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Abstract We report the first lidar observations of thermospheric Na layers up to 170km at Lijiang
(geomagnetic 21.6°N, 171.8°E), China, in March, April, and December 2012. The Na densities inside the layers
are low, ranging from ~1 to ~6 cm ™ at altitudes of 130-170 km, about 3 orders of magnitude lower than the Na
peak density in the mesopause region. All of these layers exhibit an apparent downward phase progression with
a descending rate of 11-12 km/h or ~3 m/s, consistent with the vertical phase speed of semidiurnal tides around
140 km. We have identified at least 12 events from the total 37 nights of lidar observations with four shown in this
report, giving an occurrence frequency of ~33% over Lijiang. These thermospheric layer events correspond to
strong to moderate equatorial fountain effects, bolstering our hypothesis that the deposit of metallic ions from
the equatorial region to low latitudes via the fountain effect provides the Na* ions in the thermosphere over
Lijiang. Adopting the theory by Chu et al. (2011) and the hypothesis by Tsuda et al. (2015), we further hypothesize
that the thermospheric Na layers are formed through the neutralization of the tidal-wind-shear-converged Na*
layers via direct electron-Na* recombination Na* + e~ — Na+ hv. An envelope calculation using reasonable ion
and electron densities shows good consistency with the observations.

1. Introduction

The neutral metal atom layers (e.g., Fe, Na, and K) are normally confined to altitudes of 75-110 km, as many
lidar observations have shown (see summaries in Plane [2003] and Chu and Papen [2005]), though the natural
extension of the main layers has been detected up to 130km with highly sensitive lidars [Héffner and
Friedman, 2004, 2005]. New discoveries in recent years have radically changed our view on the range limit
of neutral metal layers. Chu et al. [2011] reported the first lidar observations of neutral Fe layers with gravity
wave signatures in the thermosphere up to 155 km at McMurdo (77.83°S, 166.66°E), Antarctica. Liibken et al.
[2011] observed Fe layers to at least 140 km at Davis (69°S, 78°E), Antarctica. Continuous Fe lidar observations
at McMurdo have revealed thermospheric Fe layers exceeding 170 km [Chu et al., 2013, 2015]. Using these layers
as tracers, Chu et al. [2011, 2013] were able to derive neutral atmosphere temperatures from ~30 to ~170 km by
combining the Fe Boltzmann technique with the Rayleigh integration technique [Gelbwachs, 1994; Chu et al.,
2002]. Checking historic data, Friedman et al. [2013] reported a descending K layer up to ~155 km in the thermo-
sphere, occurring on 12 March 2005 at Arecibo, Puerto Rico (18.35°N, 66.75°W), while Tsuda et al. [2015] reported
Na layers up to 140 km occurring on 23-24 September 2000 at Syowa (69.0°S, 39.6°E), Antarctica. Wang et al.
[2012] presented descending Na layers with high densities in the lower thermosphere below 130 km over
Beijing (40.2°N, 116.2°E), and Xue et al. [2013] reported two enhanced Na layers below 130 km for Lijiang
(26.7°N, 100.0°E). Dou et al. [2013] conducted a statistical study of enhanced Na layers with a lidar chain at
Beijing, Hefei (31.8°N, 117.3°E), Wuhan (30.5°N, 114.4°E), and Haikou (19.5°N, 109.1°E) in China.

As of the end of year 2013, Na layers have not been reported above 140 km, well below the records for Fe and
K layers. This situation raises interesting questions. Are the unusually high Fe layers observed unique to
McMurdo or a property of Fe itself? Can other species, like Na, occur above 140 km at locations other than
Antarctica? These questions are important because the answers to them will provide useful insight into
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the origin of these neutral metal layers and their formation mechanisms. According to the theory originally
proposed by Chu et al.[2011] and later modeling studied by Yu and Chu [2014], the observed neutral Fe layers
are formed through the neutralization of vertically converged Fe™ ion layers, and the main neutralization
channel is the direct electron-Fe* recombination: Fe*+e~ — Fe +hv. As Fe*, Na*, and K* all have been
detected in ion layers [Kopp, 1997; Roddy et al., 2004], converged Na* and K* layers are expected to accom-
pany converged Fe* layers. Consequently, neutral Na and K layers are expected to occur as high as Fe layers
via similar direct electron-ion recombination [Friedman et al., 2013; Tsuda et al., 2015]. However, because Na*
density is usually much lower than Fe* in the lower ionosphere [Kopp, 1997], it is likely that the Na density is
much less than Fe in the thermosphere. Consequently, very high detection sensitivity is required on Na lidars
for detection of such tenuous layers.

This study aims at providing one of the first answers to the above questions with the Na lidar data collected
from Lijiang (26.7°N, 100.0°E), China, where a large-aperture astronomical telescope [Wei et al., 2010] helped
improve the lidar detection sensitivity, thereby enabling the detection of weak Na layers at this site. Xue
et al. [2013] reported Na layers at Lijiang up to 122 km, as mentioned above. After reprocessing the data
following the method given in Chu et al. [2011], we have discovered thermospheric Na layers up to
170 km on at least four days in March, April, and December 2012 at Lijiang. In this paper we report these
first (to our knowledge) observations of thermospheric Na layers up to 170 km. It is worth mentioning that
following the Lijiang observations, neutral Na layers were observed up to 170 km in May 2014 and the
following months at Cerro Pachén, Chile, after a lidar team from the University of Colorado upgraded
the University of Illinois Na Doppler lidar and significantly improved its detection sensitivity [Smith and
Chu, 2015]. Although it is still too early to “paint” a global picture of the occurrence and distribution of
thermosphere neutral metal layers, we will demonstrate in this study that thermospheric Fe species are
not unique to McMurdo, and that we expect other metal layers, like Na and K, to occur high into the
thermosphere at other locations on Earth.

2. Observations

The lidar observations were made at Gaomeigu Astronomical Observatory in Lijiang, China, with a broadband
dye-laser-based Na resonance fluorescence lidar developed by the University of Science and Technology of
China [Xue et al., 2013]. The observational campaigns were first conducted from 8 March to 15 April 2012 and
then again from 27 November to 15 December 2012. A total of 37 nights of lidar data were obtained. Several
factors enabled the high detection sensitivity of this lidar: the 1.8 m diameter Cassegrain telescope [Wei et al.,
2010] implemented in the lidar receiver, the high base elevation of 3.3 km, and the clear skies for astronom-
ical observations at this site. In order to further improve the detection limit and enhance the visibility of ten-
uous layers, the raw data, with resolutions of 25-50 s and 96 m, are smoothed using Hamming windows with
a full width at half maximum of 7.5 min and 0.9 km, then oversampled at steps of 1 min and 96 m, following
the oversampling method used in Chu et al. [2011]. This method improves the signal-to-noise ratio while
retaining high display resolutions without any interpolation. Such high-resolution density contours are
important to identify tenuous metal layers with a downward phase progression from background noise, as
demonstrated in Chu et al. [2011], Friedman et al. [2013], and Tsuda et al. [2015].

lllustrated in Figure 1 are four cases of neutral Na layers extending well into the thermosphere on 11 and 31
March 2012, 10 April 2012, and 3 December 2012 at Lijiang. While the main Na layers are located between
~80 and ~110 km, the descending Na layer, with an obvious downward phase progression, is distinct from
the main layer above 120 km and extended to ~170 km on every night. These thermospheric Na layers are
very tenuous—nearly 3 orders of magnitude less dense than the peak of the main layer. Figure 2 shows
the Na density profiles for comparison. The strongest layer occurred on 10 April 2012, with the maximum
Na density of ~6.3 cm ™3 occurring at 138 km, falling to ~1.8 cm™3 at 170 km. In the other three cases, the
thermospheric Na densities are generally ~3cm™ or lower and drop to ~1cm™ near the layer top
(~160-170 km). Such low densities are usually undetectable. Fortunately, the detection limit of the Na lidar
used in this study was well below 1cm™3, as indicated by the vertical dashed lines in Figure 2, making the
detection of such tenuous layers possible. Because the Na layer densities are well above the detection limit
and, more importantly, the Na layers exhibit apparent downward phase progressions (Figure 1), the detection
of thermospheric Na layers to 170 km at Lijiang is unequivocal.
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(a) Na Density on 11 March 2012 @ Lijiang (b) Na Density on 31 March 2012 @ Lijiang
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Figure 1. Thermospheric Na layers up to 170 km observed by lidar respectively on 11 March, 31 March, 10 April,
and 3 December 2012 at Lijiang, China. Note that the color scales are unequally spaced.

The thermospheric Na densities are strikingly low at Lijiang. Even the strongest layer on 10 April 2012 is about
10 times lower than the thermospheric Fe layer densities (~20-200 cm™>) reported by Chu et al. [2011] for
May 2011 at McMurdo. The Na densities are comparable to the Na event at Syowa [Tsuda et al., 2015] but
higher than the thermospheric K layer densities (<1 cm ™) at Arecibo [Friedman et al, 2013]. Another interesting
feature is the long layer duration and large vertical extent. Taking 140 km on 10 April as an example, the thermo-
spheric Na layer lasts ~4 h, edge to edge, much longer than the Fe and Na layers observed at McMurdo and
Syowa and also longer than the Arecibo K layer duration. The Na layer profiles span ~30-40km in altitude
(Figure 2), comparable to the other three sites.

In stark contrast to the repeated occurrence of Fe layers with periods of 1.5-3 h at McMurdo [Chu et al., 2011,
2013], the Na layer only appears once per night at Lijiang. The descending rate V, is roughly estimated by a
linear fit to the Na layer of 120-170 km on 10 April. The estimated V, is ~11-12 km/h or ~3 m/s, much slower
than the gravity-wave-driven thermospheric Fe layers at McMurdo but comparable to the ~9.2km/h
descending rate of the Arecibo K layer. Following Friedman et al. [2013], we utilize the Global-Scale Wave
Model (GSWM-09) to investigate whether the descending rate matches any of the tidal components at
Lijiang. GSWM-09 is an upgraded version of the Global-Scale Wave Model [Hagan and Forbes, 2002, 2003],
which includes updated, more realistic background winds and temperatures and radiative and latent heating
rates [Zhang et al., 2010a, 2010b]. In this study, the diurnal and semidiurnal tides retrieved from GSWM-09
include both migrating and nonmigrating components with wavenumbers from —6 to +6. The temperature
tidal amplitudes and phases are shown in Figure 3 for March, April, and December at Lijiang. According to the
model, semidiurnal tides dominate over diurnal tides in amplitudes above 115 km. The phase speeds of the
semidiurnal tides are ~10 km/h from 120 to 145 km and increase to ~20 km/h by 160 km. The average phase
speed between 120 and 160 km is comparable to the measured descending rate of the thermospheric Na layers.
Plotting the cold and hot phases of the diurnal and semidiurnal tides over the Na density contours in the bottom
row of Figure 3, we find that the cold phase of the semidiurnal tides closely matches the Na layer crests on
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Figure 2. The vertical profiles of Na densities for the four cases in Figure 1. The blue and red lines represent the profiles with
and without thermospheric Na layers, respectively, at the given times. The black lines denote the lidar detection limits that
are given by 1.5 times of the standard deviation of the background photon noise.

10 April and 31 March, while the hot phase matches the crest on 3 December well. For the case on 11 March, the
cold phase and the Na crest are consistent in shape but exhibit a ~2 h time shift. The nearly perfect match of
semidiurnal tidal phase lines with the observed Na layers strongly suggests that the thermospheric Na layers
at Lijiang are driven by semidiurnal tides, consistent with the Arecibo finding [Friedman et al., 2013].

Despite the large differences in characteristics between Lijiang’s Na and McMurdo’s Fe layers, the contrast of
the thermospheric Na layers at Lijiang is significant—regions without Na (e.g., above the main layer but
below the thermospheric layer) are clearly distinguished from the thermospheric layers, resembling the high
contrast of thermospheric Fe layers at McMurdo. As argued by Chu et al. [2011] and supported by modeling
in Yu and Chu [2014], such high contrast cannot be obtained by wave perturbation to the neutral atmosphere
but must result from ion layers that are converged and then neutralized to form detectable, neutral metal
layers [Yu, 2014]. Therefore, we investigate the ionospheric conditions. Plotted in Figure 4 are two sets of
data: the vertical total electron content (TEC) distribution derived from ground-based GPS measurements
(http://iono.jpl.nasa.gov/latest_rti_global.html) and the ionosonde data from Kunming Radio Observatory
(25.6°N, 103.8°E), a station 300 km away from Lijiang. The features of a deep trough at the magnetic equator
and two peaks at about +15° off the equator in the TEC distribution (Figure 4) are the well-known equatorial
anomaly phenomenon or the equatorial fountain effect. The fountain effect uplifts ions and electrons from the
magnetic equator and then redistributes them along the magnetic field lines to two sides [e.g., Pi et al., 2009].
Consequently, the partial depletion over the magnetic equator forms a trough and the accumulation of the
plasma off the equator forms a peak on each side. Lijiang experiences strong fountain effects on the four days
of thermospheric layer events.

Among the 37 nights of lidar observations at Lijiang, we have found at least eight more events of thermospheric
Na layers reaching 140-160 km. Although their densities are even lower than the four cases investigated here,
they all exhibit clear downward phase progressions with high contrasts. Therefore, we can estimate the
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Figure 3. GSWM-09 simulated diurnal and semidiurnal temperature tides: (top row) Amplitudes and (middle row) vertical phase speeds in March, April,
December. (bottom row) GSWM-09 temperature tidal phases overplotted on the Na density contours for the four cases in Figure 1. Orange and green colors
denote diurnal and semidiurnal tides, respectively, while triangles and dashed lines represent, respectively, the hot and cold phases of the temperature tides.
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occurrence frequency of thermospheric Na layers above Lijiang at ~33%. Interestingly, all of these 12 cases
correspond to strong to moderate equatorial fountain effects indicated by the magnitudes of two peaks in
the TEC distribution.

3. Discussion

The observed high contrast hints at a metallic ion origin of neutral metal layers in the thermosphere. Guided
with the latest understandings gained from recent work by Chu et al. [2011, 2015] and Yu and Chu [2014], we
propose the following explanation for the formation of thermospheric neutral metal layers over Lijiang. Three
major steps are involved according to Yu and Chu [2014] and Chu et al. [2015]: (1) the transport of metallic
ions and electrons from their main deposition regions below 120 km to the E and F regions; (2) convergence
of these metallic ions, e.g., by wind shear mechanisms, to form dense ion layers in the thermosphere; and (3)
neutralization of the metallic ions (Fe*, Na*, and K*) through direct electron-ion recombination to form
neutral metal layers (Fe, Na, and K). The polar electric field provides the necessary upward transport of ions
in the polar region as modeled by Yu and Chu [2014], while the equatorial fountain effect plays a vital role
in transporting ions at low latitudes as modeled by e.g., Carter and Forbes [1999] and Bishop and Earle

[2003). The E x B plasma drift uplifts ions in the equatorial region to sufficiently high altitudes (e.g., several
hundreds of kilometers to even 1000 km), and then gravity and diffusion redistribute ions along the geomag-
netic field lines (in the meridional plane) poleward and downward. Such upward plasma drift usually peaks in
the early afternoon, but it takes several to many hours for the uplifted ions to redistribute to lower F region
and E region at low latitudes. This fountain effect results in a significant ion density enhancement in the
F region including F, layer (around 200 km) in the evening and nighttime at low-latitude sites such as Lijiang
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Figure 4. (left column) The TEC profiles at the longitude of Lijiang (100°E) averaged over 6-10 UT when the TEC reaches
the maximum. The red dashed lines indicate the latitude of Lijiang. (right column) The critical frequency f,Es and virtual
height hE; of sporadic E layers observed by an ionosonde at Kunming. The lidar observational periods are marked by
green dashed lines.

(geomagnetic: 21.6°N, 171.8°E), thus providing the sources of Na* to “seed” the neutral layer formation. The
observed correlation between the thermospheric Na layers and the equatorial fountain effects supports
this hypothesis.

Converged ion layers are required in the current explanation because of the very low reaction rate coefficients for
Na*+e~ — Na+hv. The densities of Na* and electrons must be high enough for the Na production rate to
exceed the loss rate from charge transfer and other loss mechanisms. Diffusively distributed Na™ ions will not
have the needed density; therefore, Na* must be converged to form dense layers. Although dissociative recom-
bination was found to be responsible for the sporadic Na layers below 110 km [Cox and Plane, 1998; Collins et al.,
2002; Plane, 2003], it would not be effective above 120 km due to the low atmospheric density. The only known
path to convert Na* to Na at high altitudes is the direct (radiative) recombination Na* +e~ — Na + hv [Plane et al,,
2015]. Though this reaction is very slow, it is still possible to form thermospheric Na layers, as shown below
following a similar envelope calculation as Chu et al. [2011]. In a night when photoionization of Na is absent,
the loss of Na is mainly through charge transfer Na+NO* — Na* +NO and Na + O —Na* + O,, with reaction
rate coefficients of 80x 10~ "°cm3s™ " and 2.7 x 10~ °cm®s™ ', respectively [Daire et al, 2002]. It is reasonable to
assume that the total density of NO* and O, is less than 1x 10%cm™ 2 [Chu et al, 2011]. Then the loss rate of Na
by charge transfer is ~3.5x 10~ °s™ ', giving a nighttime Na lifetime of ~8 h consistent with the estimate
by Plane et al. [2015]. Regarding Na production, we inspect a sporadic E layer that occurred on 10 April
2012, before the thermospheric Na layer (Figure 4). The critical frequency f, of the layer was ~7.8 MHz
at 16 UT with a virtual height of 120km, so an electron density N, = 1.24x10*f2 = 7.5x10°cm 3 is
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estimated. Consequently, we assume N.~ 10°cm™ 3 at higher altitudes. The reaction rate coefficient for
Na*+e~ — Na+hv, at 500K that is typical for the thermosphere, is k=1.98x 10~ 2em3s™ 1 [Plane et al.,
2015; Verner and Ferland, 1996). To produce a Na density of ~6 cm™ within 2 h, [Na*]=4.4x10°cm™ 3
is needed, occupying ~4.4% of the total ions if it is assumed equal to the electron density. This result is
reasonable and in agreement with rocket measurements by Kopp [1997].

Wind shear mechanisms [e.g., Whitehead, 1961] readily provide the necessary vertical ion convergence at
Lijiang, not only forming dense Na* layers but also increasing the electron density to expedite neutralization.
The cold phases of semidiurnal tides in the first three cases of Figure 3 accelerate the conversion from Na* to
Na due to the higher recombination rate at lower temperatures, while the hot phase on 3 December 2012
slows down the conversion. Nevertheless, as long as there are sufficient Na* and electron densities, thermo-
spheric Na layers can still form. Therefore, the convergence of ion layers is a necessary condition for the for-
mation of neutral layers, while the temperature serves only to accelerate or decelerate the neutralization
process. On this aspect, the existence of vertical shears in horizontal winds is critical to layer formation.

Because the tide-induced wind shear is the major mechanism for vertical ion convergence via the V xB
Lorentz force at low latitudes [e.g., Carter and Forbes, 1999], the thermospheric metal layers are governed
by the tidal phase as observed at Lijiang and Arecibo.

4, Conclusions

Thermospheric Na layers have been observed unequivocally up to 170 km at Lijiang, China, with ~33% occur-
rence rate in 2012. Although the Na densities inside the layers are low, about 1-6 cm ™~ at 130-170 km, all of
the layers exhibit a clear downward phase progression with a descending rate of 11-12 km/h, which is con-
sistent with the vertical phase speed of semidiurnal tides. All of the observed layer events correspond to
strong to moderate equatorial fountain effects, bolstering our hypothesis that the deposit of metallic ions
from the equatorial region to low latitudes via the fountain effect provides the Na* ions in the thermosphere
over Lijiang. Adopting the theory by Chu et al. [2011] and Yu and Chu [2014] and the hypothesis by Tsuda et al.
[2015], we further hypothesize that the thermospheric Na layers are formed through the neutralization of the
tidal-wind-shear-converged Na* layers via direct recombination Na* +e~ — Na + hv. An envelope calculation
using reasonable ion and electron densities shows good consistency with the observations.

The Lijiang results nicely complement the observations of thermospheric Fe layers at McMurdo, indicating
that thermospheric metal layers are not limited to Fe or the location of McMurdo. Thermospheric metal layers
are likely a global phenomenon, providing potential tracers for exploring the neutral properties of the space-
atmosphere integration region, especially around altitudes of 100-200 km. Quantitative explanations of the
lidar observations would require detailed modeling studies in the future.
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