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Specific	  giant	  planet	  atmosphere	  
objec7ves:	  CIRCULATION	  

o  Determine	  the	  
distribuTons	  of	  dynamical	  
tracers,	  and	  how	  they	  
change	  

o  temperature	  

o  disequilibrium	  species	  like	  
CO	  and	  PH3	  

o  condensable	  volaTles	  

o  Relate	  the	  histories	  of	  
thermal	  evoluTon	  of	  the	  
giant	  planets	  to	  the	  array	  of	  
diverse	  exoplanets	  

o  IdenTfy	  chemical	  and	  
physical	  processes	  that	  
affect	  dynamical	  tracers	  
o  cloud	  processes	  

o  haze	  aerosols	  

o  straTficaTon	  
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Specific	  giant	  planet	  atmosphere	  
objec7ves:	  VARIABILITY	  

o  Study	  dynamic	  processes	  
over	  a	  wide	  range	  of	  
Tmescales	  

o  short	  (days–months):	  
impacts,	  superstorms	  

o  medium	  (months–years):	  
vortex	  origins,	  zonal	  cloud	  
and	  haze	  shics	  

o  long	  (mulT-‐year):	  trends	  in	  
cloud	  acTvity,	  seasonal	  
responses	  (12–164	  years)	  	  

o  David	  Silva:	  we	  need	  coherent	  
reusable	  datasets	  

o  Key	  programs	  can	  saTsfy	  this	  
goal	  
o  precedents	  with	  research	  
reusing	  NASA	  spacecrac	  data	  
(PDS),	  HST	  archive,	  etc.	  

o  need	  well-‐designed	  observaTon	  
pafern	  and	  useful	  cadences	  

o  conTnuity	  with	  prior	  work	  

o  anchors	  baseline	  for	  new	  high	  
spaTal	  resoluTon	  era	  
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Neptune	  MIR	  
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Fletcher	  et	  al.	  (2014)	  

PSF	  variable	  with	  
wavelength,	  aperture,	  
instrument...	  

de	  Pater	  et	  al.	  (2014)	  



Neptune	  MIR	  

2014-‐07-‐18	   [7]	  

contribuTon	  funcTons	  
show	  alTtude	  response	  
at	  each	  wavelength	  

Fletcher	  et	  al.	  (2014)	  



Neptune	  NIR	  
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Gemini	  North	  
AO	  with	  Triton	  NGS	  
resoluTon	  0.15"–0.25"	  



Neptune	  NIR	  
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Keck	  AO	  
0.04"	  FWHM	  on	  cal	  star	  
800	  km	  at	  disk	  center	  

Luszcz-‐Cook	  et	  al.	  (2010)	  



MAD	  observing	  geometry	  
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camera	  1'	  FOV	  

Wong	  et	  al.	  (2008)	  
arxiv.org/abs/0810.3703	  

compare	  with	  NFIRAOS:	  
2'	  field	  of	  regard?	  
high	  definiTon	  region	  (30")	  spans	  most	  of	  
Jupiter	  disk	  
IRIS	  imager	  32"	  wide,	  need	  to	  Tle	  
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Outer	  solar	  system	  
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Jupiter	  MCAO	  configura7on	  example	  
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(from	  Franck	  Marchis	  for	  MAD-‐
MAX	  instrument	  study)	  

MAD	  MAX:	  VNGS	  <	  17	  
8	  Jovian	  moons	  usable	  
8.5%	  observability,	  2010	  	  
9.1%	  observability,	  2011	  

MAD:	  VNGS	  <	  12	  
only	  4	  Jovian	  moons	  usable	  
2.1%	  observability,	  2010	  	  
2.4%	  observability,	  2011	  
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(from	  Franck	  Marchis	  for	  MAD-‐
MAX	  instrument	  study)	  

MAD	  MAX:	  VNGS	  <	  17	  
5–7	  addiTonal	  moons	  usable	  
97.0%	  observability,	  2011	  

MAD:	  VNGS	  <	  12	  
6	  Kronian	  moons	  usable	  
88.5%	  observability,	  2011	  

Saturn	  MCAO	  configura7on	  example	  



Equatorial	  haze	  shiN	  
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Wong	  et	  al.	  (2008)	  
arxiv.org/abs/0810.3703	  



Observed	  cloud	  structure	  

2014-‐07-‐18	   16	  West	  et	  al.	  (2004)	  

cartoon	  based	  on	  a	  
review	  of	  a	  large	  
colleTon	  of	  
observaTons	  

top	  lines	  indicate	  top	  of	  
haze	  in	  	  northern	  	  
(dashed)	  and	  southern	  
(solid)	  hemispheres	  



Haze	  variability	  
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Lii	  et	  al.	  (2010)	  
HST/WFPC2	  data:	  value	  
of	  coherent	  reusable	  
datasets	  



2014-‐07-‐18	   18	  

Asay-‐Davis	  et	  al.	  (2011)	  
HST/WFPC2	  data	  

2008:	  bright	  equator	  
("normal"	  condiTons)	  

Cloud	  variability	  

1973–1974:	  dark	  
equator,	  Pioneer	  10	  &	  11	  

2007:	  dark	  equator	  
(global	  upheaval	  
condiTons)	  



PH3	  dynamical	  tracer	  
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Fletcher	  et	  al.	  (2009)	  
(Cassini	  CIRS,	  N-‐band	  in	  IR)	  

Bjoraker	  et	  al.(2013	  DPS)	  
(Keck	  NIRSPEC,	  M-‐band)	  

•  PH3	  in	  disequilibrium,	  
so	  tracer	  of	  dynamics	  
and	  connecTon	  to	  
deeper	  interior	  

•  enchancement	  at	  
equator	  

•  but	  equatorial	  abundances	  
zonally	  averaged	  for	  S/N	  

•  use	  resoluTon	  and	  sensiTvity	  of	  
TMT	  to	  longitudinally	  resolve	  
PH3	  abundances	  	  



2014-‐07-‐18	   [20]	  



Equatorial	  spa7al/temporal	  variability	  
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Wong	  et	  al.	  (2008)	  
arxiv.org/abs/0810.3703	  

•  obvious	  variability	  
•  obvious	  anisotropy:	  are	  these	  features	  connected	  to	  deep	  interior?	  

2014-‐07-‐18	  

HST/WFPC2	  data:	  value	  
of	  coherent	  reusable	  
datasets	  



Neptune:	  cloud	  
distribu7on	  
variability	  
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Karkoschka	  et	  al.	  (2011)	  

cloud	  distribuTons	  based	  on	  HST	  
opTcal	  data	  

demonstrates	  value	  of	  coherent	  
reusable	  datasets	  for	  archival	  
research	  

demonstrates	  value	  of	  long	  
campaign	  dura7ons,	  arguing	  for	  
key	  program	  at	  TMT	  



Impact	  
(2009)	  
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Hammel	  et	  al.	  (2010)	  

Gemini/MICHELLE	  
7.7–18.1	  µm	  

de	  Pater	  et	  al.	  (2010)	  



Superstorms	  on	  Jupiter	  
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Sánchez-‐Lavega	  et	  al.	  (2008)	  

superstorm	  outbreaks,	  near	  ±20°	  laTtude	  



Saturn	  superstorm	  
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Fletcher	  et	  al.	  (2012)	  Sayanagi	  et	  al.	  (2013)	  



Specific	  giant	  planet	  atmosphere	  objec7ves	  
CIRCULATION	  

o  Determine	  the	  
distribuTons	  of	  dynamical	  
tracers,	  and	  how	  they	  
change	  

o  Relate	  the	  histories	  of	  
thermal	  evoluTon	  of	  the	  
giant	  planets	  to	  the	  array	  of	  
diverse	  exoplanets	  

o  IdenTfy	  chemical	  and	  
physical	  processes	  that	  
affect	  dynamical	  tracers	  

2014-‐07-‐18	   [26]	  

VARIABILITY	  

o  Study	  dynamic	  processes	  
over	  a	  wide	  range	  of	  
Tmescales	  

o  David	  Silva:	  we	  need	  
coherent	  reusable	  
datasets	  

o  Key	  programs	  can	  saTsfy	  
this	  goal	  



Key	  program	  design	  considera7ons	  

o  Cadence:	  	  
o  at	  least	  once	  per	  

appariTon	  for	  
seasonal	  Tmescale	  
campaigns	  

o  several	  snapshots	  
throughout	  appariTon	  
for	  ice	  giant	  staTsTcs	  

o  Coherence:	  
o  maintain	  key	  program	  

design	  for	  several	  
years	  

o  Imaging	  design	  for	  general	  
usability	  
o  full	  disk	  in	  mulTple	  filters	  

o  cover	  a	  range	  of	  laTtudes,	  ideally	  
global	  coverage	  (requires	  mulTple	  
visits	  over	  ~2	  nights)	  

o  Spectroscopic	  design	  for	  general	  
usability	  
o  IRIS-‐IFS	  gets	  full	  disk	  at	  ice	  giants	  

o  select	  regions/features	  at	  Jupiter	  and	  
Saturn	  (e.g.,	  Great	  Red	  Spot	  if	  it's	  sTll	  
there)	  
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Solar	  system	  technical	  issues	  

INSTANT	  DEATH	  -‐-‐-‐	  

o  Tracking:	  Non-‐
sidereal	  moving	  
targets,	  while	  using	  
sidereal	  guide	  stars	  	  

o  Brightness:	  Short	  
exposures	  for	  
bright	  targets	  

VERY	  INCONVENIENT	  -‐-‐-‐	  

o  Chop/nod	  throws:	  Large	  enough	  to	  
get	  a	  sky	  background	  away	  from	  a	  
bright,	  extended	  target	  (prefer	  ≥	  30")	  

o  NFIRAOS	  WFS	  backgrounds:	  Guide	  
star	  backgrounds	  should	  be	  immune	  
to	  nearby	  bright	  objects	  

o  PSF	  sampling:	  Plate	  scale	  should	  
criTcally	  sample	  PSF,	  because	  
dithering	  is	  not	  feasible	  for	  some	  
applicaTons	  (rotaTng	  target,	  precise	  
relaTve	  image	  navigaTon)	  	  
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Telescope	  Requirements	  for	  SS	  Small	  Bodies�

o  1.	  	  Need	  to	  ensure	  capability	  for	  non-‐sidereal	  GUIDING	  
(not	  just	  tracking).	  	  Rates	  can	  range	  from	  <	  1	  arc	  sec/hr	  
(typical	  of	  KBOs),	  to	  several	  100	  arc	  sec	  /	  hr	  for	  Near	  
Earth	  Objects	  (and	  NASA	  in	  parTcular	  may	  be	  interested	  
in	  characterizing	  potenTally	  hazardous	  objects	  that	  
come	  close	  to	  Earth)	  

o  2.	  	  The	  AdapTve	  OpTcs	  system	  needs	  to	  be	  able	  to	  
handle	  moving	  targets	  too.	  

o  3.	  	  For	  moving	  objects	  there	  is	  a	  need	  to	  fully	  integrate	  
with	  naTonal	  archives	  of	  orbital	  elements	  -‐	  so	  that	  
standard	  names	  (asteroid	  numbers,	  comet	  
designaTons,	  satellite,	  planet	  names)	  can	  be	  entered,	  
and	  the	  ephemeris	  can	  be	  calculated	  by	  the	  operaTng	  
system	  for	  the	  Tme	  of	  the	  observaTon,	  and	  the	  rates	  
for	  the	  guide	  probe	  can	  be	  uploaded.	  
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1. 	  High	  resoluTon	  opTcal	  
spectrograph	  —	  for	  	  ge{ng	  
isotope	  raTos	  in	  comets	  (R	  ~	  
60,000-‐80,000)	  

o 2.	  	  High	  resoluTon	  near	  IR	  
spectrograph	  -‐	  for	  parent	  
organic	  volaTles	  (R	  ~	  20,000)	  
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Cri7cal	  instruments	  for	  Key	  small	  body	  science	  



Possible	  Key	  Project	  	  
-‐	  synergy	  with	  TMT/JWST/ALMA	  -‐	  Understanding	  
Origin	  of	  Vola7les	  for	  Habitable	  Worlds �
o  -‐	  isotope	  measurements	  (D/H,	  18O/17O/16O,	  15N/14N)	  as	  tracers	  of	  

disk	  processes	  
o  -‐	  H2O/CO/CO2	  raTos	  
o  -‐	  Direct	  measurement	  of	  volaTles	  in	  outer	  asteroid	  belt	  
o  Dynamics	  models	  make	  specific	  predicTons	  where	  the	  volaTles	  

originated	  from	  that	  arrived	  at	  Earth.	  Several	  models	  make	  different	  
testable	  predicTons	  of	  distance	  (which	  is	  equivalent	  to	  Temperature	  in	  
the	  disk).	  

o  Disk	  chemical	  models	  make	  predicTons	  of	  different	  chemical	  gradients	  
for	  isotopes	  as	  a	  funcTon	  of	  Temperature/distance.	  

o  We	  can	  measure	  chemistry	  /	  isotopes	  in	  small	  bodies	  that	  can	  integrate	  
these	  models	  addressing	  how	  to	  build	  habitable	  worlds. �
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