SOR and Ft.
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Collins: SOR winter is somewhat higher in 1998-2000 while Ft. Collins is much higher after 2000 (see Figure S3a
in Supporting Information S1). This wave situation is opposite to the observed summer TINa being stronger and
extends to higher altitude than those for winter TINa. Thus, eddy and wave-induced transport of neutrals (metals
and atomic O) alone cannot explain the observed TINa AO and SAO. The opposite density extremes of TINa
(maximum) and main Na (minimum) in summer further support the hypothesis of TINa production via TINa*
neutralization. Moreover, electron density in the night maximizes in summer but minimizes in winter over
Boulder by a factor of ~2 (Figure S3b in Supporting Information S1), which helps expedite TINa production via
recombination of TINa® with electrons in summer, resulting in stronger TINa in summer than in winter as
observed.

4. Discussion and Conclusions

Synthesizing all factors above, we propose a hypothesis to explain the observed TINa AO and SAO over Boulder.
This hypothesis is based on the basic understanding that TINa* ions dominate the Na chemistry and transport
process in the E-F regions and neutral TINa atoms are produced from neutralization of TINa*, serving as a tracer
in the thermospheric gap region.

1. Strong wave-induced transport and eddy diffusion in summer and winter helps extend the main layer's topside,
not only leading to the wider width of main layer (Figure 3c) but also enabling production of more Na* via
charge transfer with main ions NO* and O,* around 100-110 km during daytime (Plane et al., 2015). More
photoionization due to longer sunlit time in summer also helps keep higher concentrations of ions and electrons
than other seasons, including winter which experiences minimal electron density after midnight.

2. The minimal wave-induced and eddy transport around two equinoxes causes the main Na layer to have
narrower width and lower upward extension, thus substantial reduction of Na* density in 100-110 km as
daytime photoionization rate decreases with decreasing altitude.

3. Because the ion drift velocity in the E-D region decreases with decreasing altitude due to increased ion-neutral
collision frequency (see Equation 2—4 in Chen and Chu (2023) and Figure 3a in Chu et al. (2021)), the higher
altitude and density of Na* ions in summer and winter enhance upward transport of Na* by electric fields and
neutral winds (Chu & Yu, 2017), leading to higher TINa* density and altitude in the E-F regions. Combined
with the enhanced electron density, recombination of converged TINa® with electrons during nighttime is
more efficient in summer than in winter, leading to TINa density and altitude peaking in summer.

4. The reduced density and lower altitude of Na* at the main-layer topside around equinoxes result in signifi-
cantly weaker upward transport of Na* due to the increased ion-neutral collisions at lower altitudes.
Consequently, much less TINa* ion density presents in the E region, leading to lower TINa density and altitude
around equinoxes.

5. The meteoric influx is minimized around the spring equinox while maximized around the autumn equinox
(Carrillo-Sanchez et al., 2016), leading to the overall column abundance of Na and Na™ being minimal around
the spring equinox. This MIF factor contributes to the observed TINa being weakest in spring but much
stronger in autumn.

In conclusion, the first characterization of year-round Na layers through the entire altitude range of 75-150 km is
enabled with 7 years (2011-2017) of high-detection-sensitivity Na Doppler lidar observations over Boulder
(40.13°N, 105.24°W). Clear AO and SAO are revealed in the nightly-mean TINa (~105-150 km) number density
and VMR with the maximum in summer but minimum around spring equinox (March/April). The results are in
stark contrast to the summer minimum and winter maximum in the main Na layers (~75-105 km), supporting the
TINa* ion-neutralization origin of TINa (TINa™ + e~ — TINa + hv). The SAO/AO amplitude ratio profiles
(75-150 km) exhibit large changes from a minimum of ~0.1 at ~97 km to a maximum of ~2.0/2.3 at ~109 km for
Na density/VMR. The significant increase of SAO/AO ratio from ~100 to 110 km is most likely linked to the
minimal wave/eddy transport around midlatitude equinoxes. The minimal wave/eddy transport leads to the
minimal upward diffusion of main Na layers, which results in the minimal Na density in 100-110 km twice a year
and hinders TINa* ion production and upward transport around equinoxes. Above ~110 km, the SAO/AO ratio
decreases from its peak value to ~0.7/0.8 for TINa density/VMR in 130-150 km, also suggesting the TINa origin
of in situ production from TINa™ neutralization, not the direct transport of neutral Na. The SAO in TINa VMR is
linked to the thermospheric density SAO that is also likely caused by the minimal wave/eddy transport around
midlatitude equinoxes. TINa being stronger around autumn than spring equinox is likely explained by the
maximal and minimal meteoric input fluxes (MIF) occurring in September and April, respectively. Despite the
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maximum wave transport of main Na layer occurring in winter, the minimum electron density in winter nighttime
hinders the production of TINa via electron recombination with TINa* ions, causing winter TINa peak being
secondary when compared to the primary maximum in summer.

The hypothesis above should be tested with model simulations integrating all factors (including tidal winds and
electric fields) together. The obvious change of Na density scale height around 115 km (Figure 1) indicates
different formation mechanisms dominating the regions above and below ~115 km, supporting the hypothesis

above and deserving future studies. The Na VMR annual contour/mean are the first of its kind published from

observations, serving as references for model validations. Although the annual-mean TINa density is ~0.1 cm™>

near 150 km, modern Na Doppler lidars can still detect them well. If equipped with larger telescopes and more
powerful lasers, it is possible to measure temperatures, winds, and waves in the thermospheric gap region from
100 to 200 km with high-sensitivity Na Doppler lidars.

Data Availability Statement

The data shown in this work can be downloaded in MatLab data format from Mendeley Data repository https://
data.mendeley.com/datasets/95jh5rt246/2 (Chu & Chen, 2025).
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