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Milankovitch cycle
from Wikipedia

high summer insolation in the northern high latitude 
àà decay of ice sheets àà Interglacial (warm interval)

low summer insolation in the northern high latitude 
àà growth of ice sheets àà glacial inception (ice age)

Precession  歳差

Obliquity  自転軸傾斜角



Glacial incep1on by CO2 emission

• Interglacials occur during periods of high summer insolation in the high 
latitudes of the Northern Hemisphere. (Milankovitch theory) 

• In the past, a decrease in Northern Hemisphere insolation to below its 
present-day level always led to the end of interglacials and rapid growth 
of continental ice sheets.

• However, at present, although summer insolation at 65°N is close to its 
minimum, there is no evidence for the beginning of a new ice age. 

• Glacial inceptions have occurred in the past under similar orbital 
configurations.

Ganopolski et al. 2016, Nature
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• The current interglacial would have ended 
if the CO2 concentraGon had stayed at a 
level of about 240 parts per million (ppm), 
as was the case at the end of MIS19 (800 
kyr BP). However, during the late Holocene 
(完新世：現代含む) before the beginning 
of the industrial era, the CO2 concentraGon 
was about 280 ppm, leading to escape 
from glacial incepGon. 

• It has been proposed that pre-industrial 
land-use at least partly contributed to the 
high Holocene CO2 level, but the 
magnitude of this contribuGon is very 
uncertain. 



Future ? • For a total of 1,000 Gt carbon 
cumulative emissions, which is only 
double the present-day value, the 
probability of glacial inception 
during the next 100,000 years is 
notably reduced, and under 
cumulative emissions of 1,500 Gt C, 
glacial inception is very unlikely 
within the entire 100,000 years. 

• Cumulative carbon emission will 
exceed 1,000 Gt in the twenty-first 
century, suggesting that 
anthropogenic interference will 
make the initiation of the next ice 
age impossible.

Mars

Polar cap deposits



recurrent slope lineae

• transition between different climate 
regimes ?

Subsurface ice
Mars Odyssey 
Neutron Spectrometer (NS) and High-Energy Neutron Detector (HEND)



Comparison with models

Near equilibrium at high latitudes ?

色： 大気中の水蒸気との平衡状態を
仮定して計算される氷床までの深さ

実線： 中性子分光観測から見積もら
れた水含有量

Schorghofer and Aharonson (2005)

Permanent CO2 cap at the South pole

CO2残存極冠のおかげで残存
H2O氷も存在か

浸食されつつある残存
CO2極冠の一部

Bibring et al. (2004)

青いところにCO2氷 青いところにH2O氷
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Milankovitch cycles on Mars

⾃転軸傾斜⾓

軌道離⼼率

北極域の夏⾄の⽇射

Laskar et al. (2002)



• low obliquity à cold pole à massive polar cap à dry atmosphere 
à retreat of ice sheet

• high obliquity à warm pole à thin polar cap à moist atmosphere 
à growth of ice sheet, ice accumulation in the tropics

Mellon & Phillips (2001)



Buried glaciers

Formation of glaciers on Mars by atmospheric precipitation at 
high obliquity        Forget et al. (2006) 

• The model predicts ice accumulation in regions where glacier landforms are observed, 
on the western flanks of the great volcanoes and in the eastern Hellas region 



: spring equinox of the northern hemisphereLs = 0

Ls = 90

Ls = 180

Ls = 270
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Seasons of Mars

• 火星は公転軌道の離心率が大きいため
季節変化が著しく南北非対称

• 南半球の夏に太陽までの距離が近くなる

Water transport by Hadley circulation

• Warmer southern summer than northern favors 
net northward transport of water.

Montmessin et al. (2004)

H2O ice 
clouds
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Distribution of H2O in a Mars GCM



Ice 
clouds

Dust

Water 
vapor

Seasonal variation of dust, clouds, and H2O vapor observed by an 
infrared spectrometer (TES) on Mars Global Surveyor

Smith, Icarus 167 (2004) 148–165



Supersatura)on of water vapor on Mars
SPICAM on Mars Express (Maltagliati et al. 2011)

Observation

Saturation 
pressure

Model

Shaposhnikov et al. (2019)
Vertical distribution of water vapor on Mars during the course of a Mars year



Nair et al. (1994)H2O à H, H2

H生成

H消失とH2生成

• 高度数十kmでH2Oは光解離
• 高度50-130kmでは主にH2として輸送

• その上ではHとして輸送、散逸

Nair et al. (1994)

実線：上向きフラックス
波線：下向きフラックス
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Pollack et al. (1980)

• Solar energy flux reaching the 
Venus surface (17W/m2) is much 
less than that of the Earth 
(168W/m2).   

• Greenhouse effect of massive CO2
and small amount of H2O explains 
the high temperature.

cloud

H2SO4 clouds of Venus

Variability of SO2 above clouds
Belyaev et al. (2008)Volcanic eruptions ?

Change of atmospheric dynamics ?

Marcq et al. 
(2013)



Correlation between UV contrast and 
SO2 density ? (Lee et al. 2015)

Long-term variaBons of the UV albedo of Venus (Lee et al. 2019)



long-term varia.on of zonal wind in deep clouds (Peralta 
et al. 2018)

32



Radiative relaxation time

• Times cale of infrared cooling/solar hea<ng
• The meridional overturning <me is usually considered to be 

similar to the radia<ve relaxa<on <me.

• Radia<ve relaxa<on <me is longer for larger atmospheric heat 
capaci<es.
•Mars : 3 Earth days
• Earth : 100 Earth days
• Venus : 50 Earth years

* The dynamical <me scale of Venus’s atmosphere can also be 
very long   à Internal oscilla<on ?

Observa3ons of exoplanets’ atmospheres



• secondary eclipse of WASP-121b on 10 November 2016 using the Hubble Space 
Telescope (HST) Wide Field Camera 3 (WFC3) 

• If upper layers are cooler than lower layers, molecular gases will produce absorption 
features in the planetary thermal spectrum. Conversely, if there is a stratosphere—
where temperature increases with altitude—these molecular features will be 
observed in emission 

• near-infrared thermal spectrum for the ultrahot gas giant WASP-121b, which has an 
equilibrium temperature of approximately 2,500 kelvin 

• Water is resolved in emission, providing a detection of an exoplanet stratosphere 

Lammer et al. (2013) 

Evans et al. (2017, Nature)



• high-resolution transit spectrum of HD 189733b in the region around the 
resonance doublet of Na I at 589 nm 

• HARPS spectrograph (R = 115 000) at the ESO 3.6-m telescope 

• blueshift corresponding to winds blowing at 8 ± 2 km s−1

• Transmission spectroscopy using Hubble Space Telescope 

• We rule out cloud-free atmospheric models with compositions dominated by 
water, methane, carbon monoxide, nitrogen or carbon dioxide 

• The planet’s atmosphere must contain clouds 

Lammer et al. (2013) 

Kreidberg et al. (2014, Nature)



A map of the day-night contrast of the extrasolar planet HD 
189733b (Knutson et al. 2007)

Observed phase variation for HD 189733b, with 
transit and secondary eclipse visible.

Brightness estimates for 12 longitudinal 
strips on the surface of the planet

A minimum brightness temperature of 973 +/- 33 K and a maximum brightness 
temperature of 1212 +/- 11 K at a wavelength of 8 microns, indicating that 
energy from the irradiated dayside is efficiently redistributed throughout the 
atmosphere

• wind velocities on opposite sides of the hot Jupiter HD 189733b by 
modeling sodium absorption in high-resolution transmission spectra from 
the High Accuracy Radial Velocity Planet Searcher 



• a strong eastward motion of the atmosphere of HD 
189733b, with a redshift of 2.3 km s−1 on the 
leading limb of the planet and a blueshift of 5.3 km 
s−1 on the trailing limb 

• These velocities can be understood as a 
combination of tidally locked planetary rotation and 
an eastward equatorial jet, closely matching the 
predictions of atmospheric circulation models 

Meadows et al. (2018)
ASTROBIOLOGY, Vol 18 


