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研究成果の概要（和文）：本研究では, 地球気候変動や惑星大気の形成進化の理解進展に資するような電離圏組
成, 大気組成の観測的研究を目指し, 最新鋭の波長可変ライダーを最大限活用して集中的な組成観測を実施し
た. 集中観測で取得した組成データと既得の様々な組成データを併せたデータ解析から, 電離圏組成, 大気組成
の微細構造や鉛直運動, オーロラ活動に伴う変動等の調査研究を実施した. 更に, 将来の新たなライダー観測へ
の展開を視野に入れつつ, 新技術や新観測手法の開発への取組みも進めた.

研究成果の概要（英文）：In this research project, we have performed an intense observation of 
ionospheric and atmospheric composition by utilizing a frequency tunable lidar. Our data analysis of
 the obtained data, together with other composition data, have contributed to understanding of fine 
structures, vertical motions, auroral activity-related variations in the ionospheric and atmospheric
 composition. In addition, we have promoted development of new techniques and methods in the lidar 
system for future observations.

研究分野： 超高層大気科学

キーワード： 共鳴散乱ライダー　電離圏組成　大気組成

  １版

令和

研究成果の学術的意義や社会的意義
地球気候変動や惑星大気の形成進化の理解進展に資するような電離圏組成, 大気組成について十分な観測が行わ
れていない現状を踏まえ, 本研究では, 最新ライダー技術を駆使して光リモートセンシングによる組成観測を大
幅に強化し, 電離圏組成, 大気組成の動態について複数の新規知見を得ることに成功した.

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属されます。



様 式 Ｃ－１９、Ｆ－１９－１、Ｚ－１９（共通） 
 
１．研究開始当初の背景 
  レーダー観測を中心とした極域オーロラ現象に関連する電離圏変動の研究, 電離圏変動によ
る中性大気への影響の研究を進める過程で, 超高層領域における組成変動の担う役割の重要性
に着目した. 特に, 地球気候変動や惑星大気の形成進化にの理解に不可欠な電離圏組成, 大気
組成について十分な観測が行われていない現状を踏まえ, 光リモートセンシングによる組成観
測を強化する必要性を認識するに至り, 最新鋭の波長可変ライダーによる複数組成の観測計画
を好機と捉えて本計画を開始した. 
 
２．研究の目的 
  最新鋭の波長可変ライダーを最大限活用して, 電離大気, 中性大気の様々な組成の観測を集
中的に実施し, 超高層領域の電離大気, 中性大気の組成変動に関する観測的研究を推進するこ
とを目指す. 
 
３．研究の方法 
(1) 最新鋭の波長可変ライダーに追加の拡張システムを開発/投入することで電離圏の窒素分子
イオンのライダー観測を実現させて電離圏組成の観測を強化する. 
 
(2) 地上ライダー観測や人工衛星分光観測による既存の組成観測データを有効活用して, 電離
圏組成, 大気組成の観測的研究を展開する. 
 
(3) 新たなライダーシステムによる組成観測の将来展開を視野に入れつつ, 新技術や新観測手
法への取組みに挑戦する. 
 
４．研究成果 
(1) 波長可変ライダーの追加の改良システムとして, 窒素分子イオン (N2

+) の共鳴散乱線 
(391 nm) に送信レーザー (ライダー送信系) を同調する為の波長制御システムを開発した. 開
発した波長制御システムを波長可変ライダーに実装するにあたり, 波長制御システムとデータ
取得システムを連動したタイミング制御を実現する為, ライダーシステム全体の最適化調整, 
及びライダーシステム制御ソフトウェアの改修を重点的に行った. 最終的に, 改良システムを
実装した波長可変ライダーの良好な動作を確認し, 概ね想定通りの性能のライダーシステムを
構築することに成功した (図 1, 2 参照). 南極観測隊の隊員 (研究協力者) の協力を得て, 改
良システムを実装した波長可変ライダーを南極昭和基地へ投入し, ライダーシステムのセット
アップの後に試験観測を実施, その後, 約 2 年間の南極昭和基地での集中観測キャンペーンを
無事に完遂し, 観測データの整備や初期的なデータ解析への取組みを進めた. 現在, 更に詳細
なデータ解析を行い, 学術論文執筆の準備を進めている. 
 
 

 
図 1. 電離圏高度の観測用に計測レンジを拡
張したライダー受信機. 

図 2. 送信レーザー波長制御用の狭線幅レー
ザーシステム. 

 



 
(2) 国立極地研究所 (立川) での Ca+ ライダー観測, 南極昭和基地での Na ライダー観測, 極
軌道衛星 Odin/OSIRIS による Na 分光観測によるデータを収集, 解析し, 電離圏組成, 大気組
成の動態研究を実施した. Ca+ の動態調査では, 高分解能計測データを活用し, 電離圏イオン
の微細構造や鉛直運動について明らかにした (図 3, 4 参照). 
 
 

 

 

図 3. Ca+ ライダーによる高分解能計測で捉
えた電離圏イオンの微細構造 (Ejiri et 
al., JGR, 2019). 

図 4. Ca+ ライダーによる高分解計測で捉え
た電離圏イオンの鉛直運動 (Ejiri et al., 
EPS, 2019). 

 
 
Na の動態調査では, 極軌道衛星によるグローバルデータを活用し, オーロラ活動に伴う Na 変
動の全球分布特性を統計的に明らかにした (図 5 参照). 更に, オーロラ帯に位置する昭和基
地における定点観測データを用いることで, オーロラ活動に伴う Na 変動の地方時特性を明ら
かにした (図 6 参照). 
 
 

 
 

図 5. 人工衛星分光観測による Na 観測デー
タを活用してオーロラ活動に伴う Na 組成変
動の全球分布特性を調査 (Tsuda et al., 
GRL, 2017). 

図 6. 地上ライダー Na 観測データを活用し
てオーロラ活動に伴う Na 組成変動の地方時
特性を調査 (Tsuda et al., in prep., 
2020). 

 
 
(3) 電離圏観測用ライダーの将来的な展開を見据えて, カルシウムイオン (Ca+) を対象とする
新しいライダーシステムの構想を進めた. 新システムでは, レーザーダイオード励起レーザー
を送信レーザーに採用することで高安定かつ高出力の送信レーザー系を構築し, 現システムを
超える性能を目指す構想である. 試験用のレーザーダイオード励起レーザーシステムの基本設
計, 構築, 基礎実験に着手し, 今後の本格的な開発に向けた指針を得ている.  
 

km. Since the observed duration of the K‐H billow‐like structure was 6–7 min, the background wind speed
was estimated as ~40m/s perpendicular to the billow axis. Another region of larger density irregularities (not
enlarged) can be seen clearly between 01:30 and 02:00 LT.

Figure 2a shows the height of the maximum Ca+ density in the main Ca+s layer as a function of time. The
main layer descended with a speed of ~2.8 km/hr, from 107 km at 23:30 LT to ~100 km at 02:00 LT and
stopped at a fixed height of ~100 km from 02:00 LT to 04:00 LT. After 04:00 LT, the data became noisy
because of twilight contamination. This descending motion of the Ca+s layer is similar to a typical descent
of the Es layer observed with IS radars and ionosondes at night in the midlatitude ionosphere (e.g.,
Haldoupis, 2012; Mathews & Bekeny, 1979). According to the physical interpretation summarized in a
review paper by Haldoupis (2012), vertical plasma convergence times are longer at lower altitudes, below
120 km, because of the ion‐neutral collision. Therefore, Es layer formation and descent between 110 and
90 km are controlled by the diurnal tide that phase‐propagates downward (~1.0 km/hr) slower than semi-
diurnal tides. On the other hand, our observation showed that the descending speed of the Ca+s layer was
2.8 km/hr between 107 and 100 km. This speed is close to the downward phase speed of semidiurnal tide
rather than diurnal tide. The atmospheric waves with the wind shear cannot be determined without back-
ground wind measurements, but the height that the Ca+s layer stops descending, at ~100 km in this case,
is probably determined by the balance between the forcing of the vertical wind shear gradient and the drag
on vertical descent, which depends on the ratio of the ion‐neutral collision frequency to the ion gyrofre-
quency ρi. If the vertical moving of the Ca+ is solely caused by the zonal neutral wind without the polariza-
tion field, the vertical velocity ( v!) of the Ca+ during the descending phase can be expressed by the following
equation (Cosgrove & Tsunoda, 2002)

(a)

(b) (c)

Figure 1. (a) Height‐time‐density plot of Ca+ observed with a frequency‐tunable resonance scattering lidar at National
Institute of Polar Research in Japan. High (low) densities are shown by warm (cold) color. The local time is UTC + 9
hr. (b) A clump with high density is enlarged and displayed in the height range of 101–107 km and time range of 00:25–
00:45 LT. (c) A Kelvin‐Helmholtz billow‐like structure is enlarged and displayed in the height range of 100–105 km and
time range of 01:00–01:20 LT.
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speed of ~ 1 km/h (“main Ca+s layer” hereafter), while the 
lower layer was faint. "ese layers became unclear from 
13:45–15:00 UT, until the other layers appeared between 
them (~ 91–97  km). At 15:30–17:00 UT, the main Ca+s 
layer appeared again and descended to ~ 100  km, while 
the lower layer could not be seen. After 17:00 UT, the 
main Ca+s layer was perturbed and showed some insta-
bility-like structures. "e layer height did not change 
from ~ 100  km, though the layer width grew larger. At 
19:15–20:15 UT, which was just before local sunrise at 
100 km, the main Ca+s layer moved upward. At the same 
time, another Ca+s layer appeared at 109 km and moved 
upward. After 20:45 UT, background noise increased due 
to sunrise at ~ 100 km altitude.

"e Es layers were also observed intermittently by the 
ionosonde at Kokubunji. Observed Es layer parameters, 
such as the critical frequency (foEs, shown by red dots) 
and blanketing frequency (fbEs, shown by black dots), are 
displayed in Fig. 2a. "e time after the sunrise at 100 km 
is demarcated by gray hatching. foEs and fbEs both corre-
spond to the maximum and minimum electron densities 
in the Es layer, respectively. "erefore, a large difference 
(∆f) between foEs and fbEs means there is a large differ-
ence between the maximum and minimum electron den-
sities within the field-of-view (FOV) of the ionosonde. 
During the times that the Es layer (foEs) was observed by 

the ionosonde (11:00–11:30 UT, 15:30–16:15 UT, 17:00–
18:30 UT, and 19:00–19:45 UT), the  Ca+ densities were 
relatively higher. Temporal variation of the maximum 
 Ca+ densities at 90–120 km is shown in Fig. 2b where red 
dots indicate the maximum density in 10  min window, 
displayed every 15 min. Temporal variations of maximum 
 Ca+ density and foEs in Fig. 2a, b show that the foEs was 
determined from the ionogram only when the maximum 
 Ca+ densities were larger than approximately 500 cm−3. 
"e correlations between the maximum  Ca+ densities 
and the maximum electron densities estimated from foEs, 
are shown in Fig. 2c. "ey show a strong correlation with 
a coefficient of 0.91 where the maximum  Ca+ density was 
two orders of magnitude smaller than the maximum elec-
tron density. "ese results suggest that  Ca+ contributes 
forming the Es layer as well as major metallic ions  Fe+ 
and  Mg+ in the lower thermosphere.

Characteristic wave-like and irregular structures sur-
rounded by red boxes were seen in the Ca+s layers and 
were enlarged as shown in Figs. 3, 4, 5 and 6. Figure 3a 
shows wave-like structures observed at 91–97  km 
from 13:45 UT to ~ 15:00 UT. "e wave-like structures 
had three layers with a vertical distance of ~ 1.2  km. 
"e upper two layers fluctuated with an observed 
period of ~ 15  min and moved upward with a speed 
of ~ 0.5 m/s. Temporal variations of average  Ca+ density 

Fig. 3

Fig. 4 Fig. 5

Fig. 6

Fig. 1 Time-height cross section of  Ca+ densities observed by the resonance scattering lidar at Tachikawa on December 24, 2014. The irregular 
structures surrounded by red boxes were enlarged and shown in Figs. 3, 4, 5, and 6

Geophysical Research Letters 10.1002/2017GL072801

Figure 4. Height-MLAT distributions of the deviations in the Na density from the quiet-time Na density, i.e., the value
when the maximum AE was 0–100 nT, for (a) a maximum AE index of 300–500 nT and (b) a maximum AE index of
500–800 nT. It should be noted that positive and negative latitudes correspond to the Northern and Southern
Hemispheres, respectively.

other hand, it can clearly be seen that the median value of the Na density tended to decrease with an increase
in the maximum AE index. The upper and lower quartiles also displayed similar trends. It should be noted
that the median, upper quartile, and lower quartile were calculated only for bins that include more than 300
data points. We calculated the correlation coefficients between the maximum AE index and the median, the
maximum AE index and the upper quartile, and the maximum AE index and the lower quartile. The correlation
coefficients were −0.977 for the median, −0.977 for the upper quartile, and −0.984 for the lower quartile.
These results indicate that the Na density at 96 km at 60–70∘S MLAT tended to decrease with an increase in
the maximum AE index.

We performed the same calculations for all the grids. As a result, the height-MLAT distributions of the median
value of the Na density in three cases, namely, a maximum AE index of 0–100, 300–500, and 500–800 nT,
are shown in Figure 3. The distribution when the maximum AE index was 0–100 nT can be considered to
represent normal conditions during a quiet time (without auroral effects). It can be seen that the Na density
above ∼95 km in both polar regions, i.e., the Arctic and Antarctic regions, tended to decrease slightly with an
increase in the maximum AE index.

To give more detail, Figure 4 shows the deviations from the quiet-time Na density, i.e., the value when the
maximum AE index was 0–100 nT. When the maximum AE index was 300–500 nT, as shown in Figure 4a,
negative deviations above ∼95 km in both polar regions can clearly be seen. The greatest negative deviations
in each polar region were located at 98 km at 70–80∘S MLAT and at 100 km at 70–80∘N MLAT, where the
values were as low as −30%. Regarding the Na column density, we found that decreases in the Na column
density integrated over 95–100 km corresponded to a few to several percentages of the Na column density
integrated over 80–100 km, i.e., the total column density. The characteristics when the maximum AE index
was 500–800 nT (see Figure 4b) were basically similar to those when the maximum AE index was 300–500 nT,
but the region of negative deviations expanded slightly to lower latitudes and the lowest values were slightly
less (between −30% and −40%). In addition to these negative deviations, it seems that there may be slight
positive and negative deviations at other heights and MLAT.
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Figure 5. (a) MLT-height variation in the Na-deviation. (b) Same as (a), but insignificant data are

shaded by gray color. (c) MLT variation in the CNA deviation. Red points indicate data which have

significant differences in the median values between the quiet and active days (>98% probability). For

both the Na- and CNA-deviations, negative values indicate decrease during the active days, and positive

values indicate increase during the active days.
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