RESEARCH ARTICLE
SPACE PHYSICS

Earth and Planetary Physics
10:156-166, 2026
doi: 10.26464/epp2026015

EP

Simultaneous lidar observations of the sporadic Ni layer and

sporadic Na layer in the MLT

ZhiJun Zhao', XuYang Jiang', FuJu Wu'-?*, YuHang Qi', Jing Jiao?, and GuoTao Yang?

School of Physics, Henan Normal University, Xinxiang Henan 453000, China;
2State Key Laboratory of Solar Activity and Space Weather, Beijing 100190, China

Key Points:

e Synchronized observations of sporadic Ni and sporadic Na layers were conducted using a Na-Ni dual-wavelength lidar system.
e The seasonal variation of sporadic Ni is similar to that of sporadic Na.
® The peak density ratio of sporadic Na to sporadic Ni is approximately 5, which is half the density ratio of the two main layers.

Citation: Zhao, Z. J,, Jiang, X. Y., Wy, F. J,, Qi, Y. H,, Jiao, J., and Yang, G. T. (2026). Simultaneous lidar observations of the sporadic Ni layer
and sporadic Na layer in the MLT. Earth Planet. Phys., 10(1), 156-166. http://doi.org/10.26464/epp2026015

Abstract: Here we report on simultaneous lidar observations of sporadic Ni (Nis) layers and sporadic Na (Nas) layers in the atmosphere
over Yanqing, Beijing (40.42°N, 116.02°E) from April 2019 to October 2022. During 343 nights of observation, 68 Nis and 56 Nas were
observed. The seasonal variation of Nis and Nas was also obtained, with the highest occurrence of Nis being in July (43%) and that of Nas
being in June (61%). We found that the seasonal variation of Nis is similar to that of Nas and that both occur more frequently in summer
than in winter. In addition, we found 23 events in which Nis and Nas occur simultaneously. The average peak altitude of Nas is
approximately 1 km higher than that of Nis, and the peak density ratio of Nas to Nis is approximately 5, which is half the density ratio of
the two main layers. Additionally, the strength factor for Nas is smaller than that for Nis. Through data analysis of sporadic E layers (Es), we
found that Nis and Nas has a significant correlation with Es. The neutralization rates of Ni*/Na+ were calculated according to the
dissociative recombination reaction of Ni*/Na* and the WACCM-Ni (Whole Atmosphere Community Climate Model of Ni). The production
rates of Ni and Na were estimated to be approximately 1:4.4, which is consistent with the density ratio of Nis to Nas. The results showed
that the neutralization reaction of Ni*, Na*, and electrons in Es is the main reason for the formation of the Nis layer and the Nas layer.
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1. Introduction

The atmospheric metal layer located at 80-105 km originates from
the ablation of meteors (Plane et al., 2015). When meteors enter
the Earth’s atmosphere at a high speed, metal elements such as
Na, K, Fe, Ca, Ca+ are released to form the atmospheric metal layer
caused by frictional heating. The atmospheric metal layer is a
good tracer for studying the dynamics and photochemical
processes of the middle and upper atmosphere (Cai XG et al,,
2017; Yuan T et al., 2021).

Lidar is a powerful tool for detecting the atmospheric metal layer
because of its high detection accuracy and spatiotemporal resolu-
tion. In 1969, Bowman et al. successfully detected the Na layer for
the first time by using Na resonance fluorescence lidar (Bowman
et al., 1969). Lidar detection of the Na, K, Fe, and Ca layers has
been extensively studied around the world (Gardner et al., 2011;
Raizada et al., 2011; Wang ZL et al., 2017; Raizada et al., 2020). The
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average characteristics of the atmospheric metal layer, such as
seasonal variations and diurnal variations, have also been
reported (Xia Y et al., 2020; Hu YJ and Yi F, 2021; Xun YC et al,,
2024; Wu Fang et al,, 2025). With the development of lidar tech-
nology, some special phenomena of the atmospheric metal layer
have gradually been observed. The sporadic metal layer is the
most significant phenomenon of the atmospheric metal layer on a
short time scale.

The sporadic Na (Nas) layer was the first sporadic phenomenon to
be discovered in the atmospheric metal layer region. For the first
time, Clemesha et al. (1978) detected that Na density increases
rapidly in a very short period of time (about 5 min) within a very
narrow height range. Subsequently, more Nas layers were
observed by lidar from low to high latitudes (Dou XK et al., 2013;
JiaoJetal,, 2014; Ma Z et al,, 2014; Yuan T et al., 2014; Qiu SC et al.,
2016; Zhang TM et al,, 2017; He SM et al., 2025). It was found,
based on the researchers’ observations, that Nas layers usually last
for tens of minutes or hours and that their peak density is approxi-
mately 2-5 times that of the background Na density (Qiu SC et al.,
2016). In addition, researchers have reported that the frequency
of Nas is highest during June and July and lowest in January and
February. This variation indicates that Nas events occur with
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significantly higher frequency in summer than in winter (Yi F et al.,
2002; Jiao J et al.,, 2015). The formation of Nas layers is related to
many factors, such as meteor injection, atmospheric temperature,
and ion transformation (Von Zahn et al,, 1987; Yi F et al,, 2007;
Takahashi et al., 2015; Qiu SC et al., 2018, 2021, 2023). Because of
the very good correlation between Na and the sporadic E layer
(Es), researchers have gradually accepted the theory that Na*
within Es in the low-E region are reduced to Na atoms through a
series of reactions (Cox and Plane, 1998; Jiao J et al., 2015).

Nickel is one of the more challenging atoms in the middle and
upper atmosphere because of its low abundance and relatively
small backscattering cross section (i.e., 6-30 times lower than that
of the Na atom; Wu FJ et al., 2021). In 2015, Collins et al. first
observed Ni layers in Chatanika, Alaska (65°N, 147°W) and
concluded that the Ni density is ~16,000 cm~3 (Collins et al., 2015).
Gerding et al. (2019) then conducted six nights of lidar observation
of Ni layers over Kiihlungsborn (54°N, 12°E) in Germany and found
that the density of the Ni layers is ~280-450 cm~3. Such a large
difference in detection results is obviously inconsistent with the
origin mechanism of the atmospheric metal layer. To solve the Ni
density problem, Wu FJ et al. (2021) used high-detection precision
Ni lidar at the Yanqing station (40.41°N, 116.01°E) to detect the Ni
layers, and they calculated the Ni density over 25 nights. The
results showed that the Ni peak density ranges from 98 to
460 cm~3 and that the average peak density is 258 + 115 cm~3.
This finding is in good agreement with the earlier results obtained
by Gerding et al. (2019) at Kuihlungsborn. The Ni lidar and Na lidar
at the Yanqing station (40.41°N, 116.01°E) were established based
on a dual-wavelength lidar system, which allows the simultaneous
lidar detection of Ni and Na. From 2019 to the present, the dual-
wavelength lidar has been operating steadily and has accumulated
sufficient data. By analyzing the lidar data, Jiao J et al. (2022)
found that the main Ni and Na layers peak around 85 and 92 km,
respectively, and that the density ratio of Ni to Na is approximately
1:10.1tis notable that Wu FJ et al. (2022) reported the thermosphere
—ionosphere sporadic Ni (TISNi). The thermosphere-ionosphere
sporadic metal layer refers to the phenomenon of a special metal
layer that occurs within a height range of 105-120 km that is
significantly separated from the main metal layer (80-105 km) and
is closely related to Es. Wu FJ et al. (2022) also discovered that the
TISNi and thermosphere-ionosphere sporadic Na (TISNa) layers
show close correlations. It is important that the density ratio of
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TISNi to TISNa is close to 1, which is approximately 10 times the
density ratio of Ni to Na in the main layer. This ratio indicates Ni
enrichment in the thermosphere—ionosphere region. By combin-
ing the comparative analysis of Es data and the Whole Atmosphere
Community Climate Model for Ni (WACCM-Ni), Wu FJ et al. (2022)
concluded that direct recombination of Ni*/Na* with electrons
produces thermosphere-ionosphere Nis and Nas. Nickel is known
to be a metal atom that is rarely detected; thus, the study of this
special phenomenon contributes to a better understanding of the
formation of the atmospheric metal layers.

However, the Nis phenomenon in the main metal layer (80-
105 km) has not been statistically analyzed. Its seasonal variation,
density, and correlation with sporadic phenomena in other metal
layers remain unknown. Therefore, we utilize the dual-wavelength
lidar data from the Yanging station to statistically screen out Nis
and compare it with Nas for analysis. We study the density,
seasonal variations, and characteristic parameters of the two,
providing a new research perspective for the study of sporadic
metal layers in the main layer.

In this article, we present a comprehensive statistical analysis of
lidar data observed from April 2019 to October 2022 over 343
nights, or 3145 h. The characteristic parameters of Nis and Nas
and their seasonal variations are described. The characteristics of
the Nis layer are compared with those of the Nas layer observed at
the same time, and the Nis and Nas layers are compared with the
Es layer detected in the ionosphere. Section 2 briefly introduces
the lidar system and data processing methods, and the lidar
observations are described in Section 3. Finally, the discussion and
conclusion are presented in Sections 4 and 5, respectively.

2. The Lidar System and Data Processing

2.1 The Lidar System

The lidar used to measure the Ni layer and the Na layer at the
same time is a dual-wavelength lidar system at the Yanging
station (40°N, 116°E). The entire system includes four parts: a
transmitter, a receiver, a data acquisition component, and an
automatic control. As shown in Figure 1, two pulsed dye lasers for
the detection of the Na and Ni layers are pumped by a pulsed
Nd:YAG (yttrium aluminum garnet) base beam. One of the dye
lasers excites Na resonance fluorescence transitions at 589 nm
(Jiao J et al., 2022). Another dye laser generates a laser beam at a
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Figure 1. Schematic diagram of the dual Na-Ni lidar system.
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wavelength of 682 nm. This beam is then directed into a
frequency doubler, producing 341 nm laser light for the detection
of Ni atoms (Wu FJ et al,, 2021). The receiver uses a 1230-mm-
diameter reflector telescope to receive backscattered photons
from the atmosphere. In terms of data acquisition, a photon-
counting-based multichannel scaler (MCS-PCI) is used to obtain
time-resolved data. Raw data files are stored at 96 m spatial reso-
lution and 33 s temporal resolution. The lidar system parameters
are shown in Table 1.

Table 1. Parameters of the Na—-Ni lidar system.

Parameter Ni Na

Transmitter

Wavelength 341 nm 589 nm

Pulse energy 17 mJ 40m)J

Line width 0.9574 GHz 1473 GHz

Repetition rate 30Hz 30Hz

Beam divergence 0.21 mrad <0.5 mrad
Receiver

Telescope diameter 1.23m 1.23m

Field of view 0.625 mrad 0.625 mrad
Data acquisition

Temporal resolution 33s 33s

Vertical spatial resolution 96 m 96 m

2.2 Data Processing
First, we calculate the Ni or Na density at altitude z by using the
standard lidar equations:

Nut (2) = Ng z oy
Myt (2) = na (2g) mz_ﬁ@'
where Mt = Ni or Na, ny; (z) is the density of Ni or Na; n, (z;) is the
total atmospheric density at the reference altitude, given by the
NRLMSISE-00 (U.S. Naval Research Laboratory Mass Spectrometer
and Incoherent Scatter Radar) model (Chu XZ and Papen, 2005);
Ny: and N are the number of echo photons received by the
telescope at altitude z and reference altitude z,, respectively; Nj is
the background noise, and the background noise of Ni is the sum
of the altitude-independent PMT (photomultiplier tube) dark
count rate and stray light signal and the altitude-dependent
Rayleigh background signal superimposed on the resonance
signal. The altitude of the background noise is 130-150 km; the
reference altitude z; of the Ni/Na layer is 35-40 km; o, is the
Rayleigh backscatter cross section at reference altitude zz; and o4
is the effective backscatter scattering cross section. For Ni atoms,
0, = 3.55 x 10>'m*/sr, o = 1.58 x10~""m*/sr, and for Na atoms,
0, =414 X 107°°m’/sr, 0 = 5.22 X 107°m”/sr.

The lidar system collected high signal-to-noise ratio data for
approximately 343 nights and 3145 h over nearly 3 years of obser-
vation. Figure 2 presents the monthly statistics of observation
hours and nights, with data from different years combined into a
single year based on the number of observation days. Because of
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Figure 2. Statistics on the observational hours and nights of lidar in
each month.

the higher rainfall in the Beijing area during summer, the observa-
tion time was substantially reduced in this season. Using the
collected data, we selected Nis and Nas based on the following
criteria:

(1) The maximum peak density of the Nis and Nas layer must be at
least twice the density of the background Ni/Na layer at the same
altitude (i.e., a strength factor >2, defined as the maximum peak
density of the Nis and Nas divided by the average density of the
background metal layer at the same height);

(2) The Nis and Nas must persist for more than half an hour; and

(3) The maximum peak density of the Nis and Nas must exceed
half the peak density of the main Ni/Na layer at the same time.

Applying these constraints, we identified 68 Nis and 56 Nas. It is
worth noting that the density of the main Na layer is relatively
high, causing the strength factor of some Nas to be low or for
their peak density to be less than half the main Na layer peak
density. As a result, these Nas failed to meet the established crite-
ria. For this reason, the number of Nas we recorded was lower
than the number of Nis.

3. Observational Results

3.1 Seasonal Variations in the Nis and Nas Layers

Figure 3 shows the density variations of the Ni and Na layers on
May 28, 2019, along with their respective profiles at maximum
density for the Nis and Nas. The temporal and spatial resolutions
are 15 min and 96 m, respectively. Sporadic Ni and sporadic
Na appeared at similar heights at the same time. The Nis peak
density reached its maximum value at 15:00 universal time (UT;
~245.154 cm™), as shown in Figure 3b. However, the Nas peak
density reached its maximum (1949.49 cm™) at 13:45 UT, as
shown in Figure 3d. This occurred approximately 1.15 h earlier
than the time at which the Nis reach its peak density, and the Nas
peak density was 8 times higher than that of Nis. This is a typical
example of the simultaneous occurrence of Nis and Nas layers
observed in the lidar data.

To better illustrate the seasonal variations of Nis and Nas, Figure 4
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(b) Ni profile at 15:00 UT
250 T ;

200 ¢
150 f

100 -

Density (cm™3)

50

0 . . . .
75 80 85 90 95 100 105

2000 ~(d) Na proﬁlg at 13:45 UT

1500 |

(cm™3)

ity

1000 -

Dens

500 r

0
75

920 95 100
Altitude (km)

80 85 105

Figure 3. (a) Contour of the Ni layer observed on May 28, 2019, and (b) profile of the Ni density observed at 15:00 UT. (c) Contour of the Na layer
observed on May 28, 2019, and (d) profile of the Na density observed at 13:45 UT.
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Figure 4. Seasonal variations of Nis and Nas.

presents a comparative analysis. The results clearly show that Nis
peaks in July with a frequency of 43%, whereas Nas exhibits maxi-
mum occurrence in June at 61%. Both Nis and Nas occur more
frequently in summer and less frequently in winter, which aligns
with previous Nas studies (Jiao J et al., 2015, 2022; Qiu SC et al,,
2016). However, distinct differences exist between Nis and Nas. As
shown in Figure 4, except for February, Nas consistently demon-
strates a higher occurrence rate than Nis until August. However,
from August onward, the frequency of Nas becomes lower than
that of Nis. This shift may be attributed to seasonal variations in
the main Na layer density. The peak density of the main Na layer
increases during the fall and winter months, and some Nas do not

meet the selection criterion that their peak density must be half
the peak density of the main Na layer, resulting in the situation
described above.

We conducted a comprehensive analysis of 68 Nis and 56 Nas and
identified 23 cases of co-occurring Nis and Nas layers. Figure 5
displays the monthly distribution of these simultaneous events.
The figure clearly shows that in June and July, the frequency of
simultaneous occurrence of Nis and Nas is the highest, with a total
of 10 nights. This number is followed by August and September
(8 nights), whereas April, October, and December show the lowest
frequency of co-occurrence, with only 1 night of simultaneous
events recorded for each of these months. Further, from the
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Figure 5. Simultaneous Nis and Nas.

Zhao ZJ and Wu FJ et al.: Simultaneous lidar observations of the sporadic Ni layer and sporadic Na layer in the MLT



160 Earth and Planetary Physics  doi: 10.26464/epp2026015

seasonal perspective, the number of simultaneous Nis and Nas in
summer is significantly higher than in winter. It is worth noting
that no simultaneous occurrence of Nis and Nas was observed in
January, February, March, and November. This seasonal absence
may be associated with variations in mesopause temperature,
chemical reactions, and dynamic processes. Within the main layer
range of the metal layer, the density of Na is highly correlated
with temperature, which mainly results from the influence of
oxygen atom and hydrogen atom chemistry on the distribution
relationship of Na between atomic sodium and its main storage
form, NaHCOs (Plane et al., 1999). In fact, the mesopause tempera-
ture at mid-latitudes in the northern hemisphere is generally
higher in winter than in summer. Higher temperatures enhance
neutral chemical reactions, increasing the production of back-
ground metal atoms in the main layer. The chemical reactions are
shown in Table 2.

This elevated background density can suppress the identification
of sporadic layers because the relative contrast between the
sporadic and background layers becomes weaker. As a result,
many Nas in January, February, and November did not meet our
screening criteria. Coupled with the limited number of observa-
tions in March, this explains why simultaneous Nis and Nas were
not observed in the winter months. Additionally, other factors,
such as dynamic processes, may contribute to this phenomenon,
although consideration of these processes is beyond the scope of
this article. We will continue to collect more data in follow-up

Table 2. The neutral chemical reaction of Na.

Reaction Rate coefficient?

NaO +0 — Na+ 0O, (2.2 x 10719)(7/200)"/2

NaHCOs + H — Na + H,COs (1.84 x 10713)70777 exp(—1014/T)

a Units for bimolecular reactions: cubic centimeters per molecule per
second. T is temperature.

work and conduct further research.

3.2 Characteristic Parameters of the Simultaneous Nis and
Nas

We conducted a detailed statistical analysis of the main parameters
of 23 simultaneous Nis and Nas to investigate their potential inter-
relationships and distinguishing characteristics. Figure 6 system-
atically presents critical parameters of Nis and Nas, including the
peak altitude, duration, time of occurrence, and peak time. The
upper row (green bars) displays Nis parameters, whereas the
lower row (purple bars) corresponds to Nas parameters.

Figures 6a and 6b display the peak altitude distributions: both Nis
and Nas layers appear above 95 km, with Nis predominantly
occurring between 96 and 97 km, whereas Nas are typically
observed approximately 1 km higher, at 97-98 km. Figures 6c and
6d show the distributions of Nis and Nas durations. The data
revealed that 16 Nis and 18 Nas persisted for more than 2 h.
Sporadic Ni shows the maximum frequency within the 3-4 h
range, whereas Nas is predominantly concentrated in the 2-3 h
range. Figures 6e and 6f show the distribution of occurrence
times, with the Nis exhibiting a maximum between 22:00 and
00:00 local time (LT) and the Nas exhibiting a broader maximum
between 20:00 and 00:00 LT. The peak times in Figures 6g and 6h
show that the maxima for both the Nis and Nas layers occur
between 00:00 and 02:00 LT. In summary, although the character-
istic parameters of Nis and Nas show small differences, their overall
trends are similar, which indicates good correlation between Nis
and Nas.

Figure 7 presents a comparative analysis of peak density and
strength factors between Nis and Nas. The upper row (blue bars)
displays statistical data for Nis, whereas the lower row (pink bars)
shows Nas parameters. Specifically, Figures 7a and 7b demonstrate
the peak density distributions for Nis and Nas, respectively. The
statistical analysis showed that the peak density of Nis has a maxi-
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Figure 6. Histogram of peak altitude, duration, time of occurrence, and peak time of 23 simultaneous Nis and Nas. The top row represents Nis
(green columns) and the bottom row represents Nas (purple columns). Panels (a) and (b) show the peak altitude, panels (c) and (d) represent the
duration, panels (e) and (f) show the time of occurrence, and panels (g) and (h) represent the peak time.
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mum value between 100 and 200 cm~3, whereas the peak density
of Nas is significantly higher, with a maximum value between
1000 and 1500 cm=3. As a whole, the peak density of Nas is
approximately 5-6 times that of Nis. Furthermore, Figures 7c and
7d show the strength factor distributions for both Nis and Nas. It is
clear that the strength factor of Nis is significantly larger than that
of Nas and that the Nis is mainly concentrated in the intensity
factor range of 4-6. In contrast, the strength factor of Nas is gener-
ally lower, mainly in the range of 2 to 4. This difference may be
attributed to the higher background density of the Na layer.

In conclusion, the changes in density and morphological structure
of these 23 Nis and Nas are similar. However, the strength factor of
Nis is larger than that of Nas, and the peak density ratio of Nas to
Nis is approximately 5, which is half the density ratio of the two
main layers. This result indicates that Ni is relatively enriched rela-
tive to the main layer.

4. Discussion

Extensive Na lidar observations and model simulations have
consistently demonstrated that the primary reservoir of Nas origi-
nates from Na* in the Es layer, where the thin layer near the upper
boundary of the Na layer undergoes neutralization, forming an
enhanced Na atom layer (Cox and Plane, 1998; Andrioli et al.,
2020, 2024; Pimenta et al., 2022). Currently, Es theory has been
widely accepted. Thus, we use the digital ionospheric sounding
data from the Beijing Shisanling station to analyze the relationship
between Nis and Nas and Es, and we discuss the influence of
Ni+/Na* neutralization in Es on the formation of Nis and Nas from
the perspective of chemical reactions. These Es data are all within

the time range of valid data for the Ni atomic layer.

4.1 Correlation Between Nis and Nas and Es

We analyzed the Es data during the effective observation period
of the lidar. Figure 8a shows the monthly average occurrence
frequencies of Nis, Nas, and Es. We can see that both Nis and Nas
and Es occur more frequently in summer. Our analysis found a
positive correlation between the average monthly occurrence of
Nis and Nas and that of Es, and the correlation coefficient is
approximately 0.7. In addition, the frequency of occurrence of Nis
and Nas is the highest in June and July, whereas Es does not
exhibit this feature. The Es layer has the highest frequency of
occurrence in May and August. At this time, the frequency of
occurrence of Nis and Nas is less than those in June and July. This
result indicates that when Es emerges, Nis and Nas does not
necessarily occur. This characteristic may be related to multiple
factors. In terms of chemical reactions, sometimes the strength of
Es is relatively low, the content of metal ions in Es is low, and the
number of metal atoms produced by the neutralization of metal
ions is very small, to the extent that it does not meet our screening
criteria for Nis and Nas. Therefore, we conducted a further analysis
of the relationship between fyEs (the critical frequency of the
sporadic E layer) and the Nis and Nas strength factor. Figure 8b
presents the monthly average strength factor of Nis and Nas and
the monthly average f,Es. The strength factor of Nis and Nas
increases with the growth of the f,Es, showing a relatively consis-
tent trend in which both peak during June and July. These results
further indicate that Nis, Nas, and Es show good consistency in
seasonal variation.

Zhao ZJ and Wu FJ et al.: Simultaneous lidar observations of the sporadic Ni layer and sporadic Na layer in the MLT



162 Earth and Planetary Physics  doi: 10.26464/epp2026015

(a) Monthly frequency of Nis, Nas and Es

100
I Nis
80l I Nas
_ ks
&
> 60
1%
c
[
> 40
g
[N
20
0

Jan  Feb  Mar Apr May

(b) The monthly average strength factor of Nis and Nas

Ju Aug Sep Oct Nov Dec

10
—&—Nis

2 gl|5 Nas
Z N 8f|——Es
I
°c =
Sg of
B -2
< 5
£ 4F
S 2
&2
S5 © 2t
wv

O 1 1 1 1 1 1 1 1 1 1 1

Jan Feb Mar Apr May

Jun Jul Aug Sep Oct Nov Dec

Month

Figure 8. (a) The monthly frequency of Nis and Nas and Es; (b) the monthly average strength factor of Nis and Nas and the monthly average f,Es.

Among the 69 observed Nis events, 54 events (79%) occur on
nights accompanied by Es, whereas among the 56 Nas events, a
corresponding Es is observed in 46 events (82%). Further analysis
revealed that among the 54 Nis accompanied by Es, Es appears
first in 74% (40 Nis) of the events. Among the 46 Nas events asso-
ciated with Es, Es occur before the corresponding Nas in 83% (38
Nas) of the events. Figure 9 shows the appearance times of 40 Nis
and 38 Nas and the corresponding Es. Note that variation trends
in the times of occurrence of Nis and Nas and Es are largely consis-
tent, with the time difference between them remaining within 3 h.

20:00 (a) Time of occurrence of Nis and Es

Figure 10 shows the peak altitude of Nis and Nas, along with the
corresponding virtual height of the Es layer (h'Es). Statistical
results indicated that Nis and Nas exhibit a significant correlation
with Es in terms of height variations. These results illustrate that a
good correlation exists between Nis and Nas and Es.

4.2 Discussion of Ni*/Na* Neutralization in Es

Previous studies have shown that below 100 km, the neutralization
of metal ions mainly occurs through dissociation recombination
reactions (Plane, 2004; Jiao J et al, 2022; Wu FJ et al, 2022).
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Figure 9. The times of occurrence of 54 Nis, 46 Nas, and Es.
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Figure 10. The peak altitude of Nis and Nas and the nearest corresponding virtual height of the Es layer (h’Es).

Tables 3 and 4, respectively, present the dissociation recombina- different. The Ni ion reacts with O3 and O, to form stable nickel
tion reactions of Ni* and Na* (Plane et al., 2015; Daly et al., 2020). oxide ions, which subsequently undergo dissociative recombina-
The means of dissociative recombination for Nit and Na* are tion with electrons. However, Na* first associates with N, and CO,

Table 3. The dissociation recombination reactions of Ni* and rate coefficients.

No. Reaction Rate coefficient?

1 Ni*+ 03 = NiO* + 0, 9.8 x 10710 exp(7/294 K)

2 Ni* 4+ O; (+ M =N, & Oy) = NiOy* logo(K) = —27.8098 + 1.3065l0g10(T) — 0.81136[logso(T)]?
4 NiO* + O — Ni* + 0, 1.7 x 10710

5 Ni+ - Ny + 0O — NiO* + N, 7x10712

6 Ni Oyt + O — NiO* + O, 5x 1071

7 NiO*+e~ - Ni+O 5.5 x 1077 (300 K/T)0>

8 Ni Oyt + e~ = Ni+ 0, 3 x 1077 (200 K/T)0>

9 Nit-Ny+e = Ni+N; 3% 1077 (200 K/T)0>

a Units for bimolecular reactions: cubic centimeters per molecule per second. T is temperature, K is a unit of temperature.

Table 4. The dissociation recombination reactions of Na* and rate coefficients.

No. Reaction Rate coefficient?

1 Na*+ N, (+ M=N,&0;) = Na*- N, 4.8 x 10730 (7/200 K)—22
2 Na*+ CO; (+ M) = Nat - CO, 3.7 x 10722 (T/200 K)~-284
3 Na* - N+ CO; = Na*t - CO;+ N, 6x 10710

4 Nat - Ny + O —» NaO* + N, 4x 1010

5 NaO*+ 0O — Na* + 0, 1x10™ 1

6 NaO*+N; —» Na*-N,+O 1x10712

7 NaO* + O, — Na* + O3 5% 10712

8 NaO* + CO, —» Na* - CO,+ 0O 6% 10710

9 Na* - X (X=0,N,, CO;) +e~ = Na+X 1x 1076 (200 K/T)0->

a Units for bimolecular reactions: cubic centimeters per molecule per second.
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molecules to form cluster ions, which then undergo dissociative
recombination with electrons to produce Na.

We found, based on statistical analysis of the monthly average
foEs, that from May to August, foEs > 5 MHz appears with the large
strength factor of Nis and Nas. Therefore, according to the afore-
mentioned chemical reactions, we calculated the neutralization
rate of Ni* and Na* at altitudes of 90-100 km for f,Es = 5 MHz by
using the WACCM-Ni model (as shown in Figure 11). Below 98 km,
the neutralization rate of Nit is lower than that of Nat. However,
the disparity between them is notably smaller than that displayed
in Figure 11 of Jiao J et al. (2022). This difference occurs because
the Es layers provide enhanced electron and Ni* densities, acceler-
ating Ni* neutralization; hence, the observed relative abundance
of Ni is higher in sporadic layers compared with the main layer.

According to the statistical results for Nis and Nas, the peak
heights of Nis are mainly distributed around 95 km (as shown in
Figures 6 and 10). At 95 km, the neutralization rate for Ni* is
approximately 1 x 107* (s~'), whereas for Na* it is approximately
2% 107* (s7). Thus, the neutralization rate for Na* is approximately
twice that of Ni*. Furthermore, Wu FJ et al. (2022) reported that at
an f,Es of 5 MHz, the concentrations of Nit and Na* within Es
layers are 6 x 103 cm~" and 1.3 x 10* cm~', respectively. This result
indicates that the Na* concentration is 2.2 times that of Ni+.
According to the analysis above, the ratio of the Ni production
rate to the Na production rate is estimated to be 1:4.4, which
closely aligns with our statistical density ratio of Nis to Nas (1:5).
Therefore, the neutralization reaction of Ni*, Na*, and electrons in
Es is the main reason for the formation of the Nis layer and the
Nas layer.

5. Conclusion

In this article, we analyzed 343 nights of lidar data from April 2019
to October 2022 by using simultaneous lidar observations of Ni
and Na at the Yanging station in Beijing. According to our selection
criteria, 68 Nis and 56 Nas were recorded. We conducted a statistical
analysis of the seasonal variations of Nis and Nas. The results
revealed that both Nis and Nas occur more frequently in summer
than in winter: Nis occurs the most frequently in July, and Nas has
its greatest occurrence in June. In addition, we identified 23
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Figure 11. Variation in the neutralization rate of Ni*+ and Na* with

altitude.

events in which Nis and Nas occur simultaneously.

We compared and analyzed the characteristic parameters of these
23 events. The results indicated that the average peak altitude of
Nis is approximately 1 km lower than that of Nas. The duration of
Nis and Nas is almost 1 h or more. Meanwhile, we also observed
that Nis and Nas appear mainly before midnight, and they tend to
peak at 00:00-02:00 LT. In general, Nis and Nas have similar
change characteristics. We discovered, based on a statistical anal-
ysis of the peak density, that the peak density ratio of Nis to Nas is
approximately 1:5. However, the peak density ratio of the main Ni
layer to the main Na layer is approximately 1:10, which indicates
that Ni is fairly enriched relative to the main layer. The Nis
strength factor is greater than 4, whereas the Nas strength factor
is mainly between 2 and 4. This difference may be due to the
greater density of the background Na layer.

Through comparative analysis of simultaneous Es data, we found
a significant correlation between the monthly mean frequency of
occurrence of Nis and Nas and Es (correlation coefficient of ~0.7).
Furthermore, the variation trends of the f,Es and Nis and Nas
strength factors are similar. Further analysis of the correspondence
between individual Nis and Nas events and Es indicated that
approximately 79% of Nis (82% of Nas) events occur accompanied
by Es. This result demonstrates a high correlation between Nis
and Nas and Es. On the basis of calculations of the dissociation
recombination reactions of Ni ions and the WACCM-Ni model, we
obtained the neutralization rates of Ni* and Na* when f,Es is
5 MHz and estimated the ratio of the Ni production rate to Na
production rate as approximately 1:4.4. This ratio closely matches
the density ratio of Nis to Nas obtained from our statistical analy-
sis. These results show that dissociative recombination reactions
of Ni+ and Na* with electrons in the Es layers serve as the primary
formation mechanism for Nis and Nas.

By analyzing the lidar data, we performed a more systematic anal-
ysis of Nis and Nas and analyzed their connection to Es. However,
some questions regarding the detailed chemical reaction process
between Nis and Nas and Es remain unresolved. More observa-
tional and simulation studies are necessary to explore these ques-
tions.
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