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宇宙空間に流出する惑星大気
真空紫外線で撮像された地球 (100-200 nm) 

• 太陽光 (Lyman-α) が地球大気を取り囲んで広がる水素で散乱
• 地球大気起源の水素が流出していることを示唆
• 大気散逸は惑星大気と表層環境進化の要因の一つ

Rairden et al. (1986)
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Catling & Kasting (2017)

大気圧 p は高度 z に応じて 
減衰 

H はスケールハイト, 

上層に行くに従い、 
化学組成が不均質
(homopause)になり、 
やがて大気は非衝突系 
(exobase)となる 

⇒大気散逸
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大気散逸過程の分類

!4

熱的散逸:  
大気成分がその熱エネルギーによって散逸 
• Jeans’ escape (ジーンズ散逸) 
• Hydrodynamic escape (流体力学的散逸) 

非熱的散逸:  
個々の粒子が光化学反応や太陽風との相互作用など
で加速 
•光化学的散逸 (e.g. 光解離, 解離性再結合) 
•スパッタリング …etc 

天体衝突剥ぎ取り

太陽放射・太陽風

小惑星・彗星衝突



熱的散逸
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Jeans’ escape

Hydrodynamic escape

Maxwell-Bolzmann speed distribution func.
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Catling & Kasting (2017)
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Jeans’ escape

Hydrodynamic escape

Exobaseに存在する水素原子の運動速度,

1

2
mv2 =

3

2
kT

m: 質量 1.67×10-27 kg 
v: 平均速度 
k: ボルツマン定数 1.38×10-23 J K-1 
T: Exobaseの温度 1000 K

v ' 5 km s�1

一方、地球からの脱出速度は
vesc = 11.2 km s�1

従って、現在の地球大気からの熱的散逸
はジーンズ散逸でよく近似できる

熱的散逸



上層大気には 太陽UVによって電離したhot (fast) H+ イオンが存在 

The polar wind:  
磁極からのイオン流出 

Charge exchange (H-H+) 電荷交換:  
Hot H+ イオンが中性原子と電荷交換 
高速の中性原子となって流出 

現在の地球における水素散逸への寄与は 
60-90% charge exchange, 10-40% Jeans’ escape, and 10-15% polar wind

非熱的散逸
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Diffusion-limited (拡散律速)
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Catling & Kasting (2017)

水素のexobaseからの散逸は十分に効率的なため、 
散逸率をコントロールする過程はhomopauseからの分子(原子)拡散

成層圏

対流圏

中間圏

熱圏

ppmv = ×10-6 (体積) 
百万分率
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対流圏で上昇気流が降雨することで、現在の地球からの 
水素散逸率は小さく抑えられている (コールドトラップ)

�dif,i '
bifi

Ha
' 2.5⇥ 10

17
fT(H) m

�2
s
�1

均質圏界面から外気圏界面への拡散フラックスは次式で与えられる

Ha : scale height of atmosphere

bi : binary di↵usion coe�cient of i

fi : volume mixing ratio of I

fT(H) : total hydrogen mixing ratio

fT(H) = fH + 2fH2 + 2fH2O + 4fCH4 + . . .

i

Diffusion-limited (拡散律速)

スケールハイト
相互拡散係数
体積混合率
水素の総体積混合率
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Surface environments of terrestrial planets

軌道半径 0.7 AU 1 AU 1.5 AU
地表面気圧 90 bar 1 bar 0.006 bar
大気主成分 CO2 N2, O2 CO2

地表平均気温 735 K 288 K 210 K
全球平均水深 30 mm 2700 m >20 m
水の主な形態 水蒸気 液体の水 極冠の氷



金星の水の散逸
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金星の軌道半径は液体の水を
保持できるか否かを隔てる境
界に近い 

地球ではコールドトラップに
よって水の散逸は抑えられて
いるが、金星では機能しない 

大気散逸によって金星の水(水
素)はほぼ完全に失われた

上層大気におけるH2O 混合比

Kasting et al. (1993)



火星の気候変動
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火星はかつて液体の水を保持できるほど温暖であった 
⇒ 現在と比較して大量の水と温室効果のある厚い大気が存在した

Warm & Wet? Cold & Dry

~4 billion years ago Present-day
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非磁化惑星からの非熱的散逸
Carr and Head (2003) estimated the volume of a potential
early martian water reservoir from a geomorphological anal-
ysis of possible shorelines. The data suggest that the surface
features can be explained by a primitive (post-Noachian)
martian water ocean equivalent to a global layer with a depth
of about 150 m (Carr and Head, 2003).

The absence of valleys in the younger areas of the north-
ern hemisphere suggests that the liquid water presumably
present during the Noachian epoch disappeared suddenly,
before or during the end of the Late Heavy Bombardment
about 3.8 Ga. Based on the calculation by Kass (2001) that an
equivalent global water layer with a depth of about 50 m
may have escaped to space since the Hesperian epoch (about
3.5 Ga), and assuming that an amount of water equivalent
to a global ocean with a depth of about 20–30 m may still be
retained in the present polar caps, Carr and Head (2003) es-
timated a subsurface water reservoir to be equivalent to a
global ocean with a depth of about 80 m, which may be
trapped in volatile-rich deposits on the surface or in a
groundwater system.

It is important to note that after the Noachian epoch the
martian atmosphere was most likely not protected by a
strong intrinsic magnetic field. Therefore, the solar wind
plasma could interact directly with the upper atmosphere.
Later studies by Leblanc and Johnson (2002) and Lammer et
al. (2003a) of the water loss since the Hesperian epoch, after
the martian magnetic dynamo had ceased operating, indi-
cated that the earlier water loss estimates of 30–80 m (e.g.,
Luhmann et al., 1992; Zhang et al., 1993a; Kass and Yung,
1995, 1996, 1999; Kass, 2001; Krasnopolsky and Feldman,
2001) may be overestimations. The water loss study by Lam-
mer et al. (2003a) included thermal escape, ion pickup, dis-
sociative recombination, and sputtering, and used data of 
solar proxies with different ages to reconstruct the Sun’s ra-
diation and particle environment from the present time back
to 3.5 Ga (Dorren and Guinan, 1994; Guinan and Ribas, 2002;
Wood et al., 2002; Ribas et al., 2005). They estimated a total
loss of water equivalent to a global martian ocean with a
depth of about 12 m over the past 3.5 billion years by as-
suming the self-regulation mechanism between the loss of O
and H, as postulated by McElroy and Donahue (1972).

However, as pointed out by Lammer et al. (2003a), some
additional complex ionospheric processes, such as detached
plasma clouds and cold ion outflow (Fig. 1), might also have
contributed to the erosion of the atmosphere. The ejection of
plasma clouds triggered by plasma instabilities or other pro-
cesses at the ionopause transition region, which were ob-
served at Venus (Brace et al., 1982) and studied by a number
of authors (Wolff et al., 1980; Terada et al., 2002, 2004; Ar-
shukova et al., 2004), should be considered an additional way
by which heavy ions may have escaped from the martian
ionosphere (Penz et al., 2004). Cold ion outflow from the
ionosphere into the martian ionospheric plasma tail, due to
momentum transfer from the solar wind plasma flow (e.g.,
Pérez-de-Tejada, 1992, 1998; Lundin et al., 1989, 1990, 1991,
2007, 2008a, 2008b; Terada et al., 2002, 2004), is another po-
tentially important process. It would be logical to suggest
that the cold ion outflow into the plasma tail could have been
a very efficient loss process on Mars, because the same loss
process was recently identified as one of the most efficient
loss processes from the Venus atmosphere by ASPERA-4 ob-
servations on board Venus Express (Barabash et al., 2007a).

Pérez-de-Tejada (1992) estimated that cold ion escape due
to momentum transport effects may have removed an
amount of water from Mars that would have been equiva-
lent to a global ocean with a depth of about 10–30 m, de-
pending on uncertainties in the solar wind parameters and
the martian plasma environment in the past. Lammer et al.
(2003b) found, for moderate solar activity, a cold O! ion out-
flow loss rate from present-day Mars on the order of "1025

s#1, which is in agreement with the recently observed AS-
PERA-3 ion escape rates into the plasma tail (Lundin et al.,
2007, 2008a, 2008b). Assuming D/H isotopic constraints over
the last 3.5 billion years, Lammer et al. (2003b) estimated a
total water loss from Mars equivalent to a global ocean with
a depth of about 14 m (minimum) to 34 m (maximum). To
derive this estimate, they added together the loss rates due
to O! ion pickup (Lammer et al., 2003a), dissociative recom-
bination loss of hot O* (Luhmann, 1997), O! ion loss induced
by plasma instabilities (Penz et al., 2004), and sputtering of
O, CO, and CO2 (Leblanc and Johnson, 2002). The main un-
certainties in this estimate result from present uncertainties
in the atmospheric and ionospheric parameters and the re-
lated atmospheric escape rates due to plasma instabilities
and cold ion outflow in the transition layer between the so-
lar wind and the martian ionosphere. It should be noted that
in previous estimations of cold ion outflow loss, Pérez-de-
Tejada (1992) and Lammer et al. (2003b) assumed that the
ions escaped through the entire 100% circular ring area
around the terminator. Therefore, the estimated cold ion out-
flow loss rates by these authors should be considered to be
an upper limit.

An important question regarding the loss of the martian
atmosphere and its initial water inventory involves the on-

TERADA ET AL.56

FIG. 1. Illustration of ion pickup, cold ion outflow, plasma
clouds, and sputtering regions around Mars. The dashed line
corresponds to the planetary obstacle (ionopause) and the
solid line to the bow shock. !i is the thickness of the ionos-
phere at the terminator.

磁場を持たない惑星の場合、太陽風が
上層大気と相互作用することで大気散
逸を引き起こす 

イオンピックアップ:  
上層大気中のイオンが太陽風磁場に
よって流出 

スパッタリング:  
ピックアップイオンによって中性粒
子が叩き出される 

Bulk removal (cold ion flow): 
電離した大気の一部が流体的に散逸

Terada et al. (2009)



まとめ
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大気散逸：惑星大気への宇宙空間の流出現象 
熱的散逸：Hydrodynamic escape, Jeans escape 
非熱的散逸：光化学的散逸, Ion pick-up, sputtering など 
数十億年スケールでの惑星の表層環境・気候変動に関連
例：金星・火星の水, 火星の大気


