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Abstract. Metal layer forms as a result of meteoric ablation and exist as a layer of metal elements between ap-
proximately 80 and 105 km altitude, and it provides information about the physics and chemistry of the boundary
between the atmosphere and space. There are some studies about the wind field disturbances in Mesosphere and
Low Thermosphere (MLT) region and the plasma variations in ionospheric E-region during magnetic storms,
but no study on the impact of storms on the metal atom layers in mesosphere. During the super substorm on
4 November 2021, the atmospheric metal layers were observed to decrease by observations from three lidars
at the mid-latitudes of China. The Na, Ca and Ni densities on the storm day were significantly lower than in
other days in October and November. The O/N, column density ratio observed by the Global Ultraviolet Imager
(GUVI) on the storm day was much higher than on quiet days, and the numerical simulation results demonstrate
a substantial increase in atomic oxygen density at the heights of the metal layer. The increase in oxygen density
may lead to the formation of more metal compounds, thus more metal atoms are consumed. This is an interesting

phenomenon that magnetic storm can perturb the atmospheric metal layer through chemical reactions.

1 Introduction

Earth’s metal layer is located at the height of the Karman
line, namely the boundary separating Earth’s atmosphere
and outer space. It is composed by the metallic elements,
such as Fe, Mg, Na, K, Ca, Ni, etc, which are due to mete-
oroid ablation through collision with atmospheric molecules
(Plane et al., 2015). These metallic elements undergo com-
plex chemical reactions with atmospheric composition as
well as dynamic processes with background wind field, even-
tually they are highly concentrated between 80-105 km alti-
tude and form a metal layer that envelops the earth (Gardner
et al., 2005, 2011; Hunten, 1967; Kopp, 1997). Components

of the metal layer turn into compounds that deposit on the
Earth’s surface in about four years, and become the nourish-
ment of the biosphere (Plane et al., 2015). Our knowledge of
metal layers is still very limited, especially the mechanism
for its distribution features in the Earth’s atmosphere.
Temporal variation of the metal layer is of primary con-
cern, therein, Na layer is the most studied due to its high
concentration of atomic particles and large scattering cross
section. The density of Na peaks in winter, and reaches its
lowest level in summer at all latitudes (Gong et al., 2013;
Yi et al., 2009). It is widely accepted that the Na layer ex-
ists at an altitude of 80-105km, and at lower altitudes, Na
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atoms are mostly converted into compounds due to chemi-
cal reactions. The background temperature and wind field at
these heights are suggested to be responsible for the Na layer
variation (Hickey and Plane, 1995). The density variation of
Ca layer has two peaks in winter and summer, and the den-
sity peak in winter is higher (Gerding et al., 2000; Xun et al.,
2024). It suggests to be relevant to the meteor input function
(Plane et al., 2018). The density of Ni layer is maximum in
winter and minimum in summer, similar to the seasonal cycle
of Na layer (Jiao et al., 2022). At middle and high latitudes,
the density of Fe layer peaks in winter and is lowest in sum-
mer. Conversely, at low latitudes, Fe layer density reaches
its maximum in spring and becomes lowest in the fall. The
global distribution features of the mesospheric ozone and O,
is attributed to result in these latitudinal differences (Yi et
al., 2009; Raizada and Tepley, 2003). K layer is different to
other layers, its density is maximum in winter and summer,
and minimum in spring and autumn (Eska et al., 1998; Yue
et al., 2017). There is a correlation between the Na and Ni
layers, but not with other metal layers (Wu et al., 2022).

Solar flare and coronal mass ejection can induce geomag-
netic storm on the earth, including intense currents in mag-
netosphere, changes in radiation belts, variations in the iono-
sphere, and heating of the thermosphere. Although the wind
field and electric field disturbances in storms are hard to pen-
etrate deep into the dense atmospheric region due to the vis-
cous force of air, the wind field disturbances in Mesosphere
and Low Thermosphere (MLT) region as well as the plasma
variations in ionospheric E-region have been recorded and
analyzed (Chen et al., 2023; Li et al., 2019, 2024; Resende et
al., 2020). The metal layer is also located in MLT region,
and the variations of the metal atom density in the metal
layer can be observed by lidar in the night with good weather
condition. During the intense magnetic storm on 4 Novem-
ber 2021, we have recorded the density decrease of different
compositions in the metal layers at two locations, and this is
the first time the influence of a storm on the metal atoms in
the MLT region is recorded.

2 Data and Analysis Methods

In Oct. and November 2021, two lidars in Yangqing, Bei-
jing, China (40.42° N, 116.02° E) conducted the observations
of Na, Ni and Ca layers, and one lidar in Pingquan, Hebei,
China (41°N, 118.7°E) conducted the observations of Na
layer. The Pingquan station is 237 km east of the Yanqing
station. On the storm day of 4 November 2021, all the three
lidars were well operated. The Na and Ni observations were
implemented by the dual-wavelength simultaneous detection
system (Du et al., 2020; Jiao et al., 2015; Wu et al., 2021).
The all-solid-state narrowband lidar is used to observe the
Calayer (Du et al., 2023). The time and height resolutions of
these lidars are 33 s and 96 m, respectively. After long time
integration to improve the Signal-to-Noise Ratio (SNR), the

Atmos. Chem. Phys., 25, 14763-14775, 2025

G. Chen et al.: Metal layer depletion during the super substorm on 4 November 2021

time resolutions of the output data are one hour. Due to the
very low received signal power, the range integration is exe-
cuted for the Ni layer observation and the range resolution of
the output data becomes one kilometer.

The detection threshold of the lidars is defined as the back-
ground noise plus two times the noise standard deviation
(Gao et al., 2015). The error of the lidar photon counting is
inversely proportional to the square root of the return photon
number, and the error of the measured metal atom density
determined by the error of the photon counting is no more
than 5 %.

The absolute density can be estimated by the following
standard lidar equation (Megie et al., 1978; Gerding et al.,
2018; Chu and Papen, 2005),

Ns(:,2) = NgAr 22 or (M)
Nr (%, zr) — N At 212{ Oatom (1)

Natom (2) = 1R (ZR) (1)
The reference altitude zr is usually selected between 30—
45km, and z represents the altitude of the resonant fluo-
rescence scattering region, and ng (zr) is the atmospheric
total number density at the reference altitude, which can
be obtained from the NRLMSISE-00 model. Ng(A,z) and
NR (A, zr) are the return photon numbers from the altitude
z and the reference altitude zR, respectively. Np is the re-
turn photon number from the noise altitude generally at 150-
190km. X represents the wavelength of Na (589.158 nm),
Ca (422.6728 nm), and Ni (341.5744 nm). At 30 km altitude,
the Rayleigh backscattering cross section og (589.158 nm)
for Na is 4.14 x 10732 m? sr~! and the effective backscatter-
ing cross section of resonance oaom (589.158 nm) for Na is
5.22 x 10719 m? 51! the og (422.6728 nm) for Ca is 1.28 x
10731 m? sr! and the o4i0m (422.6728 nm) for Ca is 2.23 x
10719 m2 sr!. At 40km altitude, the og (341.5744nm) for
Ni is 3.55 x 1073 m2 sr! and the oyem (341.5744nm) is
1.58 x 10717 m? sr—!. When calculating the absolute density
of the Ni layer, it is also necessary to consider the branching
fraction of the transition lines of the received return photons
(Wu et al., 2021).

The number of return photons should be proportional to
the flux of the transmitted laser photons. However, for large
laser intensities, the returned fluorescence photons are no
longer proportional to the laser power, but less than expec-
tations. Thus, the saturation effect occurs. The content of Ni
atoms in metal layer is relatively low, so its saturation effect
is generally not considered. The energy of Na lidar’s laser is
not high enough to produce saturation effect. The laser en-
ergy emitted by the Ca lidar is relatively large and the diver-
gence angle of the laser beam is very small, thus the satura-
tion effect of the Ca lidar must be considered. Refer to the
method of Megie et al. (1978), Welsh and Gardner (1989),
and Chu and Papen (2005) to estimate saturations, the ra-

tio N]\S/?Z()Z) =91.42 % is obtained (Wu et al., 2020), where

N32(z) is the number of the photons received at height z,
when the saturation effect occurs, and N(z) is the number
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of photons received at height z, when there is no saturation
effect. Thus, we have taken this ratio into account in the ef-
fective scattering cross sections to correct the Ca densities.

All the measured metal densities, including the density
values of different metal atoms at different places, are quan-
titative and can be compared directly.

GUVI is a spectrograph imager on the Thermosphere
Ionosphere Mesosphere Energy and Dynamics (TIMED)
spacecraft. It can provide cross-track scanned images of the
Earth’s airglow and auroral emission in the Far UltraViolet
(FUV) at wavelengths between 110.0 and 185.0 nm (Chris-
tensen et al., 2003). The OI 135.6 nm and N, Lyman-Birge-
Hopfield (140-150nm) data were extracted from the FUV
spectral data and can be used to calculate the global ther-
mospheric column density O/N; ratio, XO/N, (Zhang et
al., 2004). The global O/N, variations can be used to de-
scribe the response of thermosphere-neutral components to
geomagnetic activities.

Thermosphere Ionosphere Electrodynamics General Cir-
culation Model (TIEGCM) is a self-consistent general cir-
culation model of the coupled ionosphere-thermosphere sys-
tem. It can solve the three-dimensional energy, continuity,
momentum and electrodynamic equations of ions and neu-
tral species (Richmond et al., 1992; Roble et al., 1988). The
altitude range of the model is between 97 and 600 km and the
spatial resolution is 1.25° x 1.25° x 0.25 scale heights. The
bottom boundary of TIEGCM is ~ 97 km, solving a series of
equations in the thermosphere and ionosphere system self-
consistently. Solar extreme ultraviolet irradiance and the au-
roral electron precipitation are input in this model (Solomon
and Qian, 2005; Roble and Ridley, 1987). The Heelis em-
pirical model (Heelis et al., 1982) and the monthly tidal cli-
matology (Hagan and Forbes, 2002, 2003) are used as the
high-latitude and the lower boundary inputs, respectively.

3 Results

3.1 Geomagnetic index

Figure 1 shows the variations of Bz, SYM-H (can be seen
as a high-resolution Dst), AE, PC and Kp indices on the
three days of 3—5 November 2021 from top to bottom. These
geomagnetic indexes can be freely accessed in the OMNI-
Web (1963). Before 17:00 UT on 3 November, there was
no geomagnetic activity. The Interplanetary Magnetic Field
(IMF) Bz component in Fig. la began to turn southward
firstly at ~20:00 UT indicating the beginning of the storm
and then it turned southward and northward for many times
until ~12:38 UT on the next day. The SYM-H index in
Fig. 1b shows that the Storm Sudden Commencement (SSC)
began at ~20:00 UT on 3 November and the storm continued
to 5 November. The AE index in Fig. 1c presented several
peaks. The first peak emerged at 21:45 UT on 3 November
with the maximum value of 2379 nT, and many AE peaks
followed. There are two peaks exceeded 3000 nT at 09:13
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and 11:25 UT on 4 November, indicating the occurrence of
super substorm. The variation of the Polar Cap (PC) index of
the Northern Hemisphere in Fig. 1d can be used as an indica-
tor of the level of Joule heating. The PC index has exceeded
10mVm~! for many times, and the maximum PC index of
18.43mVm~! emerged at ~22:00 UT on 3 November, in-
dicating the polar region Joule heating events have occurred
many times, including one intense heating event at least. The
Kp index used to characterize the magnitude of geomagnetic
storms is shown in Fig. le. The Kp index exceeded 5 at
21:00 UT on 3 November and reached its maximum of 7.7 at
09:00 UT on 4 November, indicating the strong geomagnetic
storm happened. The green and red dashed boxes in Fig. 1
are used to indicate the observation periods of the lidars in
the nights of 3 and 4 November. The geomagnetic indexes
show that the influence of the storm began in the daytime of
4 November, at that time, the lidars didn’t work.

3.2 Observation results of the lidars

Morphological structures of the metal layers between 75—
120 km height in the night are displayed in Fig. 2. The metal
atoms dataset is accessed at the Zenodo website (Xu and
Chen, 2025). The observations on the storm day of 4 Novem-
ber 2021 are shown in the third column as highlighted by the
red dashed box. The observations on the reference days are
shown in the first and third columns. The monthly average of
the observations in November 2021 is displayed in the fifth
column. The observed Na layer in Pingquan, the Na, Ca, and
Ni layers in Yanqing are shown from top to bottom rows in
sequence. The observation time of the lidars is set between
10:00 and 21:00UT (18:00 and 05:00LT of the next day),
usually, and the weather conditions will determine the exact
time of observation. Compared to the conference days and
the monthly average, the density of the Na layer density in
Pingquan, the Na, Ca and Ni layer density in Yanqing were
obviously lower on 4 November. The maximum Na density
in Fig. 2b and f was no more than 3600 atoms cm™3, and the
Na layers were distributed in a narrow altitude range of 90—
96 km, but the Na layer on other days emerged in wider al-
titude range with much higher peak metal density. The Ca
layer in Fig. 2j on 4 November almost disappeared and the
maximum Ca density was as lower as 16.6 atoms cm™>. The
Ca layer presented very high density on the reference days,
and the peak density had exceeded 80 atoms cm ™. For a long
time in Fig. 2i, the monthly average of Ca layer density ex-
ceeded 40 atoms cm 3. The maximum density of the Ni layer
in Fig. 2n was lower than 110 atoms cm™3, also lower than
on the reference days in Fig. 2m and o, and much lower than
monthly averages in Fig. 2p.

The average altitude profiles of the measured metal layer
density in a day are displayed in the first column of Fig. 2.
The average profiles recorded on the storm day are shown as
red curves, those recorded on the reference days before and
after are shown as blue and green dashed curves, respectively,

Atmos. Chem. Phys., 25, 14763-14775, 2025
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v. Observation period on 4 Nov.

-5
8 1
7 ]
6 :
5 1
24 !
3 ! i
2 T 1
1 1
0 : L S .
00 04 08 12 16 20 00 04 08 12 16 20 00 04 08 12 16 20 00
Nov. 3 Nov. 4 Nov.5

UT (Hour) on 3-5 Nov. 2021

Figure 1. Geomagnetic indexes. (a) Bz, (b) SYM/H, (c¢) AE, (d) PC and (e) kp indexes on 3—-5 November 2021. The green and red dashed
boxes indicate the observation periods of the lidars in the nights of 3 and 4 November. The red up arrow in the bottom plot is used to indicate

the beginning of the simulated O density enhancement in MLT region.

and the average profiles of the monthly average are shown as
the gray dashed curves. There is an error in the measurement
of photon counts by a lidar, thus there is also uncertainty in
metal density measurements. The error bars on the profiles
are used to indicate the uncertainty of the estimated metal
density at different altitudes. The maximum Na, Ca and Ni
densities on the storm day in Fig. 2q, s, t are lower than on
reference days and month averages, and the their height dis-
tributions are also narrower. The maximum density of the red
Na density profile in Fig. 2r is lower than the green and gray
profiles, but its is almost equal to that of the blue profile. The
height distribution of red profile is narrower than the blue
one, thus the Na layer density on the storm day was gener-
ally lower than on 3 November.

Atmos. Chem. Phys., 25, 14763-14775, 2025

Figure 3 presents the average column abundance of the
metal layers on each observation day of October and Novem-
ber 2021 and the observations of the Na column abundance in
Pingquan, the Na, Ca and Ni column abundance in Yanqing
are listed from top to bottom in sequence. The average col-
umn abundance of a day can be obtained by integrating the
density profile in the first column of Fig. 2 along the height
between 75-120km. The error bar on the top of each bar
shows the uncertainty of the column abundance. The uncer-
tainty is about one thousandth of the column abundance, thus
error bar is compressed into almost a horizontal line.

In October and November 2021, except for the storm on
4 November, there was only a moderate storm occurring
on 12 October with the Kp index of 6.3 and all the lidars
were not operated on that day. There is no obvious regu-
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Figure 2. Lidar observations of the metal layers. The lidar observations of the Na density in Pingquan, as well as the Na, Ca and Ni density
in Yanqing are listed from top to bottom row. The observations on the substorm day of 4 November 2021 are displayed in the third column
and highlighted by the red dashed box. The observations on the reference days are shown in the second and forth columns. The monthly
average of November is shown in the fifth column. The first column shows the altitude profiles of the average metal density for a day, and
the error bar indicates the uncertainty in density measurements. LT = UT + 8 h.

larity in the day-to-day variation of the metal layer in the
two months, but the lowest column abundances in all four
plots of Fig. 3 occurred on 4 November 2021 as shown by
the red bars. We have estimated the correlations between the
different metal layer data in Fig. 3, and the correlation coef-
ficients of Pingquan Na-Yanqing Na, Pingquan Na-Yanqing
Ca, Pingquan Na-Yanqing Ni, Yangqing Na-Ca, Yangqing
Na-Ni, and Yangqing Ca-Ni are 0.397, 3.578 x 10’4, 0.507,
0.346, 0.603 and 0.169, respectively. There is little correla-
tion between them. However, this does not mean that they
are not correlated over a longer time scale. If there is no
magnetic storm, the probability of all the four observations
recording the lowest column abundances on the same day
is 1.334 x 10~7. Therefore, the metal layer depletion on 4
November 2021 should be related to the storm.

We also can find that the abundance variation of the Ca has
presented less correlation with other atoms, and the correla-
tion coefficient of Pingquan Na-Yanqing Ca is much lower.
Observations indicate that the Ni and Na layers show close
correlations on the scale of hours (Wu et al., 2022). And the
calcium layer is somewhat unique. Although Ca abundance
has a similar elemental abundance to Na in meteorites, the Ca

https://doi.org/10.5194/acp-25-14763-2025

atom abundance in metal layer is roughly 2 orders of mag-
nitude smaller than Na. Plane et al. (2018) suggested that
CaOH and CaCOs are stable reservoirs for Ca in metal layer,
as a result, more Ca atoms are converted to compounds and
the Ca atom abundance in metal layer is much less than the
Na atom abundance. The Ca abundance variation is more af-
fected by chemical reactions, so it has less correlation with
other metal atoms. The relevance between the Ca and Na in
different places further decreases, thus the estimated correla-
tion coefficient becomes very low.

3.3 Observation results of the GUVI

Joule heating in polar region during magnetic storm can pro-
duce equatorward wind surges and have influence on the
MLT region wind field at mid-latitude (Li et al., 2019). How-
ever, it is difficult to explain the depletion of metal layers
only by the variation of wind field. And the metal layer is
electrically neutral and free from the electric field distur-
bance. During this storm, the atmospheric composition has
changed. The data of the thermospheric ¥0O/N> can be ac-
cessed from the NASA GUVI Team (2002). Figure 4d shows

Atmos. Chem. Phys., 25, 14763—14775, 2025
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Figure 3. Average column abundances of the metal layers. The observations of the (a) Na lidar in Pingquan, as well as the (b) Na lidar, (c)
Ca lidar and (d) Ni lidar in Yanging are listed from top to bottom row. The red bars indicate the observations on the substorm day. Each
vertical bar shows the average column abundance between 75-120 km altitude in one night and all the valid observation results in October
and November 2021 are displayed. The uncertainty of the column abundance is exhibited on the top of each bar.

the average X O/Nj; in the quiet days of Oct. and November
2021, and there was no obvious £0O/N, enhancement region
around the world. But in Fig. 4a—c, the £¥O/N, enhancement
region had extended to mid-latitudes on 3—5 November, and
on the storm day of 4 November, the Yanqing and Pingquan
observation stations had entered the maximum enhancement
region as indicated by the yellow, indicating that the thermo-
spheric ¥O/N; over the two locations increased greatly.

4 Discussion

4.1  Mechanism for storm time O/N> variation

It is difficult to explain the density variations of the neutral
metal atoms in the metal layer by only dynamic process, and

Atmos. Chem. Phys., 25, 14763-14775, 2025

there was no significant changes in the MLT region wind field
as the observation of the meteor radar located in Beijing. The
storm time O/Nj variation as observed by the GUVI is very
likely to induce metal layer depletion. Polar temperature in-
crease due to the Joule heating leads to strong upwelling, and
thermosphere O and N, move upwards with the upwelling
(Prolss, 1980, 2011). Vertical advection during the upwelling
will reduce O and enhance N», thus leads to the depletion of
the O/N;. When the downwelling occurs due to the decreas-
ing temperature gradient, the O density increases and N, den-
sity decreases to enhance the O/N; (Yu et al., 2023). Kil et
al. (2011) studied the O and N> disturbances in F layer dur-
ing the storm on 20 November 2003. They proposed that the
different behaviors of O and N perturbations can’t be simply

https://doi.org/10.5194/acp-25-14763-2025
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Figure 4. GUVI O/N, distribution in the Eastern Hemisphere. The observations on (a) 3 November, (b) 4 November, (¢) 5 November, 2021
and (d) the quiet day for reference are displayed. The black and gray dots represent the locations of Yanqing and Pingquan, respectively.

explained by the upwelling and downwelling in the upper at-
mosphere, and may be related to the global wind circulation,
which may transfer the O perturbations from mid-high lati-
tudes to middle-low latitudes, and this transferring process is
more remarkable in the low F-region than the high F-region
(Mayr et al., 1978; Meier et al., 1995). More importantly, it is
necessary to distinguish the changes in oxygen and nitrogen
atom density.

4.2 Simulation results of the TIEGCM

We apply the TIEGCM to investigate the O and N variation
in thermosphere and mesosphere. The simulated longitude-
latitude distribution of the percentage changes of the XO/N;
from 08:20 to 18:20 UT on 4 November compared to the
quiet days is shown in Fig. 5. The O/N, dataset can be ac-
cessed in the Zenodo website (Yu, 2024). In this simulation,
the O/N; variations are mainly attributed to the equatorward
wind disturbances driven by the Joule heating and the influ-
ence of Coriolis force is in consideration, the details of the
simulated results can refer to Yu et al. (2021, 2023). The
horizontal white dashed lines show the latitudes of +60°.
The simulated £O/N; over Yanqing and Pingquan is 1.0109,
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close to the GUVI measurement of 1.0181 on the storm day,
and the simulation results are quite accurate. Between 08:20—
18:20 UT in Fig. 5, the ¥O/N; over the lidar stations contin-
ued increasing. At 08:20 UT in Fig. Sa, the increase of the
¥ 0/N3 near the gray circle didn’t exceed 20 %, and then it
increased gradually until reaching its maximum at 16:20 UT
in Fig. Se. At 18:20 UT in Fig. 5f, the ¥0O/N; began to de-
crease, but it is still higher than on the quiet days.

Both increase of O density and decrease of N, density can
enhance the O/N». Thus, we investigate the O and N; density
variation at different heights as shown in Fig. 6. Each curve
in Fig. 6a shows the height profile of the storm-quiet time
percentage of O density (solid curve) and N> density (dashed
curve) between 97-200 km. The quiet time values come from
the simulated data on 3 November. The profiles of differ-
ent time are displayed by different colors. Between 05:40—
20:00 UT on 4 November, the AE index in Fig. 1c reached
its maximum and the lidars recorded the lowest metal layer
density in this night. As indicated by the height profiles in
the same duration in Fig. 6a, the enhancement of the O/N;
ratio between 100-200 km altitude was mainly due to the in-
crease of O as well as the decrease of Nj. N> is inert gas and
its density variation is unlikely to have a great influence on
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Figure 5. Simulated global distribution of the column O/Nj (£0/N»). Latitude and longitude/local time maps show the £O/Nj variations
from 08:20 to 18:20 UT on 4 November 2021 with 2 h step. The gray curves in each panel are the zero values. The horizontal white dashed
lines are the latitude of £60°. The gray circle is used to indicate the lidar stations [40° N, 116° E].

the density of the metal atoms, thus we mainly focus on the
O density variation. Figure 6b and c show the O density vari-
ations on the storm day compared with on the reference day
at lower altitudes. In Fig. 6b, the O density enhancements at
150-170 km altitudes were not obvious, and only appeared
in a short duration between ~ 10:00-13:00 UT. However, at
the lower heights in Fig. 6c, the O density increased even
higher and earlier. The enhancement occurred at ~02:30 UT
on 4 November and continued to the next day. The begin-
ning of the O enhancement is indicated as a red up arrow
in Fig. le, and the metal layer dissipation should start in the
daytime, when the lidars didn’t work. The largest increase
was 1.9 x 10'% atoms cm—3 at 100 km altitude at 14:00 UT.
This increment is much higher than the density of the metal
layer. As suggested by previous studies, the storm-time O
density enhancement is more in the low F-layer due to the
global wind circulation, and the increased oxygen in this re-
gion can extend to the E region due to the effect of down-
welling (Yu et al., 2023; Kil et al., 2011). Thus, the O in-
creases in lower thermosphere were bound to influence the
O variations in the metal layer at an altitude of 80—100 km
by molecular diffusion and downwelling, resulting in the O
density increase there.
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4.3 Mechanism for metal layer depletion

Metallic elements are not stable in the Earth’s atmosphere,
and they will constantly shift between ions, atoms, and com-
pounds. The released Na atoms from meteoroids will be oxi-
dized by O3 to form NaO (Reaction R1) in MLT region, and
further react with HyO or H; to form NaOH (Reactions R2
and R3). NaHCOs3 is the recombination of NaOH with CO;
(Reaction R4) and it is the major reservoir for Na on the bot-
tom side of the metal layer (Gémez Martin and Plane, 2017;
Plane et al., 2015; Yuan et al., 2019). NaHCO3 is converted
back to Na either by photolysis (/4v) or by reaction with atom
H (Reactions R5 and R6). While the O density increases,
more Na atoms will become NaHCOj3 to reduce the Na den-
sity.

Na+ O3 — NaO + O, (R1)
NaO + H,0 — NaOH + OH (R2)
NaO + H; — NaOH + H (R3)
NaOH + COz(+M) — NaHCOj3 (R4)
NaHCOs3 + hv — Na+ HCO; (R5)
NaHCO3 +H — Na+ H,;CO;3 (R6)

Ni atoms in MLT region is oxidized by O3 and O; to form
NiO and NiO», respectively (Reactions R7 and R8). These

https://doi.org/10.5194/acp-25-14763-2025
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Figure 6. Simulated oxygen density variations at different altitudes.
(a) Storm-quiet time ratio of O and N, density between 95-200 km
altitude from 05:40 to 20:00 UT on 4 November 2021. Oxygen den-
sity variation at (b) 150, 160 and 170 km altitudes, as well as at (c)
100, 102 and 104 km altitudes on the substorm day and reference
day.

two Ni compounds further react with O3, O,, CO», and H,O
to form higher oxides, carbonates, and hydroxides (e.g. Re-
actions R9—-R14), therein, NiOH, Ni (OH), and NiCOs is the
major reservoir for Ni. These higher compounds will be con-
verted to NiOH and NiO, which are finally converted back
to Ni by reaction with atom H and O, as well as CO (Re-
actions R15-R17) (Daly et al., 2020). The increased O will
convert more Ni atoms into the compound reservoir to dissi-
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pate the Ni layer.

Ni+ O3 — NiO+ O, R7)
Ni+ O2(+M) — NiOy (R8)
NiO + O3 — NiOy + O, (R9)
NiO + O, — ONiO, (R10)
NiO + COy(4+M) — NiCO3 (R11)
NiO + H>O(+M) — Ni(OH); (R12)
Ni(OH), + H — NiOH + H,O (R13)
NiO; + O3 — ONiO; + Oy (R14)
NiOH +H — Ni+H,0 (R15)
NiO+ O — Ni+ 0, (R16)
NiO + CO — Ni+ CO, (R17)

Ca atoms in atmosphere will be converted into the com-
pounds, such as CaO, CaOH, 0,CaCO3, OCaOH, CaCOs3
and so on (e.g. Reactions R18-R26). When the O density at
the metal layer heights continues to increase, it is likely to
promote the formation of O,CaOH (Reaction R24), which
slows the conversion of CaOH to atomic Ca by reacting
with atomic H (Reaction R27) (Gémez Martin and Plane,
2017). And then O,CaOH will convert to the stable com-
pound CaOH (Reactions R25 and R28). CaOH will further
convert to the stable compound CaCOj3 and enter into a sta-
ble chemical cycle as indicated by Reactions (R24), (R29)-
(R31). CaOH and CaCOs are stable reservoirs for Ca (Plane
et al., 2018). As a result, the increased O density converts
more Ca atoms to the stable compound reservoirs, thus the Ca
layer has suffered much severer dissipation during the storm
as shown in Fig. 2.

Ca+ 03 - CaO+ O, (R18)
Ca+ Oy(+M) — CaO, (R19)
CaO + COx(+M) — CaCO3 (R20)
CaO + H,O(4+M) — Ca(OH), (R21)
Ca(OH); + H — CaOH + H,O (R22)
CaCO3 +H — CaOH + CO, (R23)
CaOH + Oy(+M) — 0,CaOH(+M) (R24)
0,Ca0OH + O — OCaOH + O, (R25)
CaCO3 + Oy(+M) — 0,CaCO3 (R26)
CaOH+H — Ca+H;0 (R27)
OCaOH + O — CaOH + O, (R28)
0,CaCO3 + O — OCaCO3 + Oy (R29)
0CaCO3 + 0O — CaCOs3 + O, (R30)
CaCO3 + Oy(+M) — 0,CaCO3 (R31)

Figure 7 is drawn to demonstrate the possible mechanism
for the metal layer depletion during the super substorm. The
high-energy particles enter the earth to enhance Joule heat-
ing and increase upper atmosphere temperature (Burns et al.,
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Figure 7. Schematic of the metal layer depletion during a storm. The red circular arrows indicate that high-energy particles have entered
the earth. The white transparent area indicates the atmospheric expansion in polar region due to auroral heating, and the yellow arrows show
the directions of the heating driven winds with the influence of Coriolis force. The color on the earth indicates the magnitude of the O/N»,
decreasing in order from red, yellow, green to blue. The translucent dots represent oxygen atoms. Layers of earth’s atmosphere are displayed.
The red circle around the earth is used to represent the metal layer, and lighter colors indicate lower density.

1995). The temperature enhancements change the horizon-
tal pressure gradient, in conjunction with the ion drag, drive
horizontal wind perturbations to modify the global thermo-
spheric circulation. It should be noted that the storm-time
horizontal winds are usually influenced by the Coriolis force
due to the Earth corotation during the storm evolution (Yu
et al., 2022). The storm-induced divergent and convergent
winds induce the atmospheric upwelling and downwelling,
thus composition changes at high latitudes, which are trans-
ported to lower latitudes by the horizontal winds. O increases
mainly occur at lower altitudes (Yu et al., 2021), like that
around the height of the metal layer as shown in Fig. 6.
Metal elements in metal layer cycle between atomic, ionic,
and compound states, reaching a conversion equilibrium. The
enhancement of O density in the storm has broken this equi-
librium, more metal atoms will react with the increased O
to produce more metal compounds, thus the density of metal
atoms in the metal layer decreased as the lidars observed.

5 Conclusions

Though the density of atmospheric metal layers is varying
day to day, the Na, Ca and Ni densities recorded by the Yan-
qing lidar on the storm day were significantly lower than on
other days, and the Na density recorded by the Pingquan li-
dar was also lowest in the two months. It is quite certain that

Atmos. Chem. Phys., 25, 14763—14775, 2025

the super substorm has induced the depletion of the metal
layers. The increase of the O density in the MLT region is
considered to consume the metal atoms.

Magnetic storms affect the ionosphere and thermosphere
by disturbing the electric field and wind field usually. Metal
layers are located at a lower altitude, where the ambient at-
mospheric density is much greater. It is generally believed
that the influence of magnetic storms is difficult to reach the
altitudes of metal layer. Our observations present two very
interesting phenomena, one is that the effects of magnetic
storm have penetrated through the thermosphere and reached
the MLT region, and the other is that the pathway of storm
influence is no longer the usual electrodynamic process, but a
chemical process. The storm has provided us a very nice op-
portunity to record the responses of the metal layer to break-
ing of the chemical equilibrium in MLT region. It implies
that magnetic storms have a broader impact on Earth’s atmo-
sphere, and a new horizon is opened up for us to study of the
impact of magnetic storms on the Earth’s space environment.

This observation was carried out only at mid-latitudes of
China. However, what happens at other latitudes is unknown,
especially more significant impact may occur at higher lati-
tudes as Fig. 4 indicated. Thus, it is necessary to record the
storm influence on mesospheric metal layers at different lati-
tudes for more latitude coverage. The new observation station
in Mohe, Heilongjiang province, China (122.37°E, 53.5°N)
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G. Chen et al.: Metal layer depletion during the super substorm on 4 November 2021

is now in operation. We will report more observation results
at higher latitude in the coming years.

Data availability. The data of  metal atoms can
be publicly obtained in the Zenodo website
(https://doi.org/10.5281/zen0do.15003983) (Xu and Chen,
2025). The geomagnetic indices can be freely accessed in the OM-
NIWeb (1963) (https://omniweb.gsfc.nasa.gov/). TIMED GUVI
observations of O/Ny column density ratios are available from
https://guvitimed.jhuapl.edu/ (NASA GUVI Team, 2002). The
TIE-GCM simulation datasets supporting this study are available
in the Zenodo website (https://doi.org/10.5281/zenodo.14232870)
(Yu, 2024).
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