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Beyond the Clouds...
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...to 3D atmospheric sounding
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.to 3D atmospheric sounding

Jupiter Surface Brightnesss [Jy/arcsec’]
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Jupiter in 2016 from
Hubble/OPAL project
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/ //om'/ ‘/Jet damping,
Upper " Belt b Belt zonal wind

Troposphere @ 4 ’ decay?

y
ple-l1g aps are a 2D representation o ) atlo Lightning
op O oud de adia e-Cco e e Do garie Jet pumping
A Lower by eddy flux
g1d 9 orsigle g, O dllo O gep C g 0O OUadlio Troposphere c?onvergenfe
0 0 a ves o N A/ O D3 a

H20 cloud?
NEB Equator SEB
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Planetary Skydiving

UV-IR spectroscopy required to understand the vertical.

Upper Atmosphere: 250
Auroral energy deposition, ionosphere, exogenic
sources...

cold enough
50 for ammonia
to condense
) /lo form clouds
50 r
0 /\cold enough for

cold enough for ammonium hydrosulfide

Stratosphere:
Photochemical soup; hydrocarbon hazes;
radiative control & waves.

Upper Troposphere:
NH3/PH3 photolysis & hazes; zonal winds;
belt/zone structure.

Cloud-Layer:
Condensable species; rising plumes; vortices;
moist convection?

Sub-Cloud Troposphere: 150 |- Water to condense__co condense to
Dry convection? Taylor Proudman columns?
MHD drag & metallic H2? Smooth transition or 0 200 600
discrete core? temperature (K

e rrreIouds form clouds

Energy, momentum, material exchange
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Challenge of Outer Solar System Exploration

Ky MAR 5 s
2 g * Extreme
approach to Jupiter o h a I I en g e Of
s outer solar
SEP§ FEB 14 = .
Voyager 1 Last Voyager Syste m
launch from image: Portrait .
Kennedy Space NOV 12 of the Solar exp IO ratIO n
Flight Center Voyager 1 flies by System
Saturn; begins trip =
out of solar system FEB 17 .
opportunity

Galileo @Jupiter i

\
AUG 25
Voyager 2 is first

spacecraft to observe

AUG 20 Voyager 2 flies by

Voyager 2 Saturn Neptune; begins trip out
launch from of solar system, below the
Kennedy Space ecliptic plane
Flight Center &
JAN 24 2
Voyager 2 has )
JUL9 the first-ever %
Voyager 2 makes alc(:julter:mn
its closest ko
approach to Jupiter Voyager 2
“observes”
Supernova 1987A

UNIVERSITY OF
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Voyager 1 passes
Pioneer 10 to
become the most
distant human-made
object in space

DEC 15 \

\Myayor?cloms fOr Ea rth'
termination shock b a S e d

- Cassini @ Saturn
1 : observers!

SEP§
Voyager 2 crosses
termination shock

Voyager 1124 AU

Juno 2016-2019

Cassini 2004-2017

VOYAGER 1
$ NASA Europa Mission 2025+7?
z JUICE 2030-2033

Ice Giant Mission 2040+?

@
c
=

vvsendoyager 2102 AU



Rationale: The Juno Mission

Successful JOI July 5t 2016.
Spectral gap from5umto 1.4
cm.

Narrow spatial swaths.
Limited temporal coverage.

UNIVERSITY OF
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Instrument

MWR

JIRAM

JunoCam

Spectral Capabilties

radiometry in channels centered at1.3,
3.125, 6.25, 12.5, 25. and 50 cm wavelengh
imaging in fiters at 3.4 and 5.0 um; 9-nm
resolution spectroscopy at 2.0-5.0 um
broad-band red, green, blue fiters; medium-
band fiter centered on the 890-nm CH,4
absorption feature

0.6-1.1 nmresolution spectroscopy at 70-
205 nm
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)
o
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0 350 340
West Longitude




First Results from Juno - August 2016

2016-08-25T13:01:53

* First close-up views of poles.

* Mapping of aurora and deep internal emission.
* Microwave mapping of sub-cloud layers.

e Gravity mapping of internal structure.

* Plasma and radio waves in magnetosphere.

CJ @LeighFletcher, SOFIA Community Tele-Talk 2016




Why the Thermal-IR?

Wavelength [um]
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Terrestrial Transmission (%)

1. Spatial context for close-in perijoves.
— Exploit simultaneity with amateurs & other facilities ‘ ammonia

ammonium hydrosulfide

2. Long-term temporal context for Juno science.
— |IRTF Spectroscopic mapping since 2012. | \ @mmonia
— Photometric imaging from 8-m observatories since 2006.

walter

— Only method of determining environmental conditions associated
with dynamic phenomena from the cloud-forming region into the
middle-atmosphere.
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SOFIA Observations of Jupiter

* Faint Object infraRed CAmera SOFIA/FORCAST - Jupiter 2014-05-02
for the SOFIA Telescope
(FORCAST)
e 256x256 array translates to a Ra: “f
wide 191" field of view
— More than sufficient to capture R gt il Sl
Jupiter’s 40" disc. -
— Angular resolution ranges from Contrast- -
2-4”, depending on wavelength enhanced: =., ‘ ’ e
* Eight Filters, plus G227 (17.5-
27.3 um) and G329 (28.7-36.7
um) grisms. ) . ‘ ‘
aw:

31.5 ym 33.5 um 34.8 ym 37.1 ym

03:55 UT 03:47 UT 03:58 UT 04:00 UT
Contrast-
enhanced:

(———|
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Mapping FORCAST Data

Composite: R(5.4 pm) G(7.7 pm) B(11.1 pm)

Thermal
radiance
from gaps
in deep
clouds.

Latitude (degrees, planetographic)
Latitude (degrees, planetographic)

270 225 180 135 315 270 225 180 135 90 45
Longitude (degrees, Syslll) Longitude (degrees, Syslll)

Stratospheric
temperatures,
including
auroral
heating

7.7 ym 11.1 pm Tropospheric

_’ _ , . temperatures

above clouds.

)

Latitude (degrees, planftographic)
Latitude (degrees, planetographic)

270 225 180 135 90 315 270 225 180 135 90
Longitude (degrees, Syslll) Longitude (degrees, Syslll)
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Grism Spectroscopy

(a) SOFIA/FORCAST (a) SOFIA/FORCAST Wavenumber [cm™]

W 500.0 400.0 350.0 300.0 270.0
I I I

»
o
o
o

IIII|I

Planetographic Latitude
Planetographic Latitude

400 500
Wavenumber [cm™] Emission Angle

Py g ] i ey

Illllllll[

(b) Voyager 1 (b) Voyager 1

Brightness Temperature [K]

IIIIIIIII
Jllllllll

125
120 ]
115 b 1 L | L | L L L

Planetographic Latitude
Planetographic Latitude

o 110 I ] 20 25
%o, 1050 | Wavelength [um]

o 1
®

K-} 4

%,

94

L L 3 R Grism | wavelength range | R = /(A1) | UT time range | Longitude range | Latitude | Integration time | Chop freq.
400 500 20 40 60 G227 | 17.50-27.30 um 140 05:36-05:45 265-270° 1.67° 5.66 s/scan 3.97 Hz
Wavenumber [cm’'] Emission Angle G329 | 28.65-36.66 um 220 05:26-05:35 259-264 1.67° 6.19 s/scan 2.49 Hz
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Jovian Para-Hydrogen

(a) Temperature (a) 55°5 (b) Equator &5
; ‘SSE : ' " SOFIA/FORCAST ' ' l ' ' ' ' SOFIA/FORCAST

Pressure (bar)

Brightness Temperature [K]
Brightness Temperature [K]
Brightness Temperature [K]

: b SOFIA/FORCAST
300 400 500 600 f . . . . . . . R : .
Wavenumber (cm™) 400 450 500 550 400 450 500 550 350 400 450
Wavenumber [cm™] Wavenumber [cm'] Wavenumber [cm')
(b) Para-H,

Voyager-1/IRIS Voyager-1/IRIS q Voyager-1/lRISE

125 .
120 .
\

115F —

8
e
o
2
3
17
(2
o
o
a

Brightness Temperature [K]

Brightness Temperature [K]
Brightness Temperature [K]

110

300 400 500 600 350 400 450
Wavenumber (cm”) Wavenumber [cm™']

500 550 350 400 450 500 400 450
Wavenumber [cm™] Wavenumber [cm"]

Comparing FORCAST and Voyager/IRIS spectra — similar spatial resolution, different noise
quality, but both constrain temperature and para-H2 fraction.

Only previous measurements of Jupiter’s para-H2 fraction from Voyager (1979).
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Tracing Atmospheric Motion & Chemistry

(a) SOFIA/FORCAST 2014
Low T = rising, X '
adiabatic expansion,
cooling.

High T = falling,
adiabatic
compression,
heating.

o
o
(=]

Pressure [bar]
Pressure [bar]
Pressure [bar]
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Planetographic Latitude Planetographic Latitude Planetographic Latitude

Low fp (SU b- - B (b) Voyager 1 North-South Maps

equilibrium) = rising. i—— e NN, | &

High fp (super-

equilibrium) = sinking
* Complication:

— Radiative
heating/cooling

— Aerosol catalysis of

ara_ortho 60 50 40 30 20 10 0 -10~20-30-4(5»50-60 60 50 40 30 20 10 0 -10-20-30-40-50-60 60 50 40 30 20 10 0 -10-20-30-40 50 -60
p Planetographic Latitude Planetographic Latitude Planetographic Latitude
conversion.

0.05
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S
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Pressure [bar]
Pressure [bar]
Pressure [bar]

0.20-
0.30

e
w W
=3 =]
T

0.50+
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Conclusions from SOFIA

(a) Para-H, Fraction at 330 mbar

g g
& §
— Para-H2 is unlike PH3, NH3, or z g
tropospheric clouds. s Nl g
. . & ) 0%
— Looks most like upper tropospheric haze 60 50 40 0 20 10 0 1020 30 40 50 60 80 50 10 8050 10716 0 25 010,50 50
anetographic Latitude Planetographic Latitude
measurements. i ;
8(b) Ammonia Mole Fraction at 440 mbar (d) Aerosol Optical Depth at 1 bar
— Poles close to equilibrium due to efficient §
aerosol catalysis., 2 ot 10,
. Gl s . 8 04w
— Tropics sub-equilibrium due to upwelling. e _
— Possible polar enhancement due to W s e 60 50 40 30 20 10 0 10 20 80 40 50 60
sinking & seasonal asymmetry? eI tasToe

(e) Phosphine Mole Fraction at 650 mbar

* Take home:

— We can now do from SOFIA what was
only previously possible from Voyager!

o 0
m“.J'o. .o'..'
05+

1

60 50 40 30 20 10 0O -10-20 -30 -40 -50 -60
Planetographic Latitude

‘:. o~»q'
0,0 w? e a®,l

Mole Fraction [ppm]

L.N. Fletcher, I. de Pater, W.T. Reach, M. Wong, G.S. Orton, P.G.J. Irwin, R.D.
Gehrz (2016), Jupiter's Para-H2 Distribution from SOFIA/FORCAST and

Voyager/IRIS 17-37 um Spectroscopy, Icarus, in press
(http:/dx.doi.orqg/10.1016/j.icaru s.2016.10.002) (http://arxiv.orqg/abs/1610.01304)
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IRTF Mapping

* Shorter wavelengths than FORCAST
5-20 um.

* Programme to trackjovian climate
over full year.

* Global spectroscopic mapping for 15t
time with TEXES.

* Only possible with ~10 hours of good
conditions, challenge for EXES.

e

Latitude

©
o
2
©
-

Latitude

(a) Visible Light Observations

360 330 300 270 240 210 180 150 120
System |1l West Longitude

(b) 2137 cm™1 (4.7 um)

-80

360 330 300 270 240 210 180 150 120
System Ill West Longitude

() 1161 cm™' (8.6 um)
80

60
40
20

0

-20
-40

-60
-80

800-mbar cloud opacity

360 330 300 270 240 210 180 150 120 90
System Il West Longitude
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(j) 1247 cm1 (8.0 pm)

CH, ~ Temperatures
150 120 90 60 30

System Il West Longitude
(e) 960 cm™' (10.4 um)

NH; at 500 mbar
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TEXES Spectroscopy

* Spectra in multiple channels inverted (c) TEXES 744 cm’ (d) TEXES 819 cm’’

| T — M0 B0 i oL 7 VO . . .2 - LS e 10
simultaneously. § 2061y, ¢ ewy, 10§ & o s
. . . . 5 4 CE B ’
NEMESIS optimal estimation retrieval S - P I L i
. o g s a 9
code (Irwin et al., 2008). 2wl ficshy | dods =20 o .
o E A £ ‘o 150 216
Map 3D temperature structure and g :ZZ:"" | SN J;z'f [iet,,8 £ b
- - = R AN AN 777,,,——"" . ]
windshears, NH3, PH3, aerosol opacity, I et ol o ot d
stratospheric hyd rocarbons 7430 7435 v344_o 7b44_[5 2145.0 7455 746.0 817 818 819 820 821 822 823
* avenumber [cm Wavenumber [cm™]
(a) CIRS Temperatures (2000) (e) TEXES 901 cm' (f) TEXES 960 cm’'
£ 100 =
e 1 1.0 s %
5 E, a
2 § 085 §
5 = - =
§ | 1 K 04g &
& 0.1009 e : @) ¢ é Ogg %
b= ® O
J00l ‘Wz o . 00" &
ST En AR 890 895 900 905 955 960 965 970
70 60 50 40 gloarfeotog?aghuj Eafl?ugg 40-50-60-70 Wavenumber [cm™'] Wavenumber [cm™']
(b) TEXES Temperatures (2014) — (9) TEXES 1161 gm" e (h) TEXES 1247 qm“
F : ™ ~~— g e ~ S E
0.001 U § 50 08B & 50ECH
| ( 3 CH-D 4 ' 2 E »
= < £ 40F 3 ﬁ N‘ § = aoff \1 \X !
3 E B . 06¢C 5 3 | CHa4 :, cHg do62
§ 0.010F = 300 f" 3 4,‘_5 2 30 044
= S ™ = |
2 ; o 20 £ 20
§ °~‘°0§ - S 8 OVJ,g Mv VOQE q:i ;.P aﬁ”cm
L % l E CH3D CH3D °c B 10 \I V \q
| c O 3 00F & OFE..._
1,000 i = 1140 1145 1150 1155 1160 1165 1170 1245 1246 1247 1248 1249 1250 1251
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Jupiter’s Gaseous Composition

Ammonia
contrasts at 500
mbar set upper
boundary for
deeper
microwave
mapping by
Juno/MWR

Phosphine
traces
tropospheric
mixing, sets
Juno/JIRAM
spectrain
global context.

UNIVERSITY OF
@ LEICESTER
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(b) Ammonia Relative Humidity
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(c) Phosphine Mole Fraction 500 mbar
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:

(d) Aerosol Opacity

[ »
0.5} ?'
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(e) Ethane Mole Fraction at 5 mbar
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(f) Acetylene Mole Fraction at 5 mbar
E \ {
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Infrared aerosol
opacity contrasts
with visible
structure &
colours from
JunoCAM.

Ethane &
acetylene trace
stratospheric
dynamics
(waves,
overturning),
match to
Juno/UVS
hydrocarbon
maps.

Comparison of
Cassini (red) and
TEXES (black).

As with SOFIA, we
can now do from
Earth what was
only previously
possible from space.
...opens up the
possibility for
temporal studies!




Temporal Changes in Jupiter’s Tropics

“Breathing” of
Jupiter’s most
prominent
belts.

(2009-2011),
2-14yr
timescales,
cessation of
GRS rifting;
triggered
convection.

3-5yr
timescales,
wave activity
on NEBn,
prominent
cyclonic
barges.

UNIVERSITY OF
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(c) NSFCAM2 4.70 ym August 2011
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Normalised Radiance

Normalised Radiance
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SEB Revival Plume Evolution

(a) MIRSI 8.70 yum 2010-11-04 23:19UT A. Lasala 2010-11-05 18:52UT

Planetocentric Latitude
Planetocentric Latitude

160 150 140 130 120 110 100 90 80 70 60 160 150 40 13 120 110 100 90 80 70 60 50
System Il West Longitude System Il West Longitude
(b) VISIR 8.59 ym 2010-11-11 23:56UT C. Go 2010-11-12 1:03UT
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Planetocentric Latitude

170 160 140 130 120 110 100 90 160 150 140 130 120 110 100 90
System Il West Longitude System Ill West Longitude
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SEB Revival and Plume Evolution

(a) 2010-12-01 01:56UT (b) 2011-01-16 00:26UT

Planetocentric Latitude
Planetocentric Latitude

200 190 180 170 160 7 130 7 7 180 170 160 150 140 130 120 110
System Il West Longitude System Il West Longitude

D. Parker 2010-12-01 01:44UT G. Walker 2011-01-15 23:37UT

Northern Branch

“Revived” region
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System IIl West Longitude System Il West Longitude
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Triggered Moist Convection?

Divergence, expanding
cumulonimbus anvil of H,0 & NH;
17 ices

Increasing stable stratification

Pressure

Plumes punch
through convective

|n hlbltlon |ayer tO ~0.1 bar| Tropopause oldanticyc_!pne
LCL/LFC' Diffuse warmth & B 4Tyt e @

cloud clearing from

Cyclone/anticyclone compensating
pair.

Cold plume tops. .
Cloud-free peripheral ﬂ ['

subsidence

subsidence revives

1
b e I t . Precipitation » w

Cool downdrafts Latent heating
T Warm updrafts

storm
columns

Cluster of I

This work is mostly from imaging.
Desire temporally-resolved

spectral mapping of plumes. Convective |—f
Dry Convecting Layer inhibition layer
Convergence
and ascent

Weather Layer

—
Equator
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Summary: Era of the Spaxel

* Infrared spectroscopy reveals 3D
temperature, composition, clouds
underlying visible changes.

* Spatio-spectral mapping only previously
possible from space (Voyager, Cassini).

* |IRTF/TEXES (5-20 um) and
SOFIA/FORCAST (17-37 um) providing
Earth-based maps to support Juno.

* Large database to study temporal
evolution (natural cycles) on Jupiter as
archetype for giant planets.
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