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 - In-situ - Optical/radio remote - Optical/radio remote
variables measurements sensing sensing
- Many options - In-situ plasma - Instruments can be

measurements large




Recent/future remote sensing (orbiter) missions
Venus Express

Mars Reconnaissance Orbiter JUNO

Interaction between molecules and
electromagnetic waves
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Remote sensing of atmospheres

T A %R%8 8] Nadir sounding
Thermal emission [E#5£5:8] Limb sounding

(infrared) Thermal emission

(infrared, radio wave)

9.
.

1 3 &8 Occultation

Using Sun or stars as light source

T A %R%3 8| Nadir sounding
Scattered solar radiation
(UV, visible, near-infrared)

(UV, visible, near-infrared)

Imaging



SRFs of Himawarl-8 AHI Visible Bands [Seplember 2013)
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Himawari (meteorological
satellite) imaging channels ¢

fimoeg®
" 1m0 20 | =
3 r'f,‘\ F i ‘.\ /’ R B ‘ [~ ["
. . “ | ’ \ \( L :
JMA Himawari HP $ 3 . \/ Ve N Fru g 182
L suh S LU | \ / \ / \ | \
S e ,—-———-/\—.V, ——\‘\flf— ——:\’3’;“ \-—’A 7\—_, _:3
z Y 0 ~ - Lx s 20 X y l(:;t; ’ Vf:l o
Waveoumber { om ')
War oGt | ur NS (v
Wwo S0 8o e £0 : l.f. 44 42 4D 38 26 Ja
T AW A #
o “ H 18 S — [T 8 _
521V WP | fe= B3 | “ "
VT W= 22T | 1
g O ” 2 b —,,:j,—,,,—.ﬁﬁ"vgz S L,_,_f,,,:',,_ﬁl—,—,ﬁ_; z
1000 1200 1&00 1600 1800 2200 7400 2600 2800 3000
Wavesumber (em Wavenumdot [ e "

Interference filter

Semireflective
coatings
5

spacer

rd
Spacer at half wavelength

for the desired wavelength,
or a multiple of that.

\
AN

© C.R. Nave, HyperPhysics



Junocam: Juno’s Qutreach Camera

Hansen et al. (2014) s

ettt Table 3 Junocam filter characteristics

Band Blue Green Red Methane
Center wavelength 480,1 nm 5535 nm 698.9 nm 893.3 nm

FWHM 45.5 nm 79.3 nm 1754 nm 22.7 nm
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Fig. 13 Bandpasses and iramsmission are shown for Janocam's four filiers

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 mate‘\ "

« Science instruments
— 1um Camera (IR1)
2um 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

1-um Camera 12°
IR1

2—Mm Camera 12°
IR2

UltraViolet Imager 12°
UVI

FOV Detector

Si-CSD/CCD
1024 x 1024 pix

PtSi-CSD/CCD
1024 x 1024 pix

Si-CCD
1024 x 1024 pix

Longwave IR Camera 12.4X Bolometer

LIR

Lightning & Airglow 16°
Camera
LAC

Ultra-stable oscillator
for Radio Science RS

16.4 248 x 328 pix

& x 8 APD

Filters Width

1.01 ym (night) 0.04 ym
0.97 pm (night) 0.04 ym
0.90 ym (night) 0.03 ym
0.90 ym (day) 0.01 pm
1.735 pm (night) 0.04 ym
2.26 pm (night) 0.06 pm
2.32 ym (night) 0.04 ym
2.02 ym (day) 0.04 ym

1.65 pm (cruise) 0.3 pm
283 nm (day) 15 nm
365 nm (day) 15nm
10 pm 4 pm
(day/night)

777.4 nm (night) 4.2 nm

(50kHz sampling 552.5 nm (night) 4.7 nm

in lightning
mode)

557.7 nm (night) 3.1 nm
630.0 nm (night) 3.5 nm
X-band

(8.4GHz)

Venus seen by Akatsuki

83 nm

Targets

Surface, Clouds
H20 vapor

Surface, Clouds
Clouds

Clouds, Particle size

CO below clouds
Cloud-top height
Zodiacal light

SOz2 at cloud top
Unknown absorber
Cloud-top
temperature

OlI lightning

O2 Herzbergll ariglow
Ol airglow

Ol airglow

Vertical prifiles of T,
H2S04 (g), Ne

2015-12-07705:27:04,526,,




Spectroscopy

Absorption lines

0.5 v v r T

Andrews (2010)

Extinction line-shape function oak o Doppler
coefficient / ™
0.3
ky = ZSH./;I("' — V) /
n 0.2

line strength 0.1

0.0

lllustrating the Lorentz (solid), Doppler (dashed) and Voigt (dotted) line shapes as a function of
X = (v = vg) /e, where « is the half-width at half maximum appropriate for each shape. The
curves are normalised such that the area under each is the same.

Collisional broadening Doppler broadening
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Grating spectrometer

Mirror

Entrance
slit

U

Test beam

Reflective
difTraction
grating

Path difference=d (sinB,£5ind,))
A,

Focal plane
array

From Wikipedia
Crawford (2007)

Fourier spectrometer
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Monthly Global Map of the CO; column-averaged volume mixing ratios in 2.5
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Retrieval of vertical structures from nadir-looking
infrared spectra

Outgoing radiance:

I = B(Ty)exp(-,) +f B(T(v))exp(-t)dr

—B(T)exp -T, +f B( k (z)exp(—r( ))dz

Pressure (mber)

Optical thickness

r=f;ka dz

soxto* I: radiance(J/m2/s/str/Hz)
B: Planck function

k,: absorption coefficient
z: altitude

Contribution functions for wavelengths in
CO, 15 ym band for Mars atmosphere

(Conrath et al. 2000)



Wavelength / pm
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Thermal emission "’ ' T ! "1 Andrews (2010)

spectra of Mars
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Emission spectra from Mars obtained with the IRIS instrument on Mariner 9 (adapted from Hanel
et ol (1972)). Top panel: spectra recorded over the south polar region; upper curve includes a
smaller fraction of the polar ice cap than the lower curve, Middle panel: spectrum recorded near
21°S. Lower panel: spectrum recorded near 66° N; note that the condensation temperature of C0;
at Martian surface pressures is about 145 K. Diagram prepared with the help of Dr 5. R. Lewis,
using data from the Planetary Data System,

Temperature retrieval from infrared spectra taken by
Mars Global Surveyor/TES

TES Limbesiafir Tomporniunss (K] L, = 180
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Smith et al. (2001)



Retrieval of the atmospheric composition of Venus from
infrared spectra taken by ground-based telescopes
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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
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Figure 1 | The acquisition of Jovian spectra. a, Jupiter as observed by the the middle of the image indicates the position of the spectrometer slit, which
SpeX slit-jaw imager and L-filter (3,13-3.53um), on 4 December 2012, was aligned along the rotational axis. b, The co-added spectrum of seven
Bright regions at the poles result from auroral emissions; the contrast at low GRS-containing exposures; dotted horizontal lines indicate the latitudinal

and mid-latitudes has been enhanced for visibility. The vertical beige line in range of the GRS, Further details are given in the Methods section.
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Figure 3 | Jovian Hy" temperatures versus planetocentric latitude.
Column-averaged temperatures of H;* shown here are each derived from
model fits to the discrete Hs' emission lines as shown in Fig. 2. Red circle
symbols correspond to the co-addition of GRS-related spectra (that is,
from the spectral image in Fig. 1b) between 239° and 253° in Jovian system
[T Central Meridian Longitude (CML). The GRS latitudes are indicated by
the grey shading. Blue triangle symbols were derived from exposures taken
in the ranges 293°-359° and 0°-82° CML, that is, longitudes well separated
from the GRS, representing the ‘ordinary’ background conditions based on
solar heating alone. The modelled temperature of the upper atmosphere
for these non-auroral regions is 203 K (ref. 1). Uncertainties are standard
errors of the mean.

“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.”

Total ozone mapping
spectrometer(TOMS)
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Strong Release of Methane

Mumma et al. (2009)
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on Mars in Northern Summer 2003

Michael ). Mumma,** Geronimo L Villaneeva,”" Robert £, Nevak,* Tilak Hewagama,**
Boncho P. Bonev,”* Michael A. DiSanti,” Avi M. Mandell,” Michael D. Smith*
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Radiance (xWem 2 s Jem’™)

Radiance (uW em 28 ' Jem' )

Mumma et al. (2009)

Geological provinces

| ez Hydrated
Sub-surface Minerals

330 310 2%0 270 330 310 290 270
West Longitude West Longitude

Fig. 3. Regions where CH, appears notably localized in northern summer (A, B,, and B;) and their
relationship to mineralogical and geomorphoelogical domains. (A) Observations of CH, near the Syrtis
Major volcanic district. (B) Geologic map of Greeley and Guest (45) superimposed on the topographic
shaded relief from the Mars Orbiter Laser Altimeter (46). The most ancient terrain units are dissected
and etched Noachian plains (Npld and Nple) (~3.6 to 4.5 billion years old, when Mars was wet) and
:‘15) overlain by volcanic deposits from Syrtis Major of Hesperian (Hs) age (~3.1 to 3.6 biltion years

Martian water vapor: Mars Express PFS/LW observations of

thermal infrared emission
Fouchet et al. (2007)

Mars waster cycle from Mary Expoes/PES-IW 41

L =337.1°, 12.3'S, 133.2'W

HO column censty (L, »90"-150) - PFSAW

Wavenumber ocm")

L,=686", 75.6'N, 14.1'W

H20 1

%g%s
3
3

Fig. 6 Geograghiical distribetion of water Water columas ane here sormalined 1o a coommon 630 Pa pressure. Top left: estive dutaset. Top nighe: L, « 320761
Bomom left L, = 90 150" Botom nghe L, « 135°.210°
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Doppler wind measurements of the Venusian thermosphere from sub-millimeter CO

(a)

Porcent Absorption (reidtive 10 conlinuum)

absorption line observations
Clancy et aI (2012)

-

Venus 330 GHz Line Center At;sovplions SJun2004
¥ L4 T T T T T L 1 L}
o | Eost Ottset (3om) o jDésk Center (120m o | West Otfset [Q;rr\}
‘ J
) . .
. L]
s ®
“co “I"co *I“co
1 sl 'l 1 1 L 'l laasl 1 ] 1 lasal

-4 -2 0 3

4 =3 0 23 o

Frequency Offsel from Line Center (MH2)

W Lw, Com

g owt, it

116 7. The dutribution and mepliude of fited Depper wied velscties (1] # the | phar grrascre deved (- 100 ke akstude] ase iodicatnd foe Bear tegration

ns The wghwsate
Negatve (b values prier 33 Jpgrosciing Dopoie:
(00 muy ot | i) aor indicannd by Slack chcien The
Dhermonghox wisd mmnmnm-mlmmm-u wmm:—mwnmmmum

powtons
2206 L) Javwe 3 2004 (WL amsary 16, 2008 (€5 Aurant 11, 2007 (3 20 Mant B 28, J008 ()

mm'mxu&nnﬂ-nmmmmr&nmwmum

uncerLanty
the arcien [ 14 moec), Relatively wesk sightuide lower

Crodation e spparest e (DL Mn—ddeﬂnm- oum werses peihrlly S5A5 Croslition b8 (¢} (Per interpretation of the teferences o
edar b Wi e begoml, dhe rendey is pefierind 1o B b servion of Ouis il

Limb sounding of Earth’s stratosphere : ISS/SMILES

— oY

J
Band A
250 T T
10km —— ' O,
20 km
30 km ........ v/ﬂ\‘
200 |- 40km 7% i
150 R
HCI .
100 - e S .
50 |- CH,CN i
HNO, HND
... HOCI Br%)
< A HNO,
0 L 1 1 - 1 ——
6242 6244 6246  624.8 625 625.2 6254 6256

Rl [GHz)

MR (km]

3

¢

spectroscopy of far-infrared
emission

Ozone




Stellar occultation: Venus Express/SPICAV

p 10t Venus Express Case #5 Using stars as the light source
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SO, SO, profiles above cloud observed by Venus Express solar
occultations (Belyaev et al. 2011)
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photochemical models.

SO: black
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Enhancement at high altitudes cannot be explained by traditional

Mars Climate Sounder on Mars Reconnaissance Orbiter
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McCleese et al. (2007)
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Meridional cross section of

Pressure (Pa)
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hydrogen-rich atmospheres with
non-solar relative abundances

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

Spiga et al. (2013)

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

18 ——1———7
1.6 -

17 2 =

1.2

Wavelength (um)

Models 1-3 use a solar-abundance
atmosphere, while Models 4 and 5 use
an atmosphere of 1% H,0 and 99% N,



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)



Radio occultation measurement

BRI

Spacecraft
motion

Radio wave
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Ultra-Stable Oscillator (USO) on Akatsuki

Stability of USO after the launch
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High-gain antenna
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Spectrum of radio wave from Venus orbiter Akatsuki
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Signal spectrum with 1-sec integration reproduced from data in RDEF format at JAXA

Radio occultation measurement

SPACECRAFT

EARTH
STATION

a : Impact parameter
a. : Bending angle W

n : Refractive index —
r : Distance from planet center Tyler (1987)

= f: "
rz(a) ==2a iﬂ &

SO Jr) —a

Abel transformation:

a=w

% da

mlnn(ry,)
2
a=a, ”ﬂ_ —d,



Frequency <(kHz>

Altitude (km>

Refractive index 7 is related to atmospheric structure:

w(r) = (n(r)-1)x10° : Refractivity
N ( )

=k N, (r)—40.3 x10°

neutral
atmosphere

0
plasma

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

1y =) iy TN g
Vo T o |

* 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.

Retrieval procedure
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Temperature profiles of the Venus atmosphere obtained by
Akatsuki radio occultation
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Temperature (K)
Imamura et al. 2017
dT T : temperature
static stability: § = — — 9 z : altifude .
dz c g : gravitational acceleration

p ¢, : specific heat for constant pressure

limitation of vertical resolution

nAd;ds
F, = ‘/—", dy,ds > n)\B
dy + dsy L

where

F,, is the nth Fresnel zone radius,
d; is the distance of P from one end,
d» is the distance of P from the other end,

A is the wavelength of the transmitted signal.

n=1

Advancing
wavefront

New
wavefront

(Wikipedia)

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

F, is typically several hundred kilometers for interplanetary missions.



Residual Doppler shift (Hz)

Multipath

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

0.4*S (May 26, 2017)
Akatsuki
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Schematic of multipath (Sokolovskiy, 2004)

rays

Radio holographic method can solve multipath problem.

rays

Radio holographic analysis

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.

Y\

- High vertical resolution + Disentanglement of multipath

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

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

Schematic of multipath (Sokolovskiy, 2004)



Examples

(a) 75 + ' ' 75 + : T g} 7s . ; 75
0.4°5 [k{la.-.- 26, 2017) T3.3°5 (Jul 31, 2006)
Alcarsuki Wenus Exprass
70 F 1 F — T 70+ 41 TOF
< -'I:__-_ E
5 — g =
—-—— -
g s 1 %[ =— | 3§ & ( 1 ==
] g
< J
—
60 | &0 {60t i
55 i i i i e - ) y -
200 220 240 260 20 300 -5 0 5 10 16 20 2§ 200 220 240 PH0 2BO 300 -0 O 10 P
Temparaturs (K) Static: stabity (Khkm) Temparaturs (K) Stakic stabnlh' [M:mr

Imamura et al. (2018)
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phase (cycle)

Dual-frequency method

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.

A =—ﬂ N,+a f : Phase shift of S-band
¢ fs
A, :_@ N +af, : Phase shift of X-band
cfy
S5¢ = A _f_SA¢X =— 403 fs[ 12 - lz)Ne : Differential phase
Sx ¢ fs Sy
Analysis procedure
Differential phase g = ds - fs/f, dx
Phase deviation in S-band (¢s) and X- (s, f, : S/X-band nominal freq.)
band (¢x)
= = n
[&]
- >
- Ox -~ 78’ Lunar surface
"l ks £
— / o
| e
| // -D
ey -y i Y~ R e = A
time (sec) time (sec)
2 Spir; modl'JIatior; ' ‘
dgirr IS proportional to the electron density e v ‘,.(J'a.'ﬁ,!‘
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Altitude (km)

Mean density profile at SZA<60°

Electron density (cm ~?)
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Imamura et al. (2012, JGR)

Examples of Venus’ electron density profile from Akatsuki
radio occultation
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GPS meteorology for Earth

UCAR/COSMIC homepage

€
=
Ly
°
S
©

temperature (C)

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

UCAR/COSMIC homepage
Fig. 1. Constellation design and estimated distribution of GPS RO soundings over a 3-h period from
COSMIC/FORMOSAT-3 and COSMIC-2/FORMOSAT-7. The first tropical constellation of COSMIC-2 will be
launched in 2016, and the second constellation will be launched in 2018. COSMIC-2 will provide an order
of magnitude more GPS RO soundings over the tropics, which will have a significant impact on tropical
cyclone prediction.



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

Radio occultation
* temperature profile
* ionosphere Main orbiter

Narrow angle camera
* Dust, clouds

Sub-millimeter sounder A N -
*3-D temperature .
*Water vapor
*Trace gases
*Isotopic ratios _~"Radi6 wave
*Surface temperature - ) !

Sub-satellite

Infrared spectroscopy
* minor gases

Radio scintillations caused by planetary
atmospheres and the solar corona

Planetary atmosphere
or solar atmosphere

% Radio wave
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Radio scintillation measurement

] Movement of phase
Radio wave modulator relative to the

¥ / ray path
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Plane wave
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* Fresnel zone size > Phase modulator scale
- Interference occurs
* Fresnel zone size < Phase modulator scale

- Interference does not occur
Only small-scale structures create amplitude modulation.



Outflow speeds of solar corona derived from

Akatsuki radio occultation scintillation data
Imamura et al. (2014, ApJ)
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Microwave spectroscopy

ISS/SMILES for Earth’s stratosphere
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JUICE(Jupiter Icy Moon Explorer)/
SWI(Submillimetre Wave Instrument)

ISS/SMILES for Earth’s stratosphere

Ozone
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Microwave radiometer

JUNO/MWR
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* 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 (NHs) 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.

Lietal. (2017)

Figure 4. The colored contours show the ammonia concentration in parts per million inverted from nadir brightness tem-
peratures during PJ1 flyby assuming that the deep water abundance is 0.06% (0.65 times solar). The deep ammonia
abundance is 373 ppm, and the reference temperature is 1321 K at 0.5 bar. The aspect ratio in the horizontal and vertical is

exaggerated,



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.
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“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
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Figure 3 | Gravity disturbances due to
atmospheric dynamics, a, An image of Jupiter
taken by the Hubble Wide Field Camera in 2014
(https://en.wikipedia.org/wiki/Jupiter), showing
the latitudinal dependence of residual gravity
acceleration (in milligals, positive outwards)

and associated 3o uncertainty (shaded area) at a
reference distance of 71,492 km, when the gravity
from the even zonal harmonics Jy, Jy, Js and Jy

is removed. The residual gravity field, which is
dominated by the dynamics of the flows, shows
marked peaks correlated with the band structure
b, Latitudinal gradient of the measured wind
profile. The largest {negative) peak of

—3.4 +0.4mGal (30) Is found at a latitude

of 24° N, where the latitudinal gradient of the
wind speed reaches its largest value. The relation
between the gravity disturbances and wind
gradients is discussed in an accompanying paper®,

“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”



