
水蒸気大気下でのマグマオーシャンの
継続時間と放射スペクトルの特徴
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地表での溶解平衡
"""""""""""玄武岩質マグマへの水溶解度
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エネルギー律速の水素散逸フラックス

酸素原子はマグマオーシャンの酸化に
使われると仮定して水の損失量を計算
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大気組成：H2O

大気温度構造：Abe and Matsui (1988)

吸収・散乱断面積
0 - 14,800 cm-1：

Abe and Matsui(1988)のバンドモデル（離散座標法）
14,800 - 30,000 cm-1：
レイリー散乱＋HITEMP2010を利用した相関k分布法
（2方向近似，等方散乱）
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Figure 3. Inner edge of the habitable zone calculations from our updated climate model. Various parameters are shown as a function of surface temperature: (a) net
outgoing IR flux and net incident solar flux; (b) planetary albedo; (c) effective solar flux, Seff = FIR/FSOL; and (d) water vapor profile. These calculations were
performed with the HITEMP 2010 database. The water-loss (moist-greenhouse) limit, which is most relevant to habitability, is at 0.99 AU, and runaway greenhouse is
at 0.97 AU. The corresponding estimates from the Kasting et al. (1993) climate model are 0.95 AU for the moist greenhouse and 0.84 AU for the runaway greenhouse.
(A color version of this figure is available in the online journal.)

The calculated radiative fluxes, planetary albedo, and water
vapor profile for various surface temperatures are shown in
Figure 3. Absorption coefficients derived from the HITEMP
2010 database, overlaid by the BPS formalism (Paynter &
Ramaswamy 2011), were used in generating these results.
Figure 3(a) shows that FIR increases with surface temperature
and then levels out at 291 W m−2, as the atmosphere becomes
opaque to IR radiation at all wavelengths.15 Beyond 2000 K, FIR
increases again as the lower atmosphere and surface begin to
radiate in the visible and near-IR (NIR), where the water vapor
opacity is low. FSOL initially increases as a consequence of
absorption of NIR solar radiation by H2O. It then decreases to a
constant value (264 W m−2) at higher temperatures as Rayleigh
scattering becomes important. Planetary albedo (Figure 3(b))
provides an alternative way of understanding this behavior. It
goes through a minimum at a surface temperature of 400 K,
corresponding to the maximum in FSOL, and then flattens out at
a value of 0.193.

15 This value of 291 W m−2 closely matches with the value from Figure 4.37
of Pierrehumbert (2010) for a planet saturated with pure water vapor
atmosphere and with a surface gravity of 10 ms−2.

The inner edge of the HZ for our Sun can be calculated from
Figure 3(c). The behavior of FIR and FSOL causes Seff to increase
initially and then remain constant at higher temperatures. Two
limits for the IHZ boundary can be calculated. The first one is the
“moist-greenhouse” (or water-loss) limit, which is encountered
at a surface temperature of 340 K when Seff = 1.015. At
this limit, the water vapor content in the stratosphere increases
dramatically, by more than an order of magnitude, as shown in
Figure 3(d). This is the relevant IHZ boundary for habitability
considerations, although it should be remembered that the
actual inner edge may be closer to the Sun if cloud feedback
tends to cool the planet’s surface, as expected.16 The orbital
distance corresponding to the cloud-free water-loss limit is
d = 1/S0.5

eff = 0.99 AU for an Earth-like planet orbiting
the Sun.

16 The total H2O inventory assumed here is equal to the amount of water in
Earth’s oceans—1.4 × 1024 g. This amounts to 2 × 1028 atoms cm−2. Once the
stratosphere becomes wet, water vapor photolysis releases hydrogen, which
can escape to space by the diffusion-limited escape rate. The timescale for
water loss approaches the age of the Earth when the mixing ratio of water is
∼3 × 10−3, which happens at a surface temperature of 340 K.

6

Kopparapu+(2013)
260 bar

Goldblatt+(2013)
260 bar

�^�æ�•�k
ø�9�è	Ý�6�p�w�L�ù�µ�Ö�«�Ä�ç

�Ú�¬�Ú�¦�”�³�ß�ï

This study (Preliminary)
270 bar

This studyKopparapu+(2013)Goldblatt+(2013)
)#q@#1�È���u	) 2�p�w�L�ù�U
ÿ�C �D�¹�~�Ù
z�Ž�p�w�L�ù�U
ÿ�C

�°�Í�i
‡�ƒ	í�Þ�Ã�ç!  



�«�¶�$�t
,�M�þ�Õ�x�r�\�T�t�‘��

dence coefficients (see Figures 1c and 2c) are obtained by
fitting the MT CKD form to the continuum derived from
measurement data. In regions where there is no suitable
measurement data, the coefficients of MT CKD are used. We
have assumed that the foreign continuum has no temperature
dependence other than that associated with the radiation field
(see Appendix A). Paynter et al. [2009] and Serio et al.
[2008] have shown this to be a reasonable assumption, but
this does not preclude the existence of a weak temperature
dependence.
[18] Table 1 lists the details of the spectral regions

where each measurement set contributes, while Figures 1
(1–3000 cm−1) and 2 (3000–15000 cm−1) compare both
the continuum and temperature coefficients for BPS, MT
CKD 2.5 and CKD 2.4. What follows is a brief summary of
the measurement data used in the BPS model and how it
differs from MT CKD and CKD. Unless versions are spec-
ified in the text, this analysis refers to MT CKD 2.5 and

CKD 2.4. Appendix A provides additional information
about how the continuum is included in the radiative transfer
calculations.
[19] Serio et al. [2008] performed atmospheric measure-

ments of the foreign continuum between 240 and 590 cm−1.
These were the first observations made in the 240–330 cm−1

region and showed that MT CKD 1.1 overestimates the
continuum in most regions, sometimes by up to 40%.
However, as noted in section 1.1, MT CKD 2.4 is based upon
measurements by Delamere et al. [2010], bringing it closer
in value to the Serio et al. [2008] findings (Figure 1d).
Delamere et al. [2010] suggest that the remaining dis-
parity is likely due to the different line parameters used to
derive the continuum rather than differences in the actual
measurements.
[20] Baranov et al. [2008] derived the self continuum

from measurements in the 800–1250 cm−1 window region at
six different temperatures between 311 and 363 K. The

Figure 1. The CKD 2.4 (red), MT CKD 2.5 (green), BPS (blue), upper BPS and lower BPS (gray
shaded) (a) foreign and (b) self continuum models used in this work in the longwave. (c) The temperature
dependence coefficient (see Appendix A) of the self continuum of MT CKD/CKD (red) and BPS (blue).
(d, e) The 250–600 cm−1 and (f, g) 1200–2000 cm−1 regions clarifying the contrast between the models.
Note: as BPS is based upon MT CKD, the blue and green lines overlap in certain regions.
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Figure 3. Inner edge of the habitable zone calculations from our updated climate model. Various parameters are shown as a function of surface temperature: (a) net
outgoing IR flux and net incident solar flux; (b) planetary albedo; (c) effective solar flux, Seff = FIR/FSOL; and (d) water vapor profile. These calculations were
performed with the HITEMP 2010 database. The water-loss (moist-greenhouse) limit, which is most relevant to habitability, is at 0.99 AU, and runaway greenhouse is
at 0.97 AU. The corresponding estimates from the Kasting et al. (1993) climate model are 0.95 AU for the moist greenhouse and 0.84 AU for the runaway greenhouse.
(A color version of this figure is available in the online journal.)

The calculated radiative fluxes, planetary albedo, and water
vapor profile for various surface temperatures are shown in
Figure 3. Absorption coefficients derived from the HITEMP
2010 database, overlaid by the BPS formalism (Paynter &
Ramaswamy 2011), were used in generating these results.
Figure 3(a) shows that FIR increases with surface temperature
and then levels out at 291 W m−2, as the atmosphere becomes
opaque to IR radiation at all wavelengths.15 Beyond 2000 K, FIR
increases again as the lower atmosphere and surface begin to
radiate in the visible and near-IR (NIR), where the water vapor
opacity is low. FSOL initially increases as a consequence of
absorption of NIR solar radiation by H2O. It then decreases to a
constant value (264 W m−2) at higher temperatures as Rayleigh
scattering becomes important. Planetary albedo (Figure 3(b))
provides an alternative way of understanding this behavior. It
goes through a minimum at a surface temperature of 400 K,
corresponding to the maximum in FSOL, and then flattens out at
a value of 0.193.

15 This value of 291 W m−2 closely matches with the value from Figure 4.37
of Pierrehumbert (2010) for a planet saturated with pure water vapor
atmosphere and with a surface gravity of 10 ms−2.

The inner edge of the HZ for our Sun can be calculated from
Figure 3(c). The behavior of FIR and FSOL causes Seff to increase
initially and then remain constant at higher temperatures. Two
limits for the IHZ boundary can be calculated. The first one is the
“moist-greenhouse” (or water-loss) limit, which is encountered
at a surface temperature of 340 K when Seff = 1.015. At
this limit, the water vapor content in the stratosphere increases
dramatically, by more than an order of magnitude, as shown in
Figure 3(d). This is the relevant IHZ boundary for habitability
considerations, although it should be remembered that the
actual inner edge may be closer to the Sun if cloud feedback
tends to cool the planet’s surface, as expected.16 The orbital
distance corresponding to the cloud-free water-loss limit is
d = 1/S0.5

eff = 0.99 AU for an Earth-like planet orbiting
the Sun.

16 The total H2O inventory assumed here is equal to the amount of water in
Earth’s oceans—1.4 × 1024 g. This amounts to 2 × 1028 atoms cm−2. Once the
stratosphere becomes wet, water vapor photolysis releases hydrogen, which
can escape to space by the diffusion-limited escape rate. The timescale for
water loss approaches the age of the Earth when the mixing ratio of water is
∼3 × 10−3, which happens at a surface temperature of 340 K.
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