
Optical remote sensing of planetary atmospheres

Observation methods
Merits and demerits

Lander Orbiter Ground-based 

observation

Spatial coverage Limited Global Global

Time coverage Short in many cases Long & continuous Repeatable

Observable 

variables

- In-situ 

measurements

- Many options

- Optical/radio remote 

sensing

- In-situ plasma 
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- Optical/radio remote 

sensing

- Instruments can be 

large



Venus Express

JUICE

Recent/future remote sensing (orbiter) missions
JUNOMars Reconnaissance Orbiter

Akatsuki

ExoMars Trace Gas Orbiter
MMX

Interaction between molecules and 
electromagnetic waves

柴田（1999）

UV/VISIR X raymicrowave Andrews (2010)



下方視観測 Nadir sounding
Scattered solar radiation
(UV, visible, near-infrared)

下方視観測 Nadir sounding
Thermal emission
(infrared)

Remote sensing of atmospheres

周縁観測 Limb sounding
Thermal emission 
(infrared, radio wave)

掩蔽観測 Occultation
Using Sun or stars as light source
(UV, visible, near-infrared)

Imaging
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JMA Himawari HP

Himawari (meteorological 

satellite) imaging channels

Interference filter
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Himawari visible channel infrared

water vapor

Junocam: Juno’s Outreach Camera
Hansen et al. (2014)



Venus orbiter AKATSUKI
• Science target : ‘Weather of Venus’

– Mechanism of ‘super-rotation’
– Structure of meridional circulation
– Meso-scale processes 
– Formation of clouds
– Lightning
– Active volcanism, inhomogeneity of surface material

• Science instruments
– 1µm Camera (IR1)
– 2µm Camera (IR2)
– Longwave IR Camera (LIR)
– Ultraviolet Imager (UVI)
– Lightning and Airglow Camera (LAC)
– Ultra-stable oscillator (USO)

• Launch: May 2010   Arrival: Dec 2015



Onboard instruments
Instrument FOV Detector Filters Width Targets

1-µm Camera 
IR1

12° Si-CSD/CCD
1024 x 1024 pix

1.01 µm (night) 0.04 µm Surface, Clouds
0.97 µm (night) 0.04 µm H2O vapor
0.90 µm (night) 0.03 µm Surface, Clouds
0.90 µm (day) 0.01 µm Clouds

2-µm Camera 
IR2

12° PtSi-CSD/CCD
1024 x 1024 pix

1.735 µm (night) 0.04 µm Clouds, Particle size
2.26 µm (night) 0.06 µm
2.32 µm (night) 0.04 µm CO below clouds
2.02 µm (day) 0.04 µm Cloud-top height
1.65 µm (cruise) 0.3 µm Zodiacal light

UltraViolet Imager
UVI

12° Si-CCD
1024 x 1024 pix

283 nm (day) 15 nm SO2 at cloud top
365 nm (day) 15 nm Unknown absorber

Longwave IR Camera
LIR

12.4X
16.4
°

Bolometer
248 x 328 pix

10 µm 
(day/night)

4 µm Cloud-top 
temperature

Lightning & Airglow 
Camera
LAC

16° 8 x 8 APD 
(50kHz sampling 
in lightning 
mode)

777.4 nm (night) 4.2 nm OI lightning
552.5 nm (night) 4.7 nm O2 HerzbergII ariglow
557.7 nm (night) 3.1 nm OI airglow
630.0 nm (night) 3.5 nm OI airglow

Ultra-stable oscillator 
for Radio Science  RS

X-band 
(8.4GHz)

Vertical prifiles of T, 
H2SO4 (g), Ne

Venus seen by Akatsuki

283 nm

10 µm

2.26 μm

2.02 μm

1.01 µm



Spectroscopy

Absorption lines
Extinction 
coefficient

line strength

Collisional broadening Doppler broadening

Andrews (2010)

Dominant in the lower atmosphere Dominant in the upper atmosphere

Collisional
Viogt

Dopplerline-shape function



Grating spectrometer

Crawford (2007)
From Wikipedia

Fourier spectrometer

Interferogram →(FFT)→ Spectrum

ADEOS/IMG Optical System

Interferogram



GOSAT 
Fourier Transform 
Spectrometer

Retrieval of vertical structures from nadir-looking 
infrared spectra

Contribution functions for wavelengths in 
CO2 15 μm band for Mars atmosphere

(Conrath et al. 2000)
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Andrews (2010)Thermal emission 

spectra of Mars

Temperature retrieval from infrared spectra taken by 

Mars Global Surveyor/TES
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Retrieval of the atmospheric composition of Venus from 

infrared spectra taken by ground-based telescopes

Pollack et al., Icarus 103, 1, 1993

Heating of Jupiter’s upper atmosphere above the Great Red Spot 

Donoghue et al. (2016, Nature)

• infrared spectroscopy using SpeX spectrometer on the NASA Infrared 
Telescope Facility (IRTF) 

• rotational-vibrational emission lines from H3+, a major ion in Jupiter’s 
ionosphere 



“This hotspot must be heated from 
below, and this detection is therefore 
strong evidence for coupling between 
Jupiter’s lower and upper atmospheres, 
probably the result of upwardly 
propagating acoustic or gravity waves.” 

6 bands : 308.6, 312.5, 317.5, 322.3, 
331.2, 360.0 nm

Total ozone mapping 
spectrometer(TOMS)

troposphere

stratospheric ozone layer

Rayleigh scattering



Mumma et al. (2009)

火星メタンの地上分光観測：
軌道運動によるDoppler shiftを利用



Mumma et al. (2009)

Martian water vapor: Mars Express PFS/LW observations of 

thermal infrared emission

Fouchet et al. (2007)



Doppler wind measurements of the Venusian thermosphere from sub-millimeter CO 
absorption line observations

Clancy et al. (2012)

Limb sounding of Earth’s stratosphere：ISS/SMILES

spectroscopy of far-infrared 
emission 



Stellar occultation：Venus Express/SPICAV

Using stars as the light source

Venus Express/SPICAV



SO, SO2 profiles above cloud observed by Venus Express solar 
occultations (Belyaev et al. 2011)

• Enhancement at high altitudes cannot be explained by traditional 
photochemical models. 

SO: black
SO2: blue

Mars Climate Sounder on Mars Reconnaissance Orbiter
McCleese et al. (2007) 



Heavens et al. (2011)

Meridional cross section of 
dust mixing ratio 

Spiga et al. (2013)

“Rocket dust storm”: source of high-
altitude dust ? 

Detached dust 
layers

Previous observations failed to 
detect temporal development of 
localized dust plumes that might 
play crucial roles in distributing 
the background dust

“Limb-viewing” spectroscopy of exoplanets

• Transit spectroscopy

Kreidberg (2018)

Howe & Burrows (2018)

Models 1-3 use a solar-abundance 
atmosphere, while Models 4 and 5 use 
an atmosphere of 1% H2O and 99% N2

hydrogen-rich atmospheres with 
non-solar relative abundances 



Radio observations of planetary atmospheres

Merit of radio observation

• Techniques of high-precision frequency measurements are available. 
This enables high-precision retrieval of atmospheric structures.

• Facilities for deep-space telecommunication can (sometimes) be used for 
the observations. This saves weight resources of spacecraft.

• Two types of observations will be introdued:
– Radio occultation  (active method)
– Spectroscopy/radiometer  (passive method)



Spacecraft 
motion

Radio wave

Planet

Ground 
station

Planetary atmosphere

Ray bending

Radio occultation measurement
電波掩蔽

 

Ultra-Stable Oscillator (USO) on Akatsuki

USO on Akatsuki

Stability of USO after the launch

Averaging time (s)
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The requirement (Allan 
dev < 1x10-12 for t = 1-
1000 s) is satisfied.



High-gain antenna

Attitude maneuver is needed during 
experiments due to ray bending

Mixing of local frequency 
based on Doppler prediction

Time (msec)

Example of raw data

1MHz 4MHz sampling

Received signal：8.4GHz

Data acquisition

V
ol

ta
ge

Off-line analysis

Removal of 
Doppler prediction

True frequency

Usuda Deep Space 
Center (UDSC)



Spectrum of radio wave from Venus orbiter Akatsuki

っっっcr

n(r)

a : Impact parameter
a : Bending angle 
n : Refractive index
r : Distance from planet center

Abel transformation:

Radio occultation measurement

Tyler (1987)



Refractive index n is related to atmospheric structure:

Retrieval of the neutral atmosphere’s temperature based on hydrostatic 
equilibrium:

• Temperature at the upper boundary should be given from empirical models. 
The effect of the upper boundary almost disappears 1-2 scale heights 
below the boundary.

: Refractivity
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Temperature profiles of the Venus atmosphere obtained by 
Akatsuki radio occultation

adiabatic

cloud

Mar 2016 - Feb 2017

Imamura et al. 2017
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static stability:

T : temperature
z : altitude
g : gravitational acceleration
cp : specific heat for constant pressure

limitation of vertical resolution

n = 1  : First Fresnel zone. Outside this zone a destructive inference greatly reduces the 
contribution to the received signal.

F1 is typically several hundred kilometers for interplanetary missions.

(Wikipedia)



Multipath

An example of the signal spectrum time 
series (Imamura et al. 2018)

Schematic of multipath (Sokolovskiy, 2004)

Radio holographic method can solve multipath problem.

• One of the radio holographic methods, FSI (“Full Spectrum Inversion” 
Jensen et al. 2003) is applied to RS data.

• Spectral analysis is applied to the entire signal at once instead of applying it 
to successive short time blocks.
àHigh vertical resolution + Disentanglement of multipath

Radio holographic analysis

Schematic of multipath (Sokolovskiy, 2004)

GO (geometrical optics) solves the 
instantaneous ray path at each 
time step

FSI solves the whole time series of 
the signal phase at once



Examples

GO
FSI

GO
FSI

Imamura et al. (2018)

Radio occultation of lunar photoelectron layer with 
SELENE

Usuda Deep 
Space Center, 
Japan

Vstar 
subsatellite
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Dual-frequency method

: Phase shift of S-band

: Phase shift of X-band

: Differential phase

To remove the effect of the fluctuation of the transmitted signal’s frequency 
and the neutral atmosphere’s contribution, two frequencies generated from the 
common onboard oscillator are used. A linear combination of these phases can 
extract the plasma contribution.

Analysis procedure
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Phase deviation in S-band (fS) and X-

band (fX) 

fX

fS

Differential phase  fdiff = fS - fs/fx fX

(fs, fx ：S/X-band nominal freq.) 

fdiff

fdiff is proportional to the electron density 
integrated along the ray path.

Lunar surface

Spin modulation



Mean density profile at SZA<60°

Imamura et al. (2012, JGR)

Examples of Venus’ electron density profile from Akatsuki 
radio occultation 

May 6, 2016

Illuminated region 
(SZA = 78°) 

Unilluminated region (SZA 
= 102°) 



GPS meteorology for Earth

UCAR/COSMIC homepage

UCAR/COSMIC homepage

COSMIC : Constellation Observing System for Meteorology, Ionosphere, and Climate



Sub-satellite

Main orbiter

Radio wave

Dual-orbiter planetary mission
Satellite-to-satellite radio occultation and atmospheric spectroscopy for 
understanding vertical transport of water, dust and minor gases which 

controls climate evolution

Narrow angle camera
• Dust, clouds

Radio occultation
• temperature profile
• ionosphere

Sub-millimeter sounder
•3-D temperature
•Water vapor
•Trace gases
•Isotopic ratios
•Surface temperature

Infrared spectroscopy
• minor gases

Small sub-satellite is released from the main orbiter 
after orbit insertion. Satellite-to-satellite radio 
occultation allows global mapping with complete local-
time coverage.

Radio scintillations caused by planetary 
atmospheres and the solar corona

Planetary atmosphere 
or solar atmosphere

Small-scale 
density structures

Radio wave



Radio scintillation measurement

Phase 

modulating 

‘screen’ 

Diffraction pattern projected 

onto a screen (observer)

Radio wave

Plane wave

Disturbed 

wave front

Movement of phase 

modulator relative to the 

ray path 

• Fresnel zone size > Phase modulator scale
à Interference occurs

• Fresnel zone size < Phase modulator scale
à Interference does not occur

Only small-scale structures create amplitude modulation.



Outflow speeds of solar corona derived from 
Akatsuki radio occultation scintillation data
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Imamura et al. (2014, ApJ)

Microwave spectroscopy
ISS/SMILES for Earth’s stratosphere 

SMILES HP



ISS/SMILES for Earth’s stratosphere 

SMILES HP

JUICE(Jupiter Icy Moon Explorer)/ 
SWI(Submillimetre Wave Instrument)

Kasai et al. (2014)



Microwave radiometer

• measurements of electromagnetic waves on frequencies in the microwave range: 

600 MHz, 1.2, 2.4, 4.8, 9.6 and 22 GHz, the only microwave frequencies which are able 

to pass through the thick Jovian atmosphere. Ammonia (NH3) is the main opacity source.

• The radiometer will measure the abundance of water and ammonia in the deep layers of 

the atmosphere up to 200-bar (20 MPa; 2,900 psi) pressure or 500–600 km (310–

370 mi) deep. The combination of different wavelengths and the emission angle should 

make it possible to obtain a temperature profile at various levels of the atmosphere.

JUNO/MWR

Li et al. (2017)



Doppler tracking of Juno spacecraft 

• The spacecraft acts as a test particle falling in the gravity field of the planet. Jupiter’s 
gravity is inferred from range-rate measurements between a ground antenna and the 
spacecraft during perijove passes. 

• The ground station transmits two carrier signals, at 7,153 MHz (X band) and 34,315 
MHz (Ka band). On board, an X-band transponder and a Ka-band frequency translator 
lock the incoming carrier signals and retransmit them back to the ground station at 
8,404 MHz and 32,088 MHz, respectively. The range-rate (Doppler) observable is 
obtained by comparing the transmitted and received frequencies. 

• Spherical harmonics representation of planetary gravity fields is determined by the 
density distribution inside the body. 

Less et al. (2018)

“Juno detected a gravity signal powerful 
enough to indicate that material is flowing 
as far down as 3,000 kilometres.”

Doppler tracking of 
Juno spacecraft 



Less et al. (2018)

“The observed jet streams, as they appear at the cloud level, extend 
down to depths of thousands of kilometres beneath the cloud level, 
probably to the region of magnetic dissipation at a depth of about 3,000 
kilometres” 


