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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 are considered:
– Radio occultation  (active method)
– Spectroscopy/radiometer  (passive method)
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Ultra-Stable Oscillator (USO) on Akatsuki

USO on Akatsuki

Stability of USO after the launch
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The requirement (Allan 
dev < 1x10-12 for t = 1-
1000 s) is satisfied.



Onboard telecommunication system

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
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Spectrum of radio wave from Venus orbiter Akatsuki
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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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Retrieval procedure

Trajectory 
information

Abel t
ran
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Hydrostatic equilibrium
Ideal gas law

Simulated Doppler 
frequency

True
Retrieved

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



Thermal structure below clouds revealed by Venus Express and 
Akatsuki radio occultation

• Near-neutral layer extends to the sub-cloud region in the high latitude
• Unknow energy transport below clouds ?

Temperature Static stability
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static stability:

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

Static stability in Venus GCM

Localtime dependence of static stability (< 40°)

Ando, Takagi, et al. (2018)



Small-scale structures

Small-scale temperature fluctuations = Gravity waves ? 
(Tellmann et al. 2012)

Radio occultation by Venus Express

Radio occultation of Martian atmosphere

Convective boundary layer on Mars  (Hinson et al. 2008)



“Nocturnal mixed layer” on Mars

Hinson et al. (2014)

High-altitude nighttime clouds and convection
Spiga et al. 2018



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

Schematic of multipath (Sokolovskiy, 2004)

Radio holographic method can solve multipath problem (Imamura et al. 2018)



• 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

a needs to be a single-valued function of a.

Abel transform to obtain the refractive 
index profile a

a

FSI

GO



Examples

GO
FSI

GO
FSI

Imamura et al. (2018)

Radio occultation measurements of Pluto’s neutral 
atmosphere with New Horizons

• Pluto has a tenuous atmosphere composed primarily of N2.

• New Horizons spacecraft performed a radio occultation that 
sounded Pluto’s atmosphere In 2015. 

• Signals were transmitted by four antennas of the NASA 
Deep Space Network, and the spacecraft received the signals. 
The data streams were digitized, filtered, and stored on the 
spacecraft for later transmission to Earth.



removal of diffraction effects caused by the surface of Pluto

Hinson et al. (2017)

atmospheric profiles

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.

Signal intensity time series (Akatsuki)
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Defocusing loss

37

Imamura et al. (2011)

An example of H2SO4 vapor profile

Ingress occultation observed on 
May 6, 2016

10°N 

saturation 
vapor pressure 



Radio scintillations caused by planetary 
atmospheres and the solar corona

Planetary atmosphere 
or solar atmosphere

Small-scale 
density structures

Radio wave

Radio scintillation measurement

• Movement of phase modulator is caused by:
– spacecraft motion for planetary observation
– solar wind flow for solar observation

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.

Scintillation spectra
Venus atmosphere (Woo et al. 1980) Solar corona (Coles 1977)

Fresnel  
frequency

Fresnel  
frequency

[Fresnel frequency] = [Velocity] / [Fresnel zone radius]

Slope determined 
by the power-law 
dependence of the 
density spectrum



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

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” 



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)


