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Abstract 

We have performed a statistical data analysis on relationship between simultaneous Na density data and cosmic 
noise absorption (CNA) data, which is an indicator for energetic particle precipitation, obtained at Syowa, Antarctic 
in 2000–2002. It is found that the Na densities around the topside of Na layers (above ∼ 95 km height) tended to be 
smaller when the CNA was larger. The amounts of Na density responses, i.e., Na density decrease or Na loss, were 
increasing with magnetic local time (MLT) from dusk hours to dawn hours, and those of CNA responses, i.e., CNA 
increase, were also increasing with MLT. Thus, there were clear negative correlations between the Na density and CNA 
variations. These results indicate that the Na loss around the topside of Na layer would be induced by the energetic 
particle precipitation, and its effect would be more severe in dawn hours.
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Introduction
The sodium (Na) layer around 80–110-km heights is one 
of the metal layers existing in the Earth’s upper atmos-
phere, and has been widely used as a valuable observa-
tion target to study the upper atmospheric science using 
the lidar technique (cf. Chu and Papen 2005, and refer-
ences therein). The height range, i.e., 80–110-km heights, 
is corresponding to the mesosphere and lower thermo-
sphere as well as the ionospheric D and E regions. At 
high latitudes, energetic particles precipitating from the 
magnetosphere can often penetrate into the E region 
and even into the D region. For example, electrons with 
energy of 20 keV can penetrate into ∼ 90 km height (cf. 
Turunen et  al. 2009). Thus, the influence of energetic 
particles on the Na layer is of interest regarding changes 
in atmospheric composition accompanied by auroral or 
geomagnetic activity.

There have been several previous investigations related 
with this issue (von Zahn et al. 1987; Nomura et al. 1987; 

Gu et  al. 1995; Heinselman et  al. 1998; Heinselman 
2000; Tsuda et  al. 2013; Takahashi et  al. 2017; Tsuda 
et al. 2017). In most of them, event-based investigations 
(without statistical dataset) were performed, and those 
reported conflicting results and/or suggestions regarding 
the response in the Na density to auroral activity. In some 
cases, the Na density increased (von Zahn et al. 1987; Gu 
et  al. 1995), and in others, it decreased (Nomura et  al. 
1987; Heinselman et  al. 1998; Heinselman 2000; Tsuda 
et al. 2013; Takahashi et al. 2017).

Contrary to those works, Tsuda et  al. (2017) made a 
statistical investigation on the global response in the Na 
layer to geomagnetic activity using Na density data from 
2004 to 2010 obtained using the Optical Spectrograph 
and Infrared Imager System (OSIRIS) on board the Odin 
satellite. As the results, they found a significant decrease 
in the Na density above ∼ 95 km height in both the 
southern and northern polar regions during the geomag-
netically active periods. The reason for the Na density 
decrease is considered to be as follows (cf. Heinselman 
2000; Takahashi et  al. 2017, and references therein). 
First, ionization by energetic particles related with geo-
magnetical activity can produce NO+ and O+

2  ions. 
Then, the following charge transfer reactions, namely, 
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Na+NO+ → Na+ +NO and Na+O+
2 → Na+ +O2 , 

can lead to the loss of Na and at the same time the gen-
eration of Na+ . In this way, it is considered that the ener-
getic particles can be an important factor to induce such 
Na-layer variations.

Furthermore, the reason why there was no significant 
Na decrease below ∼ 95 km can be explained by consid-
ering shorter lifetimes of Na+ at lower heights (Tsuda 
et  al. 2017). As mentioned above, the Na decrease and 
Na+ increase can be induced at the same time due to the 
charge transfer reactions with the enhanced ionization 
(cf. Heinselman 2000; Takahashi et al. 2017). After that, 
the produced Na+ can be converted back to Na with the 
Na+ lifetime, which is generally shorter at lower heights, 
e.g., 102 s at 90 km, 103 s at 95 km, and 104 s at 100 km (cf. 
Matuura et al. 2013). Thus, at lower heights, the decrease 
in the Na density can be more limited.

In the present study, we perform a statistical analysis on 
such Na layer responses using Na density data, together 
with cosmic noise absorption (CNA) data. Those data 
were obtained from simultaneous observations at Syowa, 
Antarctic ( 69.0◦ S , 39.6◦ E ). Utilizing the ground-based 
observational data, we can investigate local-time char-
acteristics in the Na-layer response for the first time. It 
should be noted that it was difficult to see such local-time 
variations in the Na-layer response from the statistical 
investigation by Tsuda et al. (2017) because of the dataset 
obtained from the polar orbit satellite, Odin.

Data
Na density
Na lidar observations were carried out, as a part of the 
Japanese Antarctic Research Expedition (JARE) observa-
tions, at Syowa ( 69.0◦ S , 39.6◦ E ) in Antarctica between 
2000 and 2002 (cf. Kawahara et al. 2002, 2004, 2011). In 
this laser remote sensing, laser pulses tuned to the Na D2 
line (589 nm) were transmitted vertically, and it induced 
Na resonance scattering in Na layers above Syowa. The 
scattering signals were collected with the telescope, and 
then detected with the photomultiplier tube (PMT) 
through the optical system including the narrowband 
filter. The regular operations with the two-frequency 
technique (cf. She et al. 1990) provided neutral temper-
ature and Na density data. The accumulated dataset in 
2000–2002 consists of 254 nights. In the present analysis, 
we used Na density data, derived from 12-min and 2-km 
integration, of the whole nights, i.e., 254 nights. Thus, the 
time and height resolutions of the Na density data were 
12 min and 2 km, respectively.

CNA
CNA is an absorption of cosmic radio noise in the ion-
ospheric D region, which is caused by the ionospheric 

electron density enhancement due to energetic particle 
precipitation. Thus, CNA data can be used as a proxy for 
energetic particle precipitation into the D region, and it 
were obtained from the imaging riometer with an 8× 8 
dipole antenna array at Syowa (cf. Yamagishi et al. 2000). 
The observations provided CNA data for 8× 8 beams 
in an area of about 200-km× 200-km at an altitude of 
90 km. The observation frequency was 30 MHz, and the 
data sampling rate was 1 Hz. Precipitation of 10–100-
keV electrons into 80–100-km heights could be mainly 
monitored by the CNA observations. For comparisons 
with the Na density data, we selected CNA data from a 
single direction, which was a near-vertical direction, dur-
ing the same days as the Na density data, i.e., 254 days in 
total. Here, the center of 24-h data for each day was set to 
the local midnight at Syowa, i.e., 00:00 local time (LT) = 
21:00 magnetic local time (MLT) = 21:00 universal time 
(UT). Then, 12-min averaged CNA data were calculated 
to fit the time resolution of the Na density data.

Results
Direct comparison between Na density and CNA
Figure 1a shows a comparison between simultaneous Na 
density data at 105 km and CNA data, as an example. It 
seems that there was a large variability, and its correla-
tion coefficient (CC) was very small ( −0.065 ). This would 
be mainly due to large variations in the Na density, which 
may be due to seasonal, day-to-day, diurnal, and other 
variations. In addition, the narrow lidar beam, compared 
with the wide riometer beam, may contribute to the large 
variability to some extent. We may see a tendency that 
Na densities were lower ( < 1.5× 108 m−3 ) when CNA 
was larger ( > 1.5 dB ), while the number of data for such 
larger CNA may not be enough.

Here, to see in more detail, we separated data into 
two groups based on CNA values. One is CNA of 
0–0.25 dB, which corresponds to a quiet condition. The 
other is CNA of 0.25–2 dB, which corresponds to an 
active condition. The total number of data points for 
the quiet condition was 3148, and that for the active 
condition was 2847. We counted numbers of data 
points for each bin in the Na density for each group, 
and then normalized it with the total numbers of data 
points for each group. After that, we applied fittings 
with the lease-squares method assuming a log-normal 
distribution ( f(x) = A√

2πσx
exp

(

− (lnx−µ)2

2σ 2

)

 ). In this way, 
we obtained probability density functions (PDFs) for 
the two groups, as shown in Figs. 1b and c. The median 
( eµ ) of PDF for the quiet condition was 
1.8× 108 ± 1.2× 107 m−3 , and that for the active condi-
tion was 1.4 × 108 ± 5.9× 106 m−3 . Thus, there was a 
significant difference between them, and the median Na 
density for the active condition was smaller. The mode 
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( eµ−σ 2 ) for the quiet condition was 
4.0× 107 ± 4.7× 106 m−3 , and that for the active con-
dition was 4.8× 107 ± 3.5× 106 m−3 . Thus, the differ-
ence between them was not so clear. The standard 
deviation ( 

√

e2µ+σ 2
(

eσ
2 − 1

)

 ) for the quiet condition 
was 6.7× 108 ± 7.8× 107 m−3 , and that for the active 
condition was 3.2× 108 ± 2.4 × 107 m−3 . Thus, there 
was a significant difference between them, and the 
standard deviation for the active condition was smaller.

We did same data processing for Na density data from 
85 to 105 km, and then the obtained median values of 
PDFs are shown in Fig.  2a. Also, the deviation between 
the median values ( Naactive−Naquiet

Naquiet
× 100 (%)), where 

Naactive is the median Na density during the active condi-
tion, and Naquiet is the median Na density during the 
quiet condition, are shown in Fig.  2b. The results at 
95–105 km were basically similar to those at 105 km, 
which is mentioned in the previous paragraph (see 
Fig. 1), and thus, it is found that the median values above 
95 km for the active condition were significantly smaller 
than those for the quiet condition. The deviations above 
95 km correspond to 10–20% decreases (i.e., −10 to 
−20% ) in the Na density.

MLT characteristics
For investigation on the MLT characteristics, we used 3-h 
ap indices which indicate geomagnetical or auroral activ-
ity. In similar way as the CNA data, we selected ap indi-
ces during the 254 days and calculated 24-h averaged ap 
index from 09:00 MLT to 09:00 MLT, i.e., the center of 
time interval was set to the local midnight, 00:00 LT = 
21:00 MLT = 21:00 UT. It should be noted that the calcu-
lated daily averaged ap index is different from the normal 
daily averaged ap index, Ap index, which is the averaged 
ap indices from 00:00 UT to 24:00 UT. We defined quiet 
days as days with the daily averaged ap index of < 10 , and 
active days as days with that of ≥ 10 . Thus, we catego-
rized the Na density and CNA data into data of 153 quiet 
days and data of 101 active days.

To see statistical features, we calculated median values 
from the datasets at each time and height for each activ-
ity level. Figure  3 shows MLT-height variations in the 
median Na densities during the quiet and active days. It 
should be noted that the data coverages were limited dur-
ing nighttime (14:00–30:00 MLT) because of the Na lidar 
observations during dark sky. In both the quiet and active 
days, Na layers were distributed at 80–105-km heights, 
and its density peaks were located at ∼ 90 km height. 
Overall, it seems that there was no big difference between 
the median Na densities during the quiet and active days, 
but we can see some slight differences around the top-
side of Na layers ( ∼ 100 km height). At ∼ 100 km height, 
the median Na densities during the active days were a bit 
smaller than those during the quiet days.

For more detailed inspection, Fig. 4 shows MLT varia-
tions of the Na densities at 97–103-km heights during the 
quiet and active days, together with the CNA variation. 
Variations of Na densities and CNA of each day were 
quite large, which may be due to seasonal, day-to-day, 
diurnal, and other variations. Here, we investigate sta-
tistical features utilizing median values during the quiet 
and active days. At 103-km height, median Na densities 
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Fig. 1  a Comparison between Na density at 105 km and CNA, and 
its correlation coefficient is also shown in the figure. b Probability 
density function (PDF) of Na density at 105 km for CNA of 0–0.25 dB 
(quiet). Black shows data from observations, and red shows a 
fitted PDF with a least-squares method. Derived parameters of the 
fitted PDF are also shown in the figure. c Same as b but for CNA of 
0.25–2 dB (active)
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Fig. 2  a Median values in the fitted PDF of the Na densities from 85 to 105 km for CNA of 0–0.25 dB (blue) and CNA of 0.25–2 dB (red). b Deviation 
between the median values for CNA of 0–0.25 dB (quiet) and CNA of 0.25–2 dB (active) which are shown in a. The horizontal error vars correspond 
to ±1σ
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Fig. 3  MLT-height variations in the median Na densities during a the quiet days (the daily averaged ap < 10 ) and b the active days (the daily 
averaged ap ≥ 10)
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during the active days were ∼ 300 cm−3 at ∼ 15:00 MLT 
and ∼ 150 cm−3 at ∼ 24:00 MLT, and those during 
the quiet days were ∼ 400 cm−3 at ∼ 15:00 MLT and 
∼ 250 cm−3 at ∼ 24:00 MLT. Thus, the median Na densi-
ties during the active days were mostly small compared 
with those during the quiet days, and those during both 
the quiet and active days were decreasing with MLT from 
dusk hours to dawn hours. Similar characteristics can be 
seen in those at 97–101-km heights.

On the other hand, median CNA values during the 
active days were ∼ 0.2 dB at ∼ 21:00 MLT and ∼ 0.5 dB 

at ∼ 30:00 MLT, and those during the quiet days were 
∼ 0.0 dB at ∼ 21:00 MLT and ∼ 0.1 dB at ∼ 30:00 MLT. 
Thus, the median CNA values during the active days 
were mostly large compared with those during the quiet 
days, and that during the active days was decreasing with 
MLT from dusk hours to dawn hours.

To confirm significance in such differences between 
the median values during the quiet and active days, we 
did a statistical test which is the Mann–Whitney U test. 
Then, the median values with more than 98% probabil-
ity were marked by red. It is found that most of such 

103 km

9 12 15 18 21 24 27 30 33
MLT (hrs)

0

200

400

600

800
N
a
 
d
e
n
s
i
t
y
 
(
c
m
-
3
)

a
103 km

9 12 15 18 21 24 27 30 33
MLT (hrs)

0

200

400

600

800

N
a
 
d
e
n
s
i
t
y
 
(
c
m
-
3
)

f

101 km

9 12 15 18 21 24 27 30 33
MLT (hrs)

0
200
400
600
800
1000
1200

N
a
 
d
e
n
s
i
t
y
 
(
c
m
-
3
)

b
101 km

9 12 15 18 21 24 27 30 33
MLT (hrs)

0
200
400
600
800

1000
1200

N
a
 
d
e
n
s
i
t
y
 
(
c
m
-
3
)

g

99 km

9 12 15 18 21 24 27 30 33
MLT (hrs)

0
500

1000

1500

2000

N
a
 
d
e
n
s
i
t
y
 
(
c
m
-
3
)

c
99 km

9 12 15 18 21 24 27 30 33
MLT (hrs)

0
500

1000

1500

2000

N
a
 
d
e
n
s
i
t
y
 
(
c
m
-
3
)

h

97 km

9 12 15 18 21 24 27 30 33
MLT (hrs)

0

1000

2000

3000

N
a
 
d
e
n
s
i
t
y
 
(
c
m
-
3
)

d
97 km

9 12 15 18 21 24 27 30 33
MLT (hrs)

0

1000

2000

3000

N
a
 
d
e
n
s
i
t
y
 
(
c
m
-
3
)

i

9 12 15 18 21 24 27 30 33
MLT (hrs)

-0.5
0.0

0.5

1.0

1.5

2.0
2.5

C
N
A
 
(
d
B
)

e

9 12 15 18 21 24 27 30 33
MLT (hrs)

-0.5
0.0

0.5

1.0

1.5

2.0
2.5

C
N
A
 
(
d
B
)

j

Fig. 4  a–d MLT variations in the Na densities at 97–103-km heights during the quiet days (the daily averaged ap < 10 ). e MLT variation in the CNA 
during the quiet days. f–i Same as a–d, but for the active days (the daily averaged ap ≥ 10 ). j Same as e, but for the active days. Light gray lines 
show variations on each day. Black lines show median values, and lower and upper quantile values of each dataset. Red points indicate data which 
have significant differences ( > 98% probability) in the median values between the quiet and active days
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differences were significant in the cases of Na densi-
ties at 99–103-km heights, but most of those at 97-km 
height were not so significant. In the case of CNA, such 
differences were significant except for 13:00–20:00 
MLT.

To make more detailed comparisons, we calculated Na 
deviations defined as Naactive−Naquiet

Naquiet
× 100 (%), where 

Naactive is the median Na density during the active days, 
and Naquiet is the median Na density during the quiet 
days. On the other hand, CNA deviations were also cal-
culated as CNAactive − CNAquiet (dB), where CNAactive is 
the median CNA during the active days, and CNAquiet is 
the median CNA during the quiet days. It should be 
noted that we did a normalization, i.e., × 100

Naquiet
 , for the 

Na deviation, and it would be useful to compare different 
Na densities at different heights. On the other hand, the 
CNA deviation corresponds to 10× log10(Pquiet/Pactive ), 
because the definition of CNA is 10× log10(Pqdc/Pabs) , 
where Pqdc , Pabs are the received signal powers for the 
quiet day curve and the absorption, respectively. Then, 
Pquiet is the received signal power for the absorption dur-
ing the quiet days, and Pactive is that during the active 
days.

Figure  5 shows MLT-height variations in the Na and 
CNA deviations. Concerning to the Na densities around 
95–105-km heights, significant negative Na responses 
(with > 98% probability), i.e., Na decreases, can be seen 
during most of the period, i.e., 15:00–30:00 MLT. The 
Na deviations were −20% at ∼ 15:00 MLT, and −60% at 
∼ 29:00 MLT. Thus, amounts of the Na decreases were 
larger with MLT from dusk hours to dawn hours. On 
the other hand, most of the Na responses below 95-km 
height were insignificant (with ≤ 98% probability). As for 
the CNA deviations, significant positive CNA responses, 
i.e., CNA increases, can be seen for 20:00–32:00 MLT. 
The CNA responses were opposite to the Na density 
responses, i.e., negative responses. The CNA deviations 
were ∼ 0.1 dB at ∼ 21:00 MLT and ∼ 0.4 dB at ∼ 32:00 
MLT. Thus, amounts of the CNA increases were larger 
with MLT from dusk hours to dawn hours.

Scatter plots as well as CCs of the Na and CNA devia-
tions are shown in Fig. 6. It should be noted that both the 
significant and insignificant data were included for CC 
calculations. It seems that the decreases in the Na devia-
tions tended to be more severe with the increasing CNA 
deviations. For example, at 103-km height, the Na devia-
tions were 0 to −40% when the CNA deviations were 
∼ 0.0 dB , and the Na deviations were −20 to −60% when 
the CNA deviations were 0.1–0.2 dB. The CCs at 103-km 
height have a negative peak around zero lag, and its value 
was about −0.6 . Similar characteristics can be seen also 
at 97–101-km heights. Thus, there were clear negative 
correlations between the Na and CNA deviations.

Discussion and conclusions
As mentioned in introduction, several event-based 
investigations were done, and those reported conflicting 
results and/or suggestions regarding the response in the 
Na density to auroral activity. In some cases the Na den-
sity increased (von Zahn et al. 1987; Gu et al. 1995), and 
in others, it decreased (Nomura et al. 1987; Heinselman 
et al. 1998; Heinselman 2000; Tsuda et al. 2013; Takahashi 
et al. 2017). In addition, Tsuda et al. (2017) made a statis-
tical investigation using Odin/OSIRIS data together with 
AE index, and it showed a significant decrease in the Na 
density above ∼ 95 km height during the geomagnetically 
active periods. However, statistical investigation based on 
comparisons with CNA data (or energetic particle infor-
mation) has not been performed before the present work.

From the direct comparison between Na density and 
CNA data (indicating energetic particles), it is found that 
there were large variabilities in relationships between Na 
density and CNA data (see Fig. 1a). This would indicate 
that the energetic particle effect is not the only major 
contributor to Na density, and many other factors (such 
as seasonal, day-to-day, diurnal, and other variations) 
can contribute to Na density. To extract the effect due 
to CNA, we made comparisons in data distributions (or 
PDFs) during the larger and smaller CNA conditions (or 
the active and quiet conditions). Then, we found the sig-
nificant decrease in the median values of the fitted PDF of 
Na density above ∼ 95 km height in the active condition 
(i.e., the larger CNA condition) (see Fig. 2b). This would 
suggest, for the first time, a direct effect of energetic par-
ticles on the topside of the Na layer around 95–105 km. 
As mentioned in introduction, the reason for the Na loss 
(cf. Heinselman 2000; Takahashi et  al. 2017, and refer-
ences therein) can be explained by the energetic particle-
induced ionization and then the ionization-promoted 
charge transfer reactions, Na+NO+ → Na+ +NO and 
Na+O+

2 → Na+ +O2 . Hence, larger energy flux of the 
energetic particles can cause larger ionization (as well as 
larger CNA), and then more charge transfer reactions by 
more NO+ and O+

2  ions can be promoted. In this way, it 
is considered that the larger Na loss would be induced 
in accordance with the larger CNA (indicating larger 
ionization).

As for the MLT characteristics, it is found that the 
CNA deviation was increasing from 18:00 MLT to 32:00 
MLT (see Fig.  5c). This result would be a well-known 
general feature which was obtained from other riom-
eter observations (e.g., Kavanagh et  al. 2004). The CNA 
increase indicates enhancements of D region electron 
densities, and then such enhancements imply more pre-
cipitation (larger energy flux) of the energetic particles 
(cf. Tanaka et  al. 2005), which would consist of mainly 
10–100-keV electrons. MLT features of such energetic 



Page 7 of 10Tsuda et al. Earth, Planets and Space            (2021) 73:7 	

electrons were investigated by satellite observations (Lam 
et al. 2010). They showed that the energy flux of energetic 
electrons ( > 30 keV ) increased during the active periods 
(with AE index of > 300 nT ), and that the energy flux was 
increasing from 18:00 MLT to 30:00 MLT, i.e., from dusk 

hours to dawn hours. Thus, the observed MLT feature in 
the CNA deviation can be well explained by the MLT fea-
ture of the energy flux of the energetic electrons reported 
in Lam et al. (2010). In addition, Hosokawa and Ogawa 
(2015) showed that peak height of electron density due 
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to pulsating aurora was lower with MLT (from 110 km 
at 27:00 MLT to 100 km at 30:00 MLT), analyzing the 
ground-based observation data obtained at Tromsø, 
Norway ( 69.6◦N , 19.2◦ E ). Their results imply that the 
energy of energetic electrons become larger with MLT, 

and it would be also consistent with the MLT feature of 
the CNA deviation obtained from our statistical data 
analysis.

On the other hand, an importance of the present work 
is the statistical investigation on MLT characteristics on 
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Na density as well as CNA based on the simultaneous 
data from the co-located instruments. The observed MLT 
characteristics in the Na deviations were mostly negative 
(i.e., decrease in Na density) above ∼ 95 km height dur-
ing the active days (see Fig. 5b). The Na deviations were 
well correlated with the CNA deviations, and its CC were 
less than −0.6 , i.e., clear negative correlations. This would 
imply a strong link between them. Thus, these observed 
MLT characteristics in the Na- and CNA-deviations 
would be observational evidences for the Na loss induced 
by the energetic particle precipitation during geomag-
netic active days, and it suggests that the effect on the Na 
layer would be more severe in dawn hours. Furthermore, 
the results in the MLT characteristics are well consistent 
with that from the direct comparison. These statistical 
results from the present work would be also consistent 
with those by Tsuda et al. (2017).

As discussed above, the main cause for the larger 
Na loss around dawn hours would be due to the larger 
energy flux of the energetic particles around dawn hours. 
Such larger energy flux around dawn hours can be com-
ing from the magnetospheric processes such as pitch 
angle scattering by lower-band chorus waves (cf. Lam 
et  al. 2010; Miyoshi et  al. 2015, and references therein), 
but it is beyond the scope of the present work.
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