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Abstract The present work shows for the first time the study of morphology of the mesopause sodium
(Na) and potassium (K) layers simultaneously observed by a dual-beam LIDAR in the Southern
Hemisphere. We analyze these two alkali metal layers from November 2016 to February 2019 measured at
Sao José dos Campos (23.1°S, 45.9°W) and present their nocturnal and seasonal behavior. The night of 25
April 2017 was investigated as a representative of the vertical descending structure frequently observed in
the metal density data at this location. We discuss here the chemical and dynamical contribution in the
formation of these distinct layers, using simultaneous meteor radar wind and ionosonde data. These
downward structures are seen in 66% of Na/K LIDAR data and seem to occur preferentially around April.
The good agreement with diurnal tide and the presence of Es layer, suggest a combining mechanism in the
formation of these structures. Moreover, semiannual variations are observed in both layers; however, they
present different maxima location. The Na density presents its maxima around May and September;
whereas, K density shows a strong maximum around July and a weaker one around December. Likewise,
semiannual variation with maxima at the equinoxes is observed in the centroid height for both layers.
However, the column abundances of these two metals show distinct seasonal variation: Annual variation
peaking from one equinox to the other is observed in Na and semiannual with maxima in the solstices in K.
The same behavior of centroid height for both layers indicates the same mechanism acting in the seasonal
variation, which is not yet completely understood.

1. Introduction

All the time the Earth's upper atmosphere is reached by cosmic dust particles at very high velocities (11-72
km s™') and energetic collisions with air molecules cause flash heating until the particles melt and their
minerals constituent vaporize (Plane et al., 2015, and references therein). This process leads to the formation
of distinct metal atom layers such as sodium (Na), potassium (K), iron (Fe), calcium (Ca), magnesium (Mg),
or nickel (Ni). The density of neutral K atoms is difficult to measure in the upper atmosphere, because they
are scarce there, being its column abundance around two orders of magnitude smaller than that of Na, 30
versus 800 (x 107 cm™2) as observed by Megie et al. (1978). We can say that the studies about Na layer in
the mesosphere and lower thermosphere (MLT) region started on the 1930s, when Slipher (1929) first
recorded the Na D lines in airglow spectra. About 30 years later, Sullivan and Hunten (1962) obtained the
first quantitative identification of the K (D;) line also in the airglow. Na and K at MLT region were expected
to have similar variations as both are from the same chemical group, alkali metals; however, based on
LIDAR technique, some works in different latitudes showed that they have distinct seasonal variation and
night processes (e.g., Eska et al., 1998; Jiao et al., 2015; Plane et al., 2014; Swider, 1987; Yue et al., 2016,
and references therein). Annual variation with maximum in the winter is observed in Na column abun-
dances (e.g., Eska et la., 1998; Simonich et al., 1979); whereas semiannual oscillation with maxima at the sol-
stices is observed on K (Eska et al., 1998; Wang et al., 2017; Yue et al., 2016). Unfortunately, almost all of
these studies were conducted at middle or high latitudes in Northern Hemisphere. At Southern
Hemisphere, the studies were focused on Na layer alone (e.g., Clemesha et al., 1982; Clemesha & Batista,
2003; Pimenta et al., 2004; Simonich et al., 1979), and only sporadic measurements for K (Eska et al.,
1999) have been reported. Atmospheric chemical models (Dawkins et al., 2015; Delgado et al., 2012;
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Figure 1. Histogram showing the total monthly hours of Na/K LIDAR data
analyzed from November 2016 to February 2019. On the top of each column

Plane, 2003; Plane et al., 2014, and references therein) have helped in the
understanding of those seasonal differences, but still disagree with respect
to the latitude dependence and total abundance of these alkali metals, as
will be discussed in the present work.

We present in this paper the first ground-based simultaneous observation
of nocturnal and seasonal variation of Na and K layers measured at
Southern Hemisphere. In section 2 we describe the method used to
retrieve Na and K densities from LIDAR photon counting. In section 3
we present the results about the nocturnal and seasonal variations of both
layers. For a better characterization of the nocturnal layers’ morphology,
we use simultaneous measurements of meteoric wind radar data and
the ionospheric data from two ionosondes away from each other by about
100 km. In section 4 we compare and discuss our results with the previous
works. Finally, in section 5 we present the summary and conclusion.

2. Method
A dual beam Na/K LIDAR was installed at Sdo José dos Campos (23.1°S,

is shown the number of nights of observation on that month.

45.9°W, thereafter SJIC), Brazil on 20 November 2016. Based on resonance
fluorescence scattering mechanism and using two laser beams centered at
589 and 770 nm, this LIDAR can obtain simultaneous measurements of
Na and K atoms signals from the MLT region. Details of the system and data acquisition can be found in
Jiao et al. (2015, 2017).

This LIDAR provides Na and K photon counts with time and height resolution of 20 s and 96 m, respectively.
We remove the background noise by using the average number of photons echoes received within 120-130
km height range. In order to increase the signal-to-noise ratio we combine 10 temporally consecutive pro-
files, with a resulting temporal resolution of 3.3 min when inferring Na and K densities within the MLT
region. Using these enhanced profiles and applying the LIDAR equation (1), Na/K number density (N,
k) profiles are obtained.

_ (mxa/x(r)—np)or(Na/K) 4nNg(rg)r’

NNa/K(r) = (ng(rr)— np)oes (Na/K) rg? v

Where r is the distance between scattering object and LIDAR receiving system, r is the reference height
(~45 km), nya/k is the photon counts of K or Na atoms, ny is the respective photon count at the reference
height, Nk(rg) is atmospheric number density at reference height from NRLMSISE-00 (2017) model, np is
respective background noise of each wavelength, o is the effective fluorescence scattering cross section
of K or Na atoms and or(Na/K) is the Rayleigh scattering cross section for respective wavelength.

Scattering of aerosol particles can be neglected at these altitudes, optical thickness is less than 0.01; the line
width of Na and K laser is ~1.473 and 1.77 GHz, respectively; the effective scattering cross section (ges(Na/
K)) of Na and K atoms are ~5.22 X 1071° and 3.29 x 107 m? s, respectively (Jiao et al., 2015, and
references therein).

The Na/K LIDAR has been operating since 20 November 2016, totaling 208 nights and more than 1,300 hr of
observation up to 28 February 2019. However, in the present work, we have analyzed only the nights with at
least 3 hr of data, so the number of analyzed nights reduced to 152, totaling 1,230 hr of observation from
November 2016 to February 2019. A histogram showing the total monthly hours of observations and the
number of nights for the corresponding month is shown in Figure 1. We note that most part of the observa-
tion occurs from May to September. This variation occurs because the system operates only in clear sky
weather conditions, so this figure reflects the weather conditions at SJC, where the summer is very wet
and the winter is dry. Hence, it is very difficult to have a clear sky in January, for example. Fortunately, there
were few cloudy nights in the last summer, and we had plenty of data during December 2018 and January
2019, almost the same number of nights of observation as in the winter. This helps us to have a satisfactory
data representative of individual months allowing the seasonal analysis of the morphology of each layer.
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3. Results

3.1. Nocturnal Variation on the Layers

The height time intensity of K and Na densities profiles are shown in Figures 2 and 3, respectively, observed
on 25 April 2017. A maximum concentration of K density is observed at around 94 km in a thin layer of about
2 km width and lasting for 36 min beginning at 18:30 LT. This strong thin layer is a neutral sporadic (Ns) K
layer and shows a time decay behavior until around 2:00 LT. At around 19:00 LT it starts a second upper
layer, around 103 km, with its peak altitude also having a downward movement up to around 00:00 LT.
This layer connects with the main layer at around 02:00 LT when both layers have steady vertical movement
until end of the night. In Figure 3 is shown the Na layer behavior on the same night, and we clearly note the
similarities between both these layers morphologies. Although Na concentration shows a wider layer than
K, both present the downward movement, from 18:30 LT to 02:00 LT, and layer bifurcation around 00:00
LT. Even though we are presenting here a case study, this downward movement and layer bifurcation are
commonly observed in the nighttime Na and K densities profiles measured at SJC. This behavior agrees with
the ones observed in the Na layer since the first measurements of Na in SJIC with smaller time and height
resolution (Kirchhoff & Clemesha, 1973; Batista et al., 1985, 1989). The night of 25 April 2017 has almost
12 hr of observation from 18:30 LT to 6:00 LT allowing us to study the behavior of these two metal layers
all night long. Therefore, we will present a deep study over this date, which is a representative Na/K layers
nocturnal downward behavior and after all, a statistical analysis over all the data observation is presented in
order to better characterize the joint nocturnal variation of Na and K density layers.

The variation of the height peak densities is shown in Figure 4. We infer the rate of these layers decay as 0.96
and 1.02 km/hr, for Na and K, respectively. These rates are in accordance with the diurnal tidal phase move-
ment, around 1 km/hr.

The black line in Figure 5 shows the total column density of K atoms (a) and Na (b). We can observe that the K
total column density has larger variability throughout the night than Na. At the beginning of the night, most of
the K atoms are in upper altitude, above 90 km (red curve). Subsequently, the column abundance over 90 km
decreases and the one between 80 and 90 km (orange curve) increases its amount. However, after midnight, the
amount of K in these two layers is almost the same. On the other hand, Na column density remains in the same
altitude throughout the night, having most part of atoms above 90 km. In addition, we can observe that the total
densities increase their amount about 50% and 16%, for K and Na, respectively, after 00:30 LT. Moreover, these
increases can be seen not only on the upper part of the layer (red curve) but also on the bottom (orange curve).
Thisleads us to believe that perhaps there is an input of new atoms in the upper layer, and the presence of strong
tidal winds could have driven these atoms to lower altitude increasing the population of K in the layer lower
than 90 km. In other words, it means that the bifurcation on the layers, noted in Figures 2 and 3, should be
due to not only the input of new atoms from a source but also a relocation of the preexisting atoms due the pre-
sence of atmospheric waves such as tides. The tide-induced oscillations in the atmospheric sodium layers were
amply discussed by Clemesha et al. (2002) using simultaneous LIDAR and meteor radar winds over SJC.

Figure 6 shows the zonal and meridional winds measured by all-sky meteor radar at Cachoeira Paulista
(23°S, 45°W, thereafter CXP), about 100 km away from LIDAR site during the night of 25 April 2017. The
strong presence of the tides is noted on these winds profiles, which suggest wave interaction with the Na
and K layers. Monthly mean tidal amplitude and phases using days of observation for the month of April
2017 are shown in Figure 7. We can note in panel (a) that diurnal tide reaches 40 ms™* and 75 ms ™, respec-
tively, for zonal and meridional wind. On the other hand, the amplitudes of the semidiurnal tide, shown on
panel (c), are much weaker, reaching 20 ms ™ 'for meridional wind. Moreover, the phases of these tides are
presented on panels (b) and (d) for diurnal and semidiurnal, respectively. We can infer the vertical wave-
length of the diurnal tide as 28 km, which corresponds to the (1,1) mode of propagating wave. Therefore,
the predominant wind in this region is the first propagating mode of the diurnal tide.

Another interesting feature on this night is the presence of sporadic E (Es) layer throughout almost all night
long, as can be observed in ionosonde data shown in Figure 8. In this figure are presented the ionosonde data
measurements at SJIC, on the upper panels, and CXP, panels on the bottom, on 25 and 26 April 2017. Over
CXP, the ionosonde is a Digisonde DPS4D that operates continuously and takes echoes from different alti-
tudes of the ionosphere (ionograms) every 10/15 min. This instrument has a frequency step of 0.5 MHz
and a height resolution of +5 km. In the Digisonde's ionograms (Figure 8b), the overhead reflections for
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Figure 2. Height time intensity plot of K density layer on 25 April 2017 at Sao José dos Campos.

ordinary and extraordinary waves are represented as red and green echoes, respectively. The other colors in
the ionograms represent off-vertical reflections and are indicative of irregularities in the reflecting layer
(Reinisch, 1986). On the other hand, over SJC, the ionosonde used is a CADI (Canadian Advanced Digital
Ionosonde). This ionosonde also produces ionograms every 5/10 min. having a frequency step of 2.0 MHz
and a height resolution of +3 km. The colors in the CADI's ionograms, Figure 8a, refer to the amplitude
of the signal received (in dB), being the yellow, green, and blue colors representative of the greatest
amplitudes (MacDougall et al., 1995). It is possible to note a strong Es layer, identified in the figure by red
arrows, since the beginning of LIDAR observation around 18:00 LT on both ionosondes. This Es layer is
blocking almost completely the radio frequencies signal from the ionospheric F region up to 19:40 LT.
This first Es layer lasts up to 20:40 LT. At around 02:40 LT, on 26 April 2017, another Es layer appears
and remains up to the sunrise, reaching higher frequencies. The time evolution of the Es layer is
presented in the supporting information. In addition, we have plotted the virtual height (h'Es) of these Es
layers at these two sites, in Figure 9. We can see that the altitude (h'Es) of the Es layer observed at SJIC is
higher than that observed at CXP. The differences between the h'Es measured at SJC and CXP can be
related to the resolution of these two Ionosondes. Several observations show that Es and Ns layers often
coexist, (Clemesha, 1995; Clemesha et al., 1979; Zhou et al., 2008) and both of them descend frequently at
the phase speed of the diurnal tide (Zhou et al., 2005). This close relation between Ns and Es suggests that
Es may act in some way as a reservoir for the Ns layer (Delgado et al., 2012). Studies using models and
laboratory analysis have also suggested that in the MLT region metal ions in a plasma layer could be
neutralized to form Ns metal layers, via dissociative electron recombination (Collins et al., 2002; Cox &

SJC 20170425 Na (cm’)
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Figure 3. Height time intensity plot of Na density layer on 25 April 2017 at Sdo José dos Campos.
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Figure 4. Peak height of both metal layers showing their time decay. Each
profile number corresponds to 15 min averaged. In the x axis, the blue
values indicate the corresponding local time to the profile number.

Plane, 1998; Delgado et al., 2006; Gerding et al., 2000; Helmer et al., 1998;
Plane, 2003). Therefore, the fast downward movement of the Es layer can
be the reason for the existence of Ns K layer at around 94 km at the begin-
ning of night. Note in Figure 9b that the second Es during the first hour in
which it appears has less vertical variation, with its altitude staying
around 100 km at CXP and around 105 km at SJC. It is important to point
out here that the Es layer does not usually get stronger during the night, as
can be observed in the studies done by Resende et al. (2017) over CXP.

On these two and a half years of Na/K LIDAR data, we have seen this
downward movement and bifurcation of the layers on 99 out of 152 nights
of observations (66%), showing this is a common nocturnal behavior of
the metal layers over SJC. This behavior and its relationship with tidal
winds, gravity waves and Es has been thoroughly discussed for the normal
and Ns Na layer, since the early Na measurements at SJC (e.g., Clemesha
et al., 1979, 1982; Batista et al., 1985, 1989). However, no studies for K
layer have been reported on this latitude. Hence, this is one of the goals
for the present study, showing for the first time the characterization of
nocturnal downward structures in the K layer in the Southern
Hemisphere. Seasonal variation for this kind of structure is shown in

Figure 10. We grouped all data observed in the same month, for example, January represents January
2017, 2018, and 2019, in other words, we build a composite year. We can see that these structures seem to
occur preferentially during fall season, mainly during April. This partially agrees with the seasonal behavior
of diurnal tide over CXP, a more pronounced peak around April/May, although the diurnal tide presents a
second maximum around September as can be seen in Batista et al. (2004).
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Figure 6. Zonal and Meridional wind measured by an all-sky meteor radar at Cachoeira Paulista. Blue shades indicate negative direction, that is, southward (west-
ward) for meridional (zonal), and red shades indicate positive direction. Each contour corresponds to 25 ms ™. Dotted line indicates null values of the wind.

Regarding the vertical behavior of these metal layers, we present their vertical profiles for different time
averaging in Figures 11 and 12 for K and Na densities, respectively. With the aim to better characterize
the vertical standard pattern of each metal layer, different time averages are taken: 3 min (individual profile
= curve (a)); 1 hr (20 profiles = (curve b)); 10 hr (all night = curve (c)); 1 month (curve (d)); and 1 year (curve
(e)). We can observe a bimodal characteristic on K density profiles, peaking at 86 and 96 km, either for 3 min
(curve a), or for 1 hr (curve b) averages, on 25 April 2017. The all night-averaged line (c), shows a wide layer
centered at around 91 km, as a result of the vertical movement of that structure. Even averaging throughout
month, we still can see a remnant second peak around 96 km. However, the year averaged, curve (e) does not
present any residual shape from the Ns layers. The year profile shows a full width at half maximum (FWHM)
of 8.7 km and a peak height around 90 km reaching 98 atoms cm™> on the peak, when applied a Gaussian fit.

For Na layer, Figure 12, we also can see the bimodal characteristic, peaking at 89 and 95 km, either for 3 min
or for 1 hr averages. We can see a broad shape of the layer in the night average, probably due to remaining
bimodal shape; however, this characteristic is not seen neither monthly nor yearly profiles. By Gaussian fit-
ting, the year profile shows a FWHM of 10.6 km and a peak height around 91.8 km reaching 3,000 atoms
cm ™ on the peak. Similar to K profiles, yearly average does not present the bimodal shape characteristic.

3.2. Seasonal Variation

In Figure 13 we can observe the seasonal variation of the monthly averaged K (panel a) and Na (panel b)
densities vertical profiles measured from November 2016 to February 2019. These values correspond to
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shown in the bottom panels c) and d).

the average of all data available for each respective month. We can
observe a semiannual variation with the maxima around the solstices in
the K densities, being the winter maximum stronger than the summer
one. This leads us to believe that K density presents also an annual varia-
tion with a maximum around wintertime, June and July. The altitude of
the maximum density has small variation throughout the year and the
peak averaged K density can range from 55 atoms cm ™ in October to
~170 atoms cm ™~ around June/July.

Figure 13b presents the seasonal variation of Na density during the same
period of observations. Semiannual variation is observed from 80 to 91 km
on the Na density, with the first maximum centered on May to June and a
second maximum extending from August to October. The altitude of the
maximum density does not present large variation throughout year,
located at around 92.5 km. On the other hand, the peak averaged Na den-
sity ranges from 1,000 atoms cm > onJ anuary up to 4,300 atoms cm™
October and can reach higher values on individual nights.

in

Those characteristics reported in previous paragraphs are more clearly
observed in Figure 14 for K and Na, shown on the red lines and triangles
and black lines and squares, respectively. This figure shows the seasonal
variation of monthly averaged of K and Na column abundances, on panel
(a); layer width on panel (b); and the centroid height of the layers on panel
(c). These parameters were obtained by a Gaussian fit applied in the
monthly averaged densities vertical profiles. Observing Na column abun-
dance, black line, and squares in panel (a), it varies from 2x10° atoms
cm ™2 around summer, to above 5x10° atoms cm ™2 in October, suggesting
an annual variation with a maximum at the winter solstice. The K abun-
dance, red line and triangles also in panel (a) (right scale), ranges from
5x10” atoms cm™2 in April, up to 17x10” atoms cm™2 around the winter.
We can clearly note a semiannual oscillation in the abundance of K layer
with maxima at the solstices. Regarding the FWHM shown on panel (b), K

width varies from 8 to 11 km being around 10 km most part of the year. In the same way, Na layer width has
also no large months to month variation, ranging from 11 to 14 km. Moreover, layer width varies less for Na

Sao José dos Campos
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Figure 8. Ionosonde data showing a Strong Es measured simultaneously on 25 and 26 April 2017 at SIC (a), and CXP (b).
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Figure 9. Altitude variation of Es layer observed by two Ionosondes on (a) 25 and (b) 26 April 2017, one at Cachoeira
Paulista (CXP), black lines and squares, and at Sao José dos Campos (SJIC), red lines and circles

than for K, and both layers reach almost the same width in March and October. On the last panel is shown
the centroid height for both layers, and we can see that they have the same variation pattern, which means,
both have semiannual variation with downward centroid at the solstices. Moreover, the averaged centroid of
K is 90.8 km and Na is 92.3 km. Finally, we can clearly see that Na layer is wider and higher than K layer

most part of the year.

Seasonal variability of downward movement of metal layers
12/13

60
|5/10 5/10

40

Frequency of occurence (%)
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Time (month)

Figure 10. Seasonal variation of downward movement events measured by
the new dual beam LIDAR shown in a composite year. Labels over bars
represent the number of nights with downward movements over the total
number of measurements in the month.

4. Discussion

4.1. Vertical Structure and Layers Characteristics

Nocturnal descending structures on Na density profiles were also
observed by Simonich et al. (1979) with vertical velocity propagation
between 1 to 4 km/hr also in SJIC, similar to our results, and they attribu-
ted them to the dynamical effects. Moreover, they reported that the pre-
sence of this kind of descending structures showing two peak layers is
present in most part of the observation. This also agrees very well with
our results of 66% occurrence of these structures. The additional contribu-
tion of the present work on analyzing these structures is the simultaneous
observation of Na and K layers at the same site. This allows the compari-
son of the behavior of these both alkali metals. The analysis of the cen-
troid height can provide information about the mass distribution of the
metal layer. Similar variation of the centroid height of different metals
measured at the same site suggests that the distributions of these atoms
are controlled by the same mechanism. We can observe the night evolu-
tion of peak height for Na and K layer, in Figure 4, where both show
downward movement agreeing very well in the speed value. Moreover,
the good correlation with the strong vertical wind shear due to tides,
shown on the wind measurements at CXP suggests that the diurnal tide
is acting in the nocturnal morphology of both layers. Beside the dynamical
effects, we should also consider the strong Es layer occurrence at the same
time, around 18:30 LT, of the Ns layer. This can guide us to the metal ion
neutralization theory as a possible explanation for the Ns presence at the
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two cases of K and Ca™ sporadic layers, high (above 100 km) and low alti-
tude (90 to 95 km), and their connection to the chemistry and temperature

400+ e dependence over Arecibo. Their results suggested that the high-altitude K
k Ns layer agreed very well with their chemistry modeled K Ns layer where
w{ d the ion neutralization reactions for K are temperature dependent.

However, their model did not reproduce very well the low-altitude K Ns
layer. As their model did not consider dynamical effects, they concluded
that the low-altitude N layer is influenced by the dynamics such as advec-
- tion and wave interaction. The altitude of the K Ns layer observed in 25

April 2017 is 94 km, which is similar to the lower altitude of their study
a suggesting also the combination of dynamics and chemistry effects for

Altitude (km)

% 10 10 the observations. Nevertheless, the main objective of the present work is
the general behavior of the main K and Na layers; hence, we would not

Figure 11. K profiles for different averaging time: (a) 3min at 00:30 LT;(b) 1  go deep in the discussion about the Ns layers.

hr average (from 00:00 LT to 01:00 LT); (c) 10 hr (all from 25 April 2017); (d)

month of April 2017; (e) Year 2017.
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In order to evaluate the nocturnal variation of production and loss of metal
atoms we can analyze the total column abundance. The reason is that, an
increase in the total column abundance of the neutral atoms means an
input of metal atoms; this input can be a direct injection by meteor ablation, horizontal transport, or due
to chemical reactions. According to the International Meteor Organization (2019), there was no meteor
shower in the night of 25 April 2017. Moreover, the meteor flux observed by the meteor radar at CXP, not
shown here, present the well-known diurnal variation in the meteor counting with a peak at 6:00 LT and a
minimum at 18:00 LT not showing a significant relationship to the nocturnal total column abundance nor
for K neither for Na. Yet the enhancements in the metal abundances observed at this night are not explained
as a direct meteor injection. Because LIDAR just observe one point, we cannot correctly evaluate the impor-
tance of horizontal transport of these metal atoms. Although K and Na are both alkali metals and their che-
mical reactions are similar, their reactions rate coefficients are different. They are much more temperature
dependent in the case of K than for Na. In this way, we show in Figure 15 the temperature data provided
by SABER at 0:26 LT on 26 April 2017, over SIC. We can clearly note that the temperature at the MLT region
is very disturbed at this night, showing two minima, one at ~86 km, and another at ~96 km. These two tem-
perature minima coincide with the peak altitude of K layers following the bifurcation. Perhaps, this can
explain that the total K abundance have increased about 50%, after 00:00 LT, versus only 16% of Na.
Concerning the chemical reactions, we can neglect all the photochemistry reactions because our observa-
tions are during nighttime. Moreover, according to Plane et al. (2014) the
energy activation for the reaction KHCO; + H K + H,COs is very high

——p—— which make this reaction less important. Additionally, they also said that

Month averaged April 2017 the reactions involving KO, KO,, and KOH are temperature dependent.
——— 10 hour averaged on 25 April 2017 . . . . . .

One hour averaged on 25 April 2017 Yet the main chemical production of K came from the ion-neutralization
—— 3 min 25 April 2017 through K*X 4+ ¢ K 4+ X (X = 0, O,, N,, CO,, H,0). Note that the neutra-

lization of K and Na ions is only possible after their recombination with
other neutral atmospheric elements, forming ionic cluster.
Consequently, this reaction depends on the distribution of X constituents
and this is dynamical dependent. Moreover, this reaction also depends on
the [K*]. Even though the name Es layer suggest a kind of rare event, the
studies have shown that the presence of Es layer is often observed as
shown in the seasonal analysis done by Resende et al. (2017). Hence, the
presence of metal ions in the region of low thermosphere is often present
allowing the possibility of ion-neutralization reaction.

Previous works about Na and K layer characteristics obtained by LIDAR

80

Figure 12. Same as Figure 11 but for Na profiles.
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90
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instrument are summarized on Table 1, for better comparison. Most part
of K layer studies has been done in the middle and high latitudes of the
Northern Hemisphere. Concerning about Na studies, there is a wide num-
ber of LIDARs for this purpose around the world. Moreover, Na layer in
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Figure 13. Seasonal variation of monthly averaged K (a) and Na (b) densities observed from November 2016 to February
2019. These values correspond to the average of all data available for each respective month.
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SABER Temperature on 26 April 2017 at 0:26 LT

SJC has been studied for more than 40 years; hence, we focus our discus-
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Latitude = -24.7216 sion in the K results. Analyzing Table 1, we can note that these metal layer

tongiude = 314.757 characteristics have some latitudinal variation, emphasizing the impor-
tance of the present work, as this is the first study of K layer morphology

at Southern Hemisphere low latitude simultaneously with Na.

Simultaneous Na and K measurements using airglow or LIDAR have
shown that K peak height is below the Na layer peak (e.g., Gault &
Chanin, 1974; Gault & Rundle, 1969; Megie et al., 1978), which agrees
with our results. Megie et al. (1978) were the first to compare simulta-
neous Na and K densities measured by LIDAR, and they found that the
peak K layer is about 1.2 km lower, which agrees very well with our result.
Their results also showed that the Na layer is wider than the K layer, also
agreeing with our results.
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Figure 15. SABER temperature on 26 April 2017.
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Von Zan and Hoffner (1996) reported much lower K concentration than
the values reported by Megie et al. (1978), in their measurements over
Juliusruh, (54°N; 13°E) using a density and temperature LIDAR. Eska
et al. (1998) analyzed 110 nights of K density profiles at a close site,
Kiihlungsborn, Germany (54°N, 12°E) and found the following properties of the nightly mean K layer: col-
umn density of 4.4 x 107 cm™?; peak density of 47 cm™>; layer centroid height of 90.5 km and root-mean-
square layer width of 4.0 km, which agrees well with the results for Juliusruh.

Eska et al. (1999) showed latitudinal dependence of K column density in their observations from 71°S to
54°N using a K density and temperature LIDAR on board a cruise ship. Actually, it appears to be the first
measurements of K density layer in the Southern Hemisphere. They reported that the K column density pre-
sented its large latitudinal variability in the South Hemisphere, ranging from 2.5 x 10’ atoms cm ™, at high
latitude, up to 12 X 107 atoms cm ™2, close to the equator. Furthermore, the latitudinal variation of the K layer
width clearly shows a broader K layer in the Southern Hemisphere during winter, ranging from 9 to 18 km,
compared with the summertime Northern Hemisphere, 6-11 km. In that study, they also showed the fluc-
tuation of the height peak density with the values oscillating between 84.7 and 92.5 km, the higher peak
heights were observed in the midlatitudes for both hemispheres. Moreover, the authors observed a positive
correlation between temperature and K abundance from 47°S to 8°S and from 1°N to 45°N. For better com-
parison with our study, we used their mean K profile with 20° Hanning filter centered at latitudes 23°S, using
three nights data. As the authors reported, Ns K layers in low latitude are present in almost all days, so it
becomes difficult to correctly estimate the peak altitude and the FWHM. Hence, the values presented on our
Table 1 for those two variables were obtained by averaging the values from Figure 3, on their paper, respec-
tively from panels (c) and (d), in 30°S and 10°S. We can note that even for the few nights of data between May
and June their results show layer width in good agreement with our values (9-11 km vs. 6-11 km), peak
height about 3 km lower (87.3 km vs. 90.9 km) and K abundance values is almost twice smaller than our
results (9.5 vs. 3-20 X 10’ cm™2). The Na layer characteristics are in accordance with the studies made by
Simonich et al. (1979) for the same site. Simonich et al. (1979) found average layer characteristics: column
density of 4.4 x 10° cm™%; peak density of 3,600 cm™>; layer centroid height of 94 km, and root-mean-square
layer width of 13 km, which agree very well with the present results: total column abundance ranging from
1.5 to 12 x 10° cm™%; peak density 1,000-6,000 cm™>; FWHM 5-19 km, and the layer centroid height of
92.3 km.

4.2. Seasonal Variation

Seasonal behavior on Na and K layers has been carried out for decades and several authors reported some
differences and similarities when comparing the seasonal variation of these two alkali metal layers. The
early K and Na seasonal studies reported no significant variation (Megie et al., 1978). However, posterior
works pointed seasonal variation not only on column abundance but also on peak altitude and layer width
(e.g., Clemesha et al., 1979). Eska et al. (1998) observed semiannual variation with maxima in summer and
winter for the nightly mean column abundance and peak height K density at high latitude. Additionally,
they compared the seasonal behavior of K with Na and Fe layers and found the same semiannual variation
on the three metals’ centroid height; however, Na and Fe showed annual variation with maximum during
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Table 1

Observed Na and K Layers Characteristics by LIDAR

Author Column density (107 cm_z) Peak density (cm_3) Layer width (km) Peak height (K) (km) Location
Felix et al. (1973) 9 (K) — — — 18°N; 76°W
Megie et al. (1978) 30 (K), 800 (Na) 300 (K), 2200 (Na) 7-15 (K) 8-18 (Na) 1.2 km?® 44° N; 6° E
Simonich et al. (1979) 440 (Na) 3600 (Na) 13.7 (Na) 94 (Na) 23°S; 46°W
Von Zahan and Hoffner (1996) 4-7(K) 30-120 (K) — 88-91 (K) 54° N; 13°E
Eska et al. (1998) 2-8 (K) 15-135 (K) 3-5 (K) 1.6 kmb 54°N; 12°E
Eska et al. (1999) 9.5 (K) 89 (K) 9-11 (K) 87.3 km (K) 23°S
Friedman et al. (2002) 2-12 (K) 5-100 (K) 3-8 (K) 89-94 (K) 18°N; 67°W
Wang et al. (2017) 8.4 (K) 30-225 (K) 3-6 (K) 87-93 km (K) 40°N; 116°E
X. Yue, et al. (2017) 1.8-8.5 (K) 20-70 (K) 6.9 (K) 91.7 (K) 18°N; 67°W

Present work

3-20 (K) 150-1200 (Na)  40-200 (K) 1000-6000 (Na) 6-11 (K) 5-19 (Na) 90.9 km (K) 92.3km (Na) 23°S; 46°W

#Height peak difference between Na and K layers. Z;(Na) — Zp/(K). bComparison made using Na data from Kane and Gardner (1993).

winter on their column densities instead of a semiannual variation with maxima during solstices in case of K
layer. These results agree very well with ours in the results, as for the oscillation as for the timing of maxima
for both Na and K layer. The annual variation on the Na column abundances with a broad maximum from
equinox to equinox is also reported by Clemesha et al. (1979) and Simonich et al. (1979) over the same site.
Clemesha et al. (1992) reported a sharp minimum in November over the annual variation of the centroid of
Na layer at SJC. Their analysis was performed over the data obtained from 19:00 LT to 22:00 LT and
excluding the Ns days. Perhaps this is the reason why we did not observe this sharp minimum on
November. If we overlook the November minimum, we can observe similar semiannual variation in the
Na centroid height, shown in their Figure 2.

Friedman et al. (2002) reported semiannual oscillation on the column density of K; however, no annual var-
iation was observed on the layer width neither on layer centroid, over Arecibo (18°N, 67°W). They attributed
this fact to the large frequency of Ns K layer observed in 18°N and the bimodal behavior of the K layer gen-
erally observed for May to June, which makes difficult the correct interpretation of these parameters.
However, Yue et al. (2017) reported semiannual variation in the centroid height and in the column abun-
dance for K density at the same site. The authors attributed the different results compared to the previous
to the solar activity influences.

Dawkins et al. (2014) presented for the first time a near-global K and Na layers distribution from space-borne
observations of resonance fluorescence in the dayglow with the total uncertainties on the densities abun-
dance of around 15%. Their results showed that Na total layer abundance around 20°S presented an annual
variation with maximum at winter while K total layer abundance presented semiannual variation with max-
ima in winter and summer. This agrees very well with our K results; however, those results presented by
Dawkins et al. (2014) did not show the stronger maxima in the wintertime. It is important to point out that
they are measuring dayglow in 10° latitude zonal means while we are measuring Na and K layer at nighttime
using resonance LIDAR at a single point. Dawkins et al. (2015) compared their OSIRIS-retrieved K layer
results with recently implemented K - chemical model on the Whole Atmosphere Community Climate
Model (WACCM-K) (Plane et al., 2014). They showed that the large seasonal variability on K density occurs
on high latitude with good agreement to the WACCM-K.

Wang et al. (2017) analyzed 2 years of K density over Beijing using a LIDAR. They reported semiannual oscil-
lation in the column abundance and peak height with maxima in the summer and winter; also, a semiannual
oscillation is clear in the centroid height with maxima in equinoxes. These results agree very well with
our results.

Plane et al. (2014) presented a possible explanation for the different seasonal variations between Na and K
densities. This explanation is based on two points: (1) the neutralization of K* ions is only favored at low
temperatures during summer (North Hemisphere); and (2) cycling between K and its major neutral reservoir
KHCO:s is essentially temperature independent. The first argument is more relevant for high latitude, where
the mesopause temperature has strong summer to winter variation. Yue et al. (2017) also discuss the tem-
perature dependence to be the main explanation for the seasonal K behavior at low latitude. Although

ANDRIOLI ET AL.

12 of 16



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2019JA027164

Meteor detection at Cachoeira Paulista in 2017
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their results show negative correlation between temperature and K col-

o5 o o5 umn abundance supporting Delgado et al.'s (2012) and Plane et al. 's
B Pl (2014) conclusion, that the production of K from K* is favored at low tem-
Hetgnt Avareged 30 pornt Smocthing perature, they also suggest that K seasonal variability may be more signif-

icantly affected by the wave-driven transport of main reactants, such as O,

supported by the good correlation between maxima temperature var-
iances, suggesting gravity wave activity in the equinoxes, and the down-
ward movement of the height centroid of the K layer.

\"\ JM\M | ﬂ [ CO,, and H, than the K™ ions and K through the MLT. Their results were
11 ‘

The present work brings for the first time seasonal K density measured by
LIDAR at the Southern Hemisphere. Although the Na density has been
widely studied and shows a latitudinal dependence, K densities show less

T
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180 240 30 %60 latitude dependence, agreeing very well with North Hemisphere high and

low latitude. Takahashi et al. (1995) and Lima et al. (2018) show semiann-

Figure 16. Seasonal variation of daily meteor echoes detected by all-sky ~ ual variation in the mesopause temperature over CXP, with minima at sol-
meteor radar at CXP in 2017. The meteors were separated in eight layers stices. Even though this temperature variation agrees with Delgado et al.’s
of 2.5 km high, from 80 to a 100 km. Each color line corresponds to an (2012) and Plane et al.'s (2014) explanation, the semiannual amplitudes in

individual height layer center at 81.25 km (red); 83.75 km (green); 86.25 km
(blue); 88.75 km (light blue); 91.25 km (pink); 93.75 km (yellow); 96.25 km
(dark yellow); and 98.75 km (navy). The black wider line represents the

temperature fields are small, around 3 K, being not significant to support
their first argument. Moreover, Gardner and Liu (2010) showed that the

height-averaged amount using 30-point smoothing tool. centroid height of the metal layers is shifted down during high gravity

wave activity. Yang et al. (2010) reported semiannual variation in the tem-
perature variances suggesting gravity wave activity over SJC being maxima during the equinoxes. Our results
show that the centroid heights of the metal layers have also the semiannual variation; however, they are
shifted up during the equinoxes, being the opposite.

If we compare the seasonal behavior of Na and K concentration with the meteor entrance in the upper atmo-
sphere measured by all-sky meteor radar at CXP, Figure 16, we can see that meteors have a semiannual var-
iation with maxima around the solstices. This partially agrees with Na and K densities behavior, which is the
maximum at around May and June. However, meteors' entrance shows the second maximum around
January while Na shows minimum density in this period. Moreover, the relative abundance of K to Na in
the most common type of meteorites, CI chondrites, is about 8% (Mason, 1971) and for the cosmic meteors,
this ratio is 6% (Grevesse & Anders, 1991). This is still a discrepancy to abundance ratio of these two alkali
metals observed in this work, which is about 2.3%. However, this ratio is larger than those presented in the
models, such as Eska et al. (1999) or Plane (1991, 2003), which is 1%. Nevertheless, it is important to report
that the model of Eska et al. (1999) underestimates about half the K concentration for the latitude of 23°S
compared with the model with observation during Polarstern campaign. Moreover, the column abundance
reported by Dawkins et al. (2015) in their global climatology of K, shown on their supporting information
Table S1, for 20-30°S, ranges from 2.6 X 107 atoms cm ™2 (equinoxes) to 7.5 X 107 atoms cm ™2 (at June sol-
stice). These results agree in part with our results, showing the more pronounced maximum in June solstice;
however, it diverges with respect to the absolute value, which is almost half of ours.

One can think that the presence of Ns layers in the Na or K layer can bias the altitude of the centroid and or
the layer characteristics. Simonich et al. (2005) showed that the presence of Ns layers does not greatly affect
the long-term average height distribution of atmospheric Na. This reinforces that our analysis is
correctly presented.

5. Summary and Conclusion

In this work, we have analyzed more than 2 years of the new dual-beam K and Na LIDAR density over SJIC.
This is the first time nocturnal and seasonal analyses are presented simultaneously for K and Na layers at the
Southern Hemisphere. The vertical descending structure with a rate of 1-4 km hr~' and a bimodal layer
seems to be a common characteristic, present on 66% of the nights observed on both metal layers. In addi-
tion, they seem to occur preferentially around April, indicating some relationship with diurnal tide that also
has more pronounced maximum variation in this month observed in CXP. Although a larger temporal data
series is needed in order to confirm this finding. Our results indicated that the formation of this structure is a
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combination of Es layer presence, contributing with an input of new atoms by the ion-neutralization reac-
tion, in the presence of strong wind shear at the mesopause pushing down the metal layers. This last hypoth-
esis is supported by the similar variation of the height centroid of both K and Na layers and the good
correlation with diurnal tide vertical phase speed.

The K and Na layers at 23°S show the following annual mean characteristics: The K column abundance
ranges from 3 to 20 x 107 atoms cm ™2, with the layer peak around 90.9 km and width varying from 6 to
11 km. In the case of Na, the abundance varies from 15 to 120 x 10® atoms cm ™2, the peak height is around
92.3 km, and the layer width varies from 5 to 19 km. The centroid height for both metals, K and Na, present
semiannual variation with maxima at the equinoxes, and the K layer is on average 1.3 km lower. The column
abundance of Na layer shows general annual variation with a minimum during summer and a broad max-
imum almost from equinox to equinox while a semiannual variation is observed on K column abundance
with maxima around the solstices. Semiannual variation is observed in both metal densities with different
maxima: K shows its maxima around the solstices more pronounced around June, and Na density shows
a maximum around May, and a broad one centered in September.

The very similar seasonal variation of the K layer measured in the Southern Hemisphere in comparison to the
Northern Hemisphere high and low latitude, and the fact that mesopause temperature does not vary as much
as that at high latitudes keep open the question about the stronger maxima at June solstice at low latitude.
Moreover, seasonal variation of the meteor ablation has similar behavior of the K metal layers but not on
Na variation. These all call our attention for the importance of better worldwide coverage of instruments able
to monitor not only these elements but also their reactants and the physical parameters such as temperature
and winds to help our understanding of chemical and dynamics in the mesopause region.
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