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1. シュテファン=ボルツマンの法則に従い，地球表面から単位時間に放射される電磁波
(赤外線)のエネルギー [W] を見積もれ (有効数字1桁)．地球の平均気温は15℃とす
る．地球の半径  を用いること． 

2. 地球を構成している物質の比熱を ，平均的温度を 

 とする時，地球の全熱エネルギー [J]を見積もれ (有効数字1桁)．地
球の半径  を用いること． 

3. 1の電磁波が全て地球の冷却に寄与するとした場合，地球が冷却しきるのにかかる時
間を見積もれ (有効数字1桁)．また，計算した冷却時間を地球の年齢 45 億年と比較
し，「現在でも地球内部はまだ暖かい」ことと整合的な結果となっているか，なっ
ていない場合はなぜか考察せよ．

R⊕ = 6.4 × 106 m

cp = 1.0 × 103 J ⋅ kg−1 ⋅ K−1

Tav = 2.0 × 103 K
M⊕ = 6.0 × 1024 kg
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1. 平均気温  とすると，単位時間あたりの放射エネルギーは，
  — (1) 

2. 全熱エネルギー   — (2) 

3. (1), (2)より，地球が冷却しきる時間  は， 

  — (3) 

(3)は45億年より十分短い．(1)の放射エネルギーの大部分は太陽光を吸収した地球表
面がそのエネルギーを再放射したものであり，地球の冷却に寄与しないため．

T = 288 K
F = σSBT4 ⋅ 4πR2

⊕ ∼ 2 × 1017 W

E = cp ⋅ M⊕ ⋅ Tav ∼ 1 × 1031 J

t

t ∼
E
F

∼ 6.0 × 1013 s ∼ 2 × 106 yr



球対称構造モデルの基礎方程式
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静水圧平衡の式   ̶ (1) 

質量保存の式   ̶ (2) 

状態方程式   ̶ (3) 

エネルギー輸送の式   ̶ (4) 

大気構造においては，(3)は理想気体の状態方程式で近似できる場合が多い． 

  ̶ (3)’ 

ここで，  : 個数密度，  : 平均分子質量

dp
dr

= − ρ
GMr

r2

dMr

dr
= 4πr2ρ

p = f(ρ, T )

dT
dr

= − min( ( dT
dr )

cond

, ( dT
dr )

rad

, ( dT
dr )
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ρkBT
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大気の圧力・密度構造
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地球を含む太陽系内岩石惑星の大気は惑星サイズと比較して薄いため、 

  ̶ (1) と近似できる (  は重力加速度)． 

等温・理想気体を仮定して    ̶ (2) から  を消去して解くと、 

  ̶ (3) ここで  は地面からの高さ． 

 ̶ (4) ここで  ̶ (5) は 大気の スケールハイト 

最後に (4)を積分して、   ̶ (6)．  ※大気を等温とみなした 

→  ともに 上空へ  進むごとに  倍ずつ減少していく． 

dp
dr

= −
GM
r2

ρ ∼ ρg g

p =
ρkBT

m
ρ

dp
dz

=
mg
kBT

p z

1
p

dp =
1
H

dz H ≡
kBT
mg

p(z) = p0 exp(−
z
H )

p, ρ H 1/e

r z



圧力と大気質量・柱密度
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  ̶ (1) 

(1)を地表から無限遠まで積分する． 

  ̶ (2) 

∴   ̶ (3) 

大気の柱質量密度  についての式   ̶ (4) を(3)に代入して， 

  ̶ (5) 

→ 大気質量  と地表の気圧  は比例関係にある．

dp
dz

= − ρg

∫
0

p0

dp = − g∫
∞

0
ρdz

p0 = g∫
∞

0
ρdz

Σ Σ ≡ ∫
∞

0
ρdz =

Matm

4πR2

p0 =
Matm

4πR2
g

Matm p0

r z
柱
質
量
密
度
 Σ



地球大気の温度構造
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46 第 4章 惑星大気

図 4-3．地球大気の温度構造。岩波書店『比較惑星学』より転載。
図 4-3に地球大気の温度構造を示す。対流圏は高度とともに温度が下がり、熱圏は高度と
ともに温度が上がる。成層圏と中間圏はまとめて中層大気と呼ばれる。この区分は多くの惑
星大気に共通する。地球大気の場合、オゾン層が存在するという特有の事情により、中層大
気に温度のピークがあり、中層大気が成層圏と中間圏に区分される。大気の各層が異なる温
度分布を持つ要因は、それぞれ重要となる熱輸送過程が異なるためである。

下層大気 (対流圏)：太陽放射を吸収した地面の赤外放射や熱伝導によって、地面付近の大
気は加熱される。加熱されて低密度になった空気が上昇することにより、大気の下層に対流層
が発達する。対流層では赤外放射と対流熱輸送によってエネルギーが上向きに運ばれる。対
流が発達した時、平均的な温度勾配は断熱温度勾配になる。

dT

dz
=

dp

dz

(
∂T

∂p

)

s
= −ρg

(
∂T

∂p

)

s
. (4.5)

ここで、(∂T/∂p)sは断熱圧縮・膨張による温度変化であり、理想気体の場合、
(

∂T

∂p

)

s
=

µ

ρcp
, (4.6)

となる。ここで、µは大気の平均分子量、cpは低圧モル比熱である。地球大気におけるH2O
のように、大気中で凝結する成分が含まれている場合、凝結の潜熱の効果のために (∂T/∂p)s

(3) The mesosphere extends from the stratopause to the
mesopause at ~ 85 km altitude, where the air pressure is
about 1–0.1 Pa (0.01–0.001 mbar)
(4) The thermosphere goes from the mesopause to the
thermopause at about ~ 250–500 km depending on vary-
ing ultraviolet from the Sun. Above the thermopause, the
atmosphere becomes isothermal.
(5) The exosphere lies above the thermopause and joins
interplanetary space. Unlike the other layers that are
defined by the temperature profile, the exosphere is where
collisions between molecules are so infrequent that they
can usually be neglected. The exobase is the bottom of the
exosphere and nearly coincides with the thermopause.

The terminology developed for Earth’s lower atmos-
phere depends upon the presence of the ozone layer in the
stratosphere. Ozone absorbs ultraviolet (UV) sunlight,
which causes temperature to increase with height above
the troposphere and defines the stratosphere. Other planets,
such as Mars, do not have UV absorbers to induce a strato-
sphere, so the geocentric nomenclature for atmospheric
layers breaks down (Fig. 1.2). However, we generally find
analogs in other planetary atmospheres for a troposphere,
mesosphere, thermosphere, and exosphere. On Titan and
the giant planets, absorbers of shortwave sunlight (UV,
visible, and near-infrared) produce stratospheres.

Convection is the key process in tropospheres. On
Earth, radiation heats the surface, so air is warmed near

the ground and lifted upwards by buoyancy. Conse-
quently, air parcels convect to places of lower pressure
where they expand and cool. The net effect of lofted
parcels that cool, and sinking ones that warm, is to main-
tain an annual average temperature decrease from Earth’s
warm surface to the cold upper troposphere of about
6 K km–1 when globally averaged (see Sec. 1.1.3).

Earth’s troposphere contains ~ 80% of the mass of the
atmosphere and this mass, along with the composition of
the air, renders the troposphere fairly opaque to thermal-
infrared (IR) radiation emanating from the planet’s surface.
In general, somewhat below the tropopause, atmospheres
become semi-transparent to thermal-IR radiation. Conse-
quently, transfer of energy by radiation in the upper tropo-
sphere replaces convection as the means of upward energy
transfer at a radiative–convective boundary. Efficient
emission of thermal-IR radiation to space accounts for
the temperature minimum at the tropopauses of many
planetary atmospheres, which occurs above the radiative–
convective boundary for atmospheres with stratospheres.

For planets with thick atmospheres, the tropopause
temperature minimum occurs where the air has thinned to
roughly ~ 0.1 bar pressure (Fig. 1.2). Remarkably, this
rule applies to Earth, Titan, Jupiter, Saturn, Uranus, and
Neptune, and the mid-to-high latitudes of Venus
(Tellmann et al., 2009), despite vast differences in
atmospheric composition. This commonality occurs
because the broadband opaqueness to thermal-IR in upper
tropospheres is pressure-dependent with similar scaling –

varying approximately with the square of the pressure –

despite the differences in atmospheric composition. Since
all these atmospheres have strong and roughly similar
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Figure 1.1 The nomenclature for vertical regions of the Earth’s
atmosphere, shown schematically.

Figure 1.2 Thermal structure of the atmospheres of various
planets of the Solar System. The dashed line at 0.1 allows you to
see the feature of a common tropopause near ~0.1 bar for the
thick atmospheres, despite the differences in atmospheric com-
position. See Robinson and Catling (2014) for sources of data.
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The Structure of Planetary Atmospheres
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Catling & Kasting (2017) 
Atmospheric Evolution on 
Inhabited and Lifeless worlds

松井他編 (1996) 
『地球惑星科学入門』

温度に着目：対流圏，成層圏，中間圏，熱圏 
化学組成に着目：均質圏，不均質圏
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3つの熱輸送メカニズム
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熱伝導 対流

輻射輸送

光学的に厚い(後述)大気下部に対流圏が形成 
対流圏界面より上空では輻射熱輸送 
紫外線を吸収し高温(後述)の熱圏から中間圏へと熱伝導

太陽光

対流

輻射輸送

熱伝導

対流圏

熱圏

熱伝導



太陽放射2.3. 太陽風 27

図 2-3．太陽の放射強度スペクトル。オーム社『宇宙環境科学』より

2.3 太陽風
2.3.1 流体力学の基礎方程式
太陽風を記述するための道具として、ここで流体力学の基礎方程式を導出する。

平均自由行程：微視的には粒子の集合体である気体や液体 (総称して流体と呼ぶ)を、流体
力学では巨視的に平均化して連続体として取り扱う。粒子の平均自由行程 (他の粒子との衝
突の間に移動できる距離)を lとし、対象とする現象の典型的大きさを Lとする。このとき、
l ! Lならば連続体と近似できる。逆に、l " Lもしくは l ∼ Lならば連続体ではなく粒子
として取り扱わなければならない。
平均自由行程 lは、粒子密度 n、粒子の衝突断面積 σを用いて、

l ∼ 1
nσ

, (2.4)

と見積もることができる。地球大気の平均自由行程を見積もると、n = p/kBT ∼ 105/(10−23 ·
102) m−3 ∼ 1026 m−3, σ ∼ 10−19 m2より、l ∼ 10−7 mとなる。これは人体の大きさ (∼ 1 m)
に対して十分小さいため、人間の感じるスケールでは大気は流体として振る舞う。太陽風の
場合、地球軌道付近で平均自由行程が 1 AU程度であり、連続体近似が成り立たないように
思える。実際には、太陽風が電離したプラズマで構成されているため、太陽磁場の磁力線と
ともに運動することにより、連続体的な振る舞いをする (次章参照)。

ここでは簡単のため、粘性を無視した流体 (理想流体)を考える。流体力学の方程式は、流
体の速度 v(r, t)、密度 ρ(r, t)、温度 T (r, t)、圧力 p(r, t)についての方程式であり、質量保存
の式 (連続の式)、運動量保存の式 (オイラーの式)、エネルギー保存の式、状態方程式から成
る。ここで、rは位置ベクトル、tは時間である (太字はベクトル)。

太陽の放射強度スペクトル 
恩藤，丸橋 (2000)『宇宙環境科学』

可視域，赤外域：  (光球面温度)の黒体放射 

短波長放射は高温の外層に由来 
紫外線  → 彩層上部，遷移層 
X線  → コロナ 

プランクの法則 
黒体(全波長の電磁波を吸収・放射できる理想的な物体) 
の熱放射は温度  の関数であるプランク関数分布になる 

  ̶ (1) 

次元は [時間-1, 面積-1, 立体角-1, 波長-1] 

光速: ，プランク定数: ， 
ボルツマン定数: 

5800 K

(10 − 400 nm)
( > 10 nm)

T

Bλ(T )dλ =
2hc2

λ5

dλ
exp(hc/λkBT ) − 1

c = 2.998 × 108 m s−1 h = 6.626 × 10−34 J s

kB = 1.381 × 10−23 J K−1

9



プランク関数の温度依存性
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But we cannot see the most common type of star with the
naked eye, namely M dwarfs, which are red dwarfs.

Types O–M are subdivided into ten subcategories.
For example, the hottest B star is a B0, followed by B1,
B2, and so on; B9 is followed by A0. Our Sun is a

G2-type star. For historical reasons, the hotter stars are
called early types and the cooler stars late types, so that
“B” is earlier than “F,” for example. Table 2.1 shows how
an effective temperature characterizes each spectral type
(see Box 2.1). This temperature applies to a star’s

Table 2.1 Effective temperature (Teff) as a function of the spectral type for main sequence stars.

Spectral type O5 B0 A0 F0 G0 K0 M0 L0

Teff (K) 40000 25000 11000 7600 6000 5100 3600 2200

Box 2.1 Blackbody Spectra and “Effective Temperature”

Every object gives out a spectrum of radiation by virtue of its finite temperature. We can see this in a coal fire: the
hottest parts are blue and emit a wavelength that is shorter than that coming from the parts that glow red or even
cooler parts that radiate in the infrared.

A blackbody spectrum is an idealized spectrum that depends only on the temperature of the source. The
temperature uniquely determines the intensity of emitted radiation as a function of wavelength, including the
wavelength at which the intensity is a maximum. Moreover, when the radiation output is summed over all
wavelengths, the total flux in Watts per square meter depends only on temperature.

Historically, the concept of blackbody radiation derived from considering the radiation field within a closed cavity
that perfectly absorbs and emits radiation at all wavelengths. At equilibrium, production and loss of radiation balance
and the intensity of the radiation field is uniform. Max Planck (1858–1947) found the spectrum to be uniquely related
to the cavity wall temperature, T, by a mathematical expression, the Planck function, denoted by the symbol, Bλ(T)
where the λ subscript indicates that Bλ is specified at a particular wavelength, λ.

The graph below shows blackbody spectra at different temperatures from planets (300 K) to the Sun (~6000 K).
A higher temperature shortens the wavelength at which the flux is maximal (where curves intersect the dotted line)
and increases the total flux, which is the area under each curve. Dashed lines enclose visible wavelengths.

As a first approximation, celestial bodies such as the Earth or Sun are often considered as blackbodies, i.e., objects
that give out blackbody spectra of radiation characterized by a single radiating temperature. This temperature is 5780 K
for the Sun and 255 K for a mean radiating temperature of the Earth’s troposphere. In reality, the spectral output of the
Sun and Earth are complicated by species that absorb and emit radiation in their atmospheres. But the total flux output
can still be characterized by an equivalent blackbody temperature, which we call the effective temperature.

2.1 Energy Sources and Fluxes on Planets
29
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Catling & Kasting (2017) 
Atmospheric Evolution on 
Inhabited and Lifeless worlds

プランク関数： 

  ̶ (1) 

極大値となる波長  は  より， 

  ̶ (2) 

(2)はヴィーンの変位則と呼ばれる．

Bλ(T )dλ =
2hc2

λ5

dλ
exp(hc/λkBT ) − 1

λmax
∂Bλ

∂λ
(T ) = 0

λmax ⋅ T ≃ 2.898 × 10−3 m K

実線：(1)式 
点線：(2)式



太陽の構造
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コロナ

彩層 光球面

対流層

放射層

中心核

r: 中心からの距離 
R⦿: 太陽の半径 

中心核 (0 < r < 0.2 R⦿) 

温度 107 K, 密度 102 g cm-3 の 
高温・高密度 
水素核融合反応 (陽子×4→He原子核) 

放射層 (0.2 R⦿ < r < 0.7 R⦿) 
放射によってエネルギー輸送 

対流層 (0.7 R⦿ < r < 1 R⦿) 
対流によってエネルギー輸送 

光球面 
可視光で見える表面



太陽コロナ

プロミネンス



太陽の外層
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光球面 彩層 コロナ
可視光での 
見かけ上の表面

フレア 
プロミネンス

太陽風が 
吹き出す

恩藤，丸橋 (2000)『宇宙環境科学』



惑星の平衡温度 Teq
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軌道半径：  
半径：  
反射率(アルベド)：

r
R

A
光度：  [エネルギー/時間]L*

惑星のエネルギー収支 

加熱率   ̶ (1) 

冷却率   ̶ (2)．    (シュテファン=ボルツマン定数) 

(1)=(2) より，   ̶ (3)　→ 温室効果ガスがなければ地球の海は凍結 

ここで，   

地球軌道における太陽光フラックス ≡ 太陽定数 

·Q* = πR2 ⋅
L*

4πr2
⋅ (1 − A)

·Qp = 4πR2 ⋅ σSBT4
eq(r) σSB = 5.67 × 10−8 W m−2 K−4

Teq ≃ 255 ( 1 − A
1 − A⊕ )

1
4

( L*

L⊙ )
1
4

( r
1 au )

− 1
2

K

A⊕ = 0.3, L⊙ = 3.83 × 1026 W

S⊙ ≡ L⊙/(4πr2
⊕) = 1360 W m−2



惑星の有効温度 Teff
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内部熱源(形成時の予熱や放射性元素の壊変熱)を考慮すると 

   ̶ (1) 

∴   ̶ (2) 

地球(および地球型惑星)では内部熱源の寄与は小さい： 
 

木星(および巨大ガス惑星)では両者が同程度： 
 

若い惑星ほど内部熱源の寄与が大きい

πR2 ⋅
L*

4πr2
⋅ (1 − A) + 4πR2 ⋅ Fint = 4πR2 ⋅ σSBT4

eff

σSBT4
eff = σSBT4

eq + Fint

σSBT4
eq = S⊙/4 = 240 W m−2 ≫ Fint = 0.09 W m−2

σSBT4
eq = 8.2 W m−2 ∼ Fint = 5 W m−2



輻射輸送方程式：吸収
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単位時間・単位面積・単位振動数・単位立体角あたりの 
光子のエネルギー流量 (Intensity) 
Iν [W m−2 Hz−1 sr−1]

光を吸収する物質 
密度 ， 
単位質量あたりの不透明度 (opacity) 

ρa [kg m−3]

κ [m2 kg−1]

  ̶ (1) 

ここで光学的厚さ   ̶ (2) を定義すると， 

  ̶ (3)． 

∴   ̶ (4) → 光学的厚さ1進むごとに，  倍だけ光が減衰．

dIν = − κνρads ⋅ Iν

dτν ≡ κνρads
dIν

dτν
= − Iν

Iν = Iν(s0) ⋅ exp[ − (τ − τ0)] 1/e

Iν Iν + dIν

s0

単位面積の底面を持つ円柱

s0 + ds
τν,0 τν,0 + dτν

τν

s



輻射輸送方程式：吸収と放射
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媒質の吸収と放射がある場合， (※) 
  ̶ (1) 

∵ 熱平衡状態において吸収係数と放射率は等しい (キルヒホッフの法則)． 

 はプランク関数．   ̶ (2)． 

(1)を書き換えて， 

  ̶ (3)． 

等温(  が  に依存しない)を仮定すると， 

  ̶ (4)  

→ 十分光学的に厚い媒質からの光はプランク関数と一致 (黒体放射)． 

※ より一般には光の散乱を含むこともできる

dIν = − κνρads ⋅ Iν + κνρaBνds

Bν(T) Bνdν =
2hν3

c2

dν
ehν/kBT − 1

dIν

dτν
= − Iν + Bν

Bν τ

Iν(τν) = Iν(τν,0)e−(τν−τν,0) + (1 − e−(τν−τν,0))Bν
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簡略化した輻射輸送方程式を解いて，温室効果を加味した大気の温度構造を求める 
灰色大気 ：吸収係数は振動数(波長)に依存しない 
太陽光に対して透明 
二流近似：上向きフラックス  と 下向きフラックス  のみを扱う 

  ̶ (1),    ̶ (2) 

ここで   ̶ (3) 

また  とした．  は  を  に置き換えたことによる補正項 ( ．以降は  とする)

F+ F−

dF+

dτ*
= F+ − πB

dF−

dτ*
= − F− + πB

πB = π∫
∞

0
Bνdν =

2π5k4
B

15c2h3
T4 = σSBT4

τ* = Dτ D I F D ≃ 1 D = 3/2

τ*
F+ = ∫

2π

0 ∫
π

π/2
I(θ, ϕ)cos θ sin θdθdϕ

F− = ∫
2π

0 ∫
π/2

0
I(θ, ϕ)cos θ sin θdθdϕ
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放射平衡状態では，正味フラックス  
(1)-(2)より， 

  ̶ (4) 

∴   ̶ (5) 
(1)+(2)より， 

  ̶ (6) 

(6)に(5)を代入して， 

  ̶ (7) 

(7)を積分して， 

  ̶ (8)　 

 は  の増加関数(温室効果)

Fnet = F+ − F− = const .

dFnet

dτ*
= F+ + F− − 2πB = 0

F+ + F− = 2πB

d(F+ + F−)
dτ*

= F+ − F− = Fnet

2
d(πB)
dτ*

= Fnet

πB = σSBT4(τ) =
Fnet

2
(τ* + 1)

T τ

We can plot fluxes and temperature in terms of alti-
tude if we make the hydrostatic assumption and assume a
value for the surface optical depth. We assume that kabs is
constant and that ρa varies with altitude z according to the
hydrostatic equation as ρa(z) = ρa(0)exp(-z/Ha). Then the
scaled optical depth will vary as τ*(z) = τ0

*exp(–z/Ha).
Substituting for τ*(z), the equations for the upward
(2.108) and downward (2.109) radiative fluxes as a func-
tion of altitude are:

Similarly, the temperature profile and ground temperature
from eqs. (2.106) and (2.110) are

T zð Þ¼ F$
net,a
2σ 1þ τ∗0 e

& z=Hað Þ! "h i1=4
¼Tskin 1þ τ∗0 e

& z=Hað Þ! "1=4
,

Tground¼
F$
net,a
2σ 2þ τ∗0

! "h i1=4
¼Tskin 2þ τ∗0

! "1=4

(2.114a,b)

In eq. (2.114), we used the fact that F$
net, a=2σ

! "0:25 is equiva-

lent to σT4
eff =2σ

# $0:25
= Teff =20:25, the skin temperature,

Tskin, given earlier in eq. (2.97). In eq. (2.114a), at the top
of the atmosphere τ* = 0, so the temperature asymptotes to
Tskin. Also, the effective temperature occurs at an emission
level where T(z) = F$

net, a=σ
! "0:25 ¼ Teff , which is when

τ* = 1. Radiative fluxes and temperature as a function of
altitude are shown in Fig. 2.19, assuming a gray optical
depth τ0 =0.8, so that the scaled optical depth is τ∗0 ¼ Dτ0
~1.3. Given a net absorbed solar flux of 239 W m–2, these
values give a ~290 K ground temperature.

Further realism can be introduced by non-gray
analytic radiative models (Parmentier and Guillot, 2014;
Parmentier et al., 2015), analytic radiative–convective
models (Robinson and Catling, 2012), and finally numer-
ical radiative-convective models, which were pioneered
by Manabe and Strickler (1964). The basic difference
between radiative and radiative-convective profiles can
be seen in the conceptual diagram of Fig. 2.20(a).
Figure 2.20(b) shows results from a numerical radiative–
convective model for the Earth, which unlike Fig. 2.20(a)
incorporates a stratospheric inversion due to ozone

(a) (b) (c)

Figure 2.19 Fluxes and temperatures for the purely radiative model described in the text. (a) Downward
irradiance F – and upward irradiance F + as a function of scaled optical depth τ *. (b) The irradiance
plotted as a function of altitude z in units of scale height H. A total optical depth τ0 of 0.8 is assumed,
equivalent to a total scaled optical depth τ∗0 =Dτ0 = 1.328 for diffusivity parameter D = 1.66. The net
absorbed solar flux is taken as F$

net= 239 W m–2. (c) The corresponding temperature profile. For an
effective temperature Teff = 255 K, the skin temperature of the upper atmosphere is Tskin = 214.4 K, the
near-surface air temperature is Tair = 264.9 K, and the ground temperature is Tground = 289.6 K.

Fþ zð Þ ¼ 1
2
F$
net, a 2þ τ∗0 e

& z=Hað Þ
# $

, F& zð Þ ¼ 1
2
F$
net, aτ

∗
0 e

& z=Hað Þ (2.113)
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,  Fnet = 240 W m2 τs = 0.8

Catling & Kasting (2017) 
Atmospheric Evolution on 
Inhabited and Lifeless worlds

Tskin =
Fnet

21/4σSB
=

Teff

21/4
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We can plot fluxes and temperature in terms of alti-
tude if we make the hydrostatic assumption and assume a
value for the surface optical depth. We assume that kabs is
constant and that ρa varies with altitude z according to the
hydrostatic equation as ρa(z) = ρa(0)exp(-z/Ha). Then the
scaled optical depth will vary as τ*(z) = τ0

*exp(–z/Ha).
Substituting for τ*(z), the equations for the upward
(2.108) and downward (2.109) radiative fluxes as a func-
tion of altitude are:

Similarly, the temperature profile and ground temperature
from eqs. (2.106) and (2.110) are

T zð Þ¼ F$
net,a
2σ 1þ τ∗0 e

& z=Hað Þ! "h i1=4
¼Tskin 1þ τ∗0 e

& z=Hað Þ! "1=4
,

Tground¼
F$
net,a
2σ 2þ τ∗0

! "h i1=4
¼Tskin 2þ τ∗0

! "1=4

(2.114a,b)

In eq. (2.114), we used the fact that F$
net, a=2σ

! "0:25 is equiva-

lent to σT4
eff =2σ

# $0:25
= Teff =20:25, the skin temperature,

Tskin, given earlier in eq. (2.97). In eq. (2.114a), at the top
of the atmosphere τ* = 0, so the temperature asymptotes to
Tskin. Also, the effective temperature occurs at an emission
level where T(z) = F$

net, a=σ
! "0:25 ¼ Teff , which is when

τ* = 1. Radiative fluxes and temperature as a function of
altitude are shown in Fig. 2.19, assuming a gray optical
depth τ0 =0.8, so that the scaled optical depth is τ∗0 ¼ Dτ0
~1.3. Given a net absorbed solar flux of 239 W m–2, these
values give a ~290 K ground temperature.

Further realism can be introduced by non-gray
analytic radiative models (Parmentier and Guillot, 2014;
Parmentier et al., 2015), analytic radiative–convective
models (Robinson and Catling, 2012), and finally numer-
ical radiative-convective models, which were pioneered
by Manabe and Strickler (1964). The basic difference
between radiative and radiative-convective profiles can
be seen in the conceptual diagram of Fig. 2.20(a).
Figure 2.20(b) shows results from a numerical radiative–
convective model for the Earth, which unlike Fig. 2.20(a)
incorporates a stratospheric inversion due to ozone

(a) (b) (c)

Figure 2.19 Fluxes and temperatures for the purely radiative model described in the text. (a) Downward
irradiance F – and upward irradiance F + as a function of scaled optical depth τ *. (b) The irradiance
plotted as a function of altitude z in units of scale height H. A total optical depth τ0 of 0.8 is assumed,
equivalent to a total scaled optical depth τ∗0 =Dτ0 = 1.328 for diffusivity parameter D = 1.66. The net
absorbed solar flux is taken as F$

net= 239 W m–2. (c) The corresponding temperature profile. For an
effective temperature Teff = 255 K, the skin temperature of the upper atmosphere is Tskin = 214.4 K, the
near-surface air temperature is Tair = 264.9 K, and the ground temperature is Tground = 289.6 K.

Fþ zð Þ ¼ 1
2
F$
net, a 2þ τ∗0 e

& z=Hað Þ
# $

, F& zð Þ ¼ 1
2
F$
net, aτ

∗
0 e

& z=Hað Þ (2.113)
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,  Fnet = 240 W m2 τs = 0.8 (8)を(5)に代入して， 
  ̶ (9) 

(9)+(6)より， 

  ̶ (10) 

地表での光学的厚みを  とおくと 

地表気温   ̶ (11) 

地表温度   ̶ (12) 
∴  
→ 地表と接する大気が暖められ，対流が生じる

F+ + F− = Fnet(τ* + 1)

F+ =
Fnet

2
(τ* + 2)

τ*s

σSBT4
air =

Fnet

2
(τ*s + 1)

σSBT4
ground = F+(τ*s ) =

Fnet

2
(τ*s + 2)

Tground > TairCatling & Kasting (2017) 
Atmospheric Evolution on 
Inhabited and Lifeless worlds

Tskin =
Fnet

21/4σSB
=

Teff

21/4
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灰色大気の放射平衡解   ̶ (1)　 

 で微分すると，   ̶ (2) 

 より，   ̶ (3) 

∴   ̶ (4) 

(4)は温度勾配に比例して放射フラックスが決まることから， 
放射の拡散近似と呼ばれる． 
光学的に厚く，光学的厚みに対して温度変化が緩やかな系で妥当な近似 
(恒星・巨大ガス惑星内部など)． 
より厳密な導出は Rybicki & Lightman (1985), Radiative Processes in Astrophysics などを参照．

πB = σSBT4(τ) =
Fnet

2
(τ* + 1)

τ
d(σSBT4)

dτ
=

3
4

Fnet

dτ = − ρκdz 4σSBT3 dT
dz

= −
3
4

Fnet ⋅ ρκ

( dT
dz )

rad
= −

3ρκ
16σSBT3

Fnet

τ

σSBT4

σSBT4

σSBT4

Fnet ∝
d(σSBT4)

dτ
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We can plot fluxes and temperature in terms of alti-
tude if we make the hydrostatic assumption and assume a
value for the surface optical depth. We assume that kabs is
constant and that ρa varies with altitude z according to the
hydrostatic equation as ρa(z) = ρa(0)exp(-z/Ha). Then the
scaled optical depth will vary as τ*(z) = τ0

*exp(–z/Ha).
Substituting for τ*(z), the equations for the upward
(2.108) and downward (2.109) radiative fluxes as a func-
tion of altitude are:

Similarly, the temperature profile and ground temperature
from eqs. (2.106) and (2.110) are

T zð Þ¼ F$
net,a
2σ 1þ τ∗0 e

& z=Hað Þ! "h i1=4
¼Tskin 1þ τ∗0 e

& z=Hað Þ! "1=4
,

Tground¼
F$
net,a
2σ 2þ τ∗0

! "h i1=4
¼Tskin 2þ τ∗0

! "1=4

(2.114a,b)

In eq. (2.114), we used the fact that F$
net, a=2σ

! "0:25 is equiva-

lent to σT4
eff =2σ

# $0:25
= Teff =20:25, the skin temperature,

Tskin, given earlier in eq. (2.97). In eq. (2.114a), at the top
of the atmosphere τ* = 0, so the temperature asymptotes to
Tskin. Also, the effective temperature occurs at an emission
level where T(z) = F$

net, a=σ
! "0:25 ¼ Teff , which is when

τ* = 1. Radiative fluxes and temperature as a function of
altitude are shown in Fig. 2.19, assuming a gray optical
depth τ0 =0.8, so that the scaled optical depth is τ∗0 ¼ Dτ0
~1.3. Given a net absorbed solar flux of 239 W m–2, these
values give a ~290 K ground temperature.

Further realism can be introduced by non-gray
analytic radiative models (Parmentier and Guillot, 2014;
Parmentier et al., 2015), analytic radiative–convective
models (Robinson and Catling, 2012), and finally numer-
ical radiative-convective models, which were pioneered
by Manabe and Strickler (1964). The basic difference
between radiative and radiative-convective profiles can
be seen in the conceptual diagram of Fig. 2.20(a).
Figure 2.20(b) shows results from a numerical radiative–
convective model for the Earth, which unlike Fig. 2.20(a)
incorporates a stratospheric inversion due to ozone

(a) (b) (c)

Figure 2.19 Fluxes and temperatures for the purely radiative model described in the text. (a) Downward
irradiance F – and upward irradiance F + as a function of scaled optical depth τ *. (b) The irradiance
plotted as a function of altitude z in units of scale height H. A total optical depth τ0 of 0.8 is assumed,
equivalent to a total scaled optical depth τ∗0 =Dτ0 = 1.328 for diffusivity parameter D = 1.66. The net
absorbed solar flux is taken as F$

net= 239 W m–2. (c) The corresponding temperature profile. For an
effective temperature Teff = 255 K, the skin temperature of the upper atmosphere is Tskin = 214.4 K, the
near-surface air temperature is Tair = 264.9 K, and the ground temperature is Tground = 289.6 K.
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2
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net, a 2þ τ∗0 e
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2
F$
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∗
0 e

& z=Hað Þ (2.113)
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熱圏加熱(全ての惑星で共通) 
 の紫外線の吸収≲ 200 nm

←成層圏加熱 (地球) 
 の紫外線の吸収≲ 340 nm
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Figure 1. (a) UV stellar energy distributions for σ Boötis (F2V), the Sun (G2V),
ε Eridani (K2V), AD Leonis (M3.5V), and GJ 876 (M4V) for a planet receiving
the integrated energy Earth receives from the Sun (1360 W m−2), with a slight
correction applied to account for how the albedo of a planet will change around
different star types (after Segura et al. 2005). (b) Absorption cross sections for
CO2, O2, and O3, corresponding to Reactions (R1), (R2), and (R4), respectively.
The two panels are on the same scale, allowing estimates of the relative rates of
these photolysis reactions expected around the stars studied here.
(A color version of this figure is available in the online journal.)

of Earth and early Mars (Sagan & Mullen 1972). O atoms can
be liberated from CO2 via photolysis:

CO2 + hν(λ < 175 nm) → CO + O. (R1)

Atomic O thus created through Reaction (R1) or photolysis
of other O-bearing gases may recombine to form O2, and
eventually O3. The distribution of those O atoms between O2
and O3 is critical to the concentration of either species and
is controlled by four reactions that are very well known from
research on Earth’s O3 layer. This set of reactions is collectively
known as the Chapman mechanism:

O2 + hν(λ < 240 nm) → O + O, (R2)

O + O2 + M → O3 + M, (R3)

O3 + hν(λ < 340 nm) → O2 + O, (R4)

O + O3 → O2 + O2. (R5)

Here hν represents photons of the indicated wavelength (ν =
c/λ, c = speed of light), and the “M” in Reaction (R3) is a
third molecule that only participates in the reaction to carry off
excess energy but is not consumed in the reaction. Because
reactions (R1), (R2), and (R4) require photons of different
energy levels (see also Figure 1), both the abundance and
distribution of O atoms between O, O2, and O3 is subject to
the wavelength-dependent stellar flux of the planetary host star.

O3 concentrations should be particularly dependent on the
wavelength distribution of the ultraviolet (UV) photons emitted
by the host star (Figure 1). Far-UV (FUV, λ < 200 nm) photons
drive CO2 and O2 photolysis and subsequent O production (R1)

and therefore O3 production (R2). By contrast, ozone destruc-
tion (R4) is primarily driven by mid-UV (MUV, 200 nm < λ <
300 nm) photons and can additionally be driven by near-UV
(NUV, 300 nm < λ < 440 nm) and visible (∼440–800 nm)
photons (Sander et al. 2006). Because the sources and sinks
of ozone drive the amount of O3 in an atmosphere, both FUV
(O3 production) and MUV–NUV-visible radiation (O3 destruc-
tion) will have a significant impact on O3 concentrations. FUV
photons are primarily produced by processes that correlate
with stellar activity (Pace & Pasquini 2004), and MUV–NUV-
visible photons are primarily generated from a star’s blackbody
radiation.

By definition, planets that are in the habitable zones of cooler
stars absorb similar total amounts of energy as planets in the
habitable zones of Sun-like stars (Kopparapu et al. 2013), but the
wavelength distribution of that energy will be different. Cooler-
type stars such as main-sequence M stars (M dwarfs) produce
relatively less NUV radiation than the Sun but can produce
comparable amounts of, or in some cases more, FUV radiation
(Walkowicz et al. 2008; France et al. 2012, 2013). Hotter-type
stars such as main-sequence F stars have more radiation across
the UV than the Sun, but this increase is more prevalent in the
FUV. As a result, the FUV contributions to the stellar energy
distributions of both M- and F-type stars can be much higher that
that of the Sun, and planets in the habitable zones of these stars
can accumulate greater amounts of atmospheric O2 and O3. This
has been demonstrated for biologically mediated, oxygenated
atmospheres similar to modern Earth (Selsis et al. 2002; Segura
et al. 2003, 2005, 2010; Rugheimer et al. 2013). However, the
most likely atmospheric composition for rocky habitable planets
is CO2, H2, and N2 (e.g., Zahnle et al. 2010; Seager & Deming
2010). Selsis et al. (2002) were the first to study the potential
for O2 and O3 to accumulate on planets devoid of life, but their
work did not properly account for sinks of these gases (Segura
et al. 2003). Tian et al. (2014) found a similar result using
the spectrum of the M dwarf GJ 876. Neither of those studies
systematically studied the effects of atmospheric composition
on the accumulation of detectable O2 and O3 or included hotter-
type stars in the study. The lack of this parameter coverage
limited the ability of these prior studies to discriminate between
false and true positives for life.

Considering a wide range of possible planetary atmospheric
compositions is critical, because sinks for O2 and O3 are
primarily controlled by the chemical context of the atmosphere
and oceans. In anoxic atmospheres, the greatest sinks for O2
and O3 are reactions with reduced radicals in the atmosphere,
such as

CH3 + O2 → H2CO + OH. (R6)

As the concentration of reduced species such as CH4 in-
creases in the atmosphere, so do the concentrations of radicals
such as CH3, and these should react with O2 and O3, keeping
their concentrations low. It is therefore very difficult to maintain
high levels of O2, O3, and CH4 (or other reduced gases) in the
atmosphere simultaneously. Major abiotic sources of reduced
species include volcanic outgassing of H2 and submarine pro-
duction of CH4, and their sinks are primarily determined by the
redox state of the oceans. These are ultimately controlled by
the redox state of the atmosphere and by the redox state of the
oceans. Including the effects of the redox state of the oceans
becomes critical for such simulations, and we developed a new
methodology to ensure redox balance of the atmosphere–ocean
system.
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赤外線で光学的に薄い領域において，紫外線吸収は局所加熱を引き起こす 
熱圏：CO2, O2などが  の紫外線を吸収 
成層圏：O3が  の紫外線を吸収 太陽系では地球だけ！ 
DNAを損傷する波長帯 ( ) の遮蔽
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≲ 340 nm
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主要な分子の紫外線吸収断面積
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2.4.3.2 General Equation of Radiative Transfer
We now derive the general equation of radiative transfer,
which describes how radiation passes though a medium in
any coordinate system. If a beam of monochromatic radi-
ance Iν [W m–2 Hz–1 sr–1] passes through an elemental
path ds, the change of intensity of the beam will be as
follows:

intensity change ¼ emission " extinction
dIν ¼ dIνðemittedÞ " dIνðextinguishedÞ

(2.68)

Using our previous expression (2.52) for the mass extinc-
tion coefficient (kν [m

2 kg–1]), we can express the extinc-
tion component using the Extinction Law, so that

dIν sð Þ ¼ dIν emittedð Þ " kνρaIν sð Þds (2.69)

where ρais the density of the absorbing and/or scattering
gas. The increase in intensity due to emission and mul-
tiple scattering is defined as:

dIν emittedð Þ ¼ jνρads ¼ kνJν sð Þρads (2.70)

where we define a source function Jν[W m–2 Hz–1 sr–1]
such that

Jν ¼ jν=kν (2.71)

where jν is the source function coefficient (also called the
emission coefficient) due to scattering and thermal excita-
tion. It follows that (2.69) can be rearranged as follows:

dIν sð Þ ¼ kνρadsð ÞJν " kνρadsð ÞIν )
dIν

kνρads
¼ Jν " Iν

(2.72)

This is the general radiative transfer equation without
any particular coordinate system imposed and without
any assumptions about the form of the source function.

2.4.3.3 Schwarzchild’s Equation: For Blackbody
Emission With No Scattering

Schwarzchild’s equation is when we assume (a) that the
gas is in local thermodynamic equilibrium (LTE) and (b)
we consider a non-scattering medium. It is named after
astrophysicist Karl Schwarzchild who first considered
such a solution to the radiative transfer equation for the
Sun’s atmosphere in 1914. LTE means that the source
function defined by (2.71) is given by the Planck func-
tion, i.e.,

Jν ¼ Bν Tð Þ (2.73)

Hence, the equation of radiative transfer can be rewritten
as

dIν
kνρads

¼ Bν Tð Þ " Iν Schwarzchild’s equation (2.74)

Because we are neglecting scattering, kν is now the mass
absorption coefficient rather than the mass extinction
coefficient.

We shall consider two solutions to eq. (2.74)
(Schwarzchild’s equation): (1) a general form for the
solution; (2) the case of a plane parallel atmosphere.

2.4.3.4 A General Solution to Schwarzchild’s
Equation

We obtain a general solution to Schwarzchild’s equation
by considering a path for radiation without a specific
coordinate system and integrating the equation. We define
a monochromatic optical path between points s and s1
(Fig. 2.14), as

τυ ¼
ðs1

s
kυ s0ð Þρa s0ð Þds0 (2.75)

Figure 2.13 (a) The spectral emission function for noon over a
vegetated region of the Niger Valley in N. Africa. Dashed lines show
blackbody curves for particular temperatures. (Adapted from Hanel
et al. (1972).) (b) A schematic showing how to interpret the mean-
ing of parts of the curve in (a). The arrows indicate from where
blackbody fluxes originate, according to the Stefan–Boltzmann
Law. (Part (b) follows a concept from Jacob (1999), p. 132.)
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地球の放射スペクトル

Catling & Kasting (2017) 
Atmospheric Evolution on Inhabited and Lifeless worlds

実線：地球スペクトル 
破線：プランク関数

実際には赤外域においても大気の吸収特性は波長依存 

分子の吸収帯がある波長域では放射量が小さい 
地表からの光が大気によって吸収される 
各波長における  が宇宙に届く 

光学的に薄い波長域(  など)：大気の窓 
複数の温室効果ガスが共存する時， 
互いの窓を塞ぐ関係にあると効果が大きい 
地上望遠鏡による天文観測において重要

Bν(T(τν = 1))

8 − 12.5 μm

20 µm H2O band ↓
15 µm CO2 band 

 ↓



吸収線
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光子の吸収・放射 = 電磁波と分子・原子の電磁気的相互作用 
分子・原子が電気/磁気双極子モーメントを持っていると生じる 
温室効果ガス：H2O (恒常的な電気双極子モーメント)，CO2 (振動に伴う電気双極子モーメント) 
非温室効果ガス：N2 (双極子モーメントなし)，O2 (磁気モーメントを持つが，電波の波長域に対応) 

吸収する波長のエネルギー = 分子・原子の状態間の遷移エネルギーに対応

++
-

-- +

遷移の種類 対応する波長域

電子 < 1 µm

振動 1-20 µm

回転 > 20 µm



吸収帯(バンド)
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CO2の15μm付近の吸収断面積 (HITRANデータベースを使用)

赤外域では振動・回転遷移が支配的 
振動遷移(波長間隔：広)に回転遷移(間隔：狭)が伴い，吸収帯を構成



断熱温度勾配
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安定な温度構造

温度

高
度

周囲より低温 
→ 高密度 
→ 浮力が負

不安定な温度構造

温度

高
度

周囲より高温 
→ 低密度 
→ 浮力が正

断熱温度勾配

背景の大気構造

ガス塊を瞬間的に上向きに動かす状況を想定する． 
ガス塊と周囲とのエネルギーのやり取りはない時(断熱過程)， 
ガス塊の温度変化は断熱温度勾配  に従う． 

  ̶ (1)． 

単位質量のガス塊について熱力学の第一法則から， 
  ̶ (2)． 

理想気体の状態方程式   ̶ (3) より， 
  ̶ (4)． 

(4)を(2)に代入して， 
  ̶ (5)． 

静水圧平衡の式   ̶ (6) を代入して， 
  ̶ (7)． 

∴   ̶ (8)．

Γa

Γa ≡ − (dT
dz )

a

0 = dq = cvdT + pd(1/ρ)

p = ρR̄T
d(1/ρ) = (R̄/p)dT − (R̄T/p2)dp

0 = (cv + R̄)dT − (R̄T/ρ)dp

dp/dz = − ρg
0 = cpdT + gdz

Γa ≡ − (dT
dz )

a
=

g
cp



圧縮性・非粘性流体の対流不安定条件
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マントル対流で導入したレイリー条件は， 

．  ̶ (1) 

(1)を変形して地球大気の典型的な物理量を代入すると， 

 

左辺の各項と比較して右辺が十分小さいため， 
以下のように近似できる． 

．  ̶ (3) 

(3)はシュバルツシルト条件と呼ばれる．

Ra =
αρg(ΔT − ΔTad)d3

κη
≳ 103

−(dT
dz ) + (dT

dz )
ad

> 103 κηT
ρgd4

∼ 10−18 K km−1

−(dT
dz ) > − (dT

dz )
a

安定な温度構造

温度

高
度

周囲より低温 
→ 高密度 
→ 浮力が負

不安定な温度構造

温度

高
度

周囲より高温 
→ 低密度 
→ 浮力が正

断熱温度勾配

背景の大気構造



対流圏の温度構造
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46 第 4章 惑星大気

図 4-3．地球大気の温度構造。岩波書店『比較惑星学』より転載。
図 4-3に地球大気の温度構造を示す。対流圏は高度とともに温度が下がり、熱圏は高度と
ともに温度が上がる。成層圏と中間圏はまとめて中層大気と呼ばれる。この区分は多くの惑
星大気に共通する。地球大気の場合、オゾン層が存在するという特有の事情により、中層大
気に温度のピークがあり、中層大気が成層圏と中間圏に区分される。大気の各層が異なる温
度分布を持つ要因は、それぞれ重要となる熱輸送過程が異なるためである。

下層大気 (対流圏)：太陽放射を吸収した地面の赤外放射や熱伝導によって、地面付近の大
気は加熱される。加熱されて低密度になった空気が上昇することにより、大気の下層に対流層
が発達する。対流層では赤外放射と対流熱輸送によってエネルギーが上向きに運ばれる。対
流が発達した時、平均的な温度勾配は断熱温度勾配になる。

dT

dz
=

dp

dz

(
∂T

∂p

)

s
= −ρg

(
∂T

∂p

)

s
. (4.5)

ここで、(∂T/∂p)sは断熱圧縮・膨張による温度変化であり、理想気体の場合、
(

∂T

∂p

)

s
=

µ

ρcp
, (4.6)

となる。ここで、µは大気の平均分子量、cpは低圧モル比熱である。地球大気におけるH2O
のように、大気中で凝結する成分が含まれている場合、凝結の潜熱の効果のために (∂T/∂p)s

Image from Wikipedia - Big Cumulonimbus.JPG, CC BY-SA 3.0 

かなとこ雲によって可視化された対流圏界面
惑星大気中の対流運動の熱輸送は極めて効率的なため， 
対流圏の温度勾配は断熱温度勾配と一致する(はず) 

地球大気の ,  を代入すると 

  ̶ (1) 

一方，実際に観測される温度勾配は 

Cp = 1004 J K−1 kg−1 g = 9.8 m s−2

Γa ≡ − (dT
dz )

a
=

g
Cp

≃ 10 K/km

≃ 6 K/km



湿潤断熱温度勾配

29

水蒸気の凝結による潜熱(発熱)の影響を加味すると (※)， 

湿潤断熱温度勾配   ̶ (1) 

ここで : 単位質量あたりの潜熱， : 水蒸気の混合比， : 水蒸気の比気体定数 

潜熱の分，温度勾配( )が小さくなる 

 の時，   ̶ (2) 乾燥断熱温度勾配 

 の時，   ̶ (3)   

∴   ̶ (4) クラウジウス・クラペイロンの式 と一致 

※ 導出は省略．興味のある人は Catling & Kasting (2017) Cambridge Press. などを参照

Γsa ≡ − (dT
dz )

sa
=

g
cp

(1 + lcμcms/R̄T )
(1 + l2

c μcms/cpRcT2)

lc μcms Rc

−dT/dz

μcms → 0 Γsa →
g
ccp

= Γa

μcms → 1 Γsa →
Tg
lc

( dp
dT )

sa
=

lcp
RcT2

温度

高
度

乾燥断熱温度勾配

湿潤断熱温度勾配



雲の形成

30Figure 1.11 Use of vapor pressure and saturation vapor pressure (SVP) to predict cloud formation in
Solar System atmospheres and hot Jupiter HD209458b. The solid line is the typical vertical profile of
pressure (p) versus temperature (T ). For Mars, an annual average p–T profile is shown as well as a
colder profile. Dashed lines are the SVP curves for various condensables, assuming a fixed volume
mixing ratio of the condensable. It is assumed that particles condense when the partial pressure (e)
reaches the saturation vapor pressure (es), i.e., where e = f cp Tð Þ # es Tð Þ, where fc is the volumemixing
ratio of the condensable. Thus, the base of clouds are marked where a dashed line crosses the solid p–T
profile. Below this level, the phase is vapor because the ambient air is too hot. Mixing ratios are assumed
to calculate the dashed curves: Venus 2 ppm and 2000 ppm H2SO4 (where liquid clouds form); Earth
250 ppm and 1.5% H2O, giving ice and liquid clouds, respectively; Mars 0.95% CO2 and 300 ppm
H2O giving ice clouds; Jupiter 200 ppm NH3, 36 ppm NH4SH, 50 ppm H2O, 0.17% H2O giving solid
phase clouds except for the higher water level; Saturn 200 ppm NH3, 36 ppm NH4SH, 0.17% H2O,
giving solid particles; Titan 5% CH4, 10 ppm C2H6, giving solid particles; Uranus and Neptune 2% CH4,
37 ppm SH2, 200 ppm NH3, 36 ppm NH4SH, 0.17% H2O, giving solid particles; HD209458b 75 ppm
MgSiO3 and 68 ppm Fe, giving solid particles. (From Sanchez-Lavega et al. (2004) Reproduced with
permission. Copyright 2004, American Association of Physics Teachers.)

1.1 Vertical Structure of Atmospheres
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実線：大気構造， 
破線：飽和蒸気圧曲線 
(金星・地球について複数の線があるのは仮定する混合比の違い) 
Catling & Kasting (2017) 
Atmospheric Evolution on Inhabited and Lifeless worlds

惑星大気では一般に飽和蒸気圧曲線と比較して 
対流圏の大気構造のほうが  が大きい 
→ 上昇流にともなって雲が形成 

凝結する分子種は大気組成・温度に依存 
金星：H2SO4 
地球：H2O 
火星：H2O, CO2 
木星・土星：NH3系分子 
天王星・海王星：CH4 
ホット・ジュピター：シリケイト

−dT/dz

※  気圧105 bar = 1 bar ≃ 1



まとめ
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大気の圧力・密度構造：静水圧平衡を保つため，スケールハイトごとに指数関数で減少 

太陽放射：光球面温度の黒体放射 + 紫外線・X線超過 

大気の熱輸送メカニズム：地表からの熱伝導，大気中の対流・放射 

灰色大気の放射平衡構造：下層ほど高温(温室効果)，地表との温度不連続 → 対流 

非灰色大気の構造：熱圏・(地球の場合)オゾン層での紫外線吸収 → 温度上昇 

温室効果の仕組み：大気の窓，吸収線・吸収帯 

対流圏の構造：(乾燥・湿潤)断熱温度勾配，飽和蒸気圧曲線と交わる → 雲の形成



レポート課題
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1. 地球大気のスケールハイトを計算せよ（有効数字2桁）．地球平均気温 

，平均分子量  を用いてよい． 

2.地球の大気質量を計算せよ（有効数字 1桁）．地表面の大気圧 

，重力加速度 ，地球半径  を用いてよい．

288 K 29.0

1.0 × 105 Pa 9.8 m s−2 6.4 × 106 m


